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Preterm Birth 

Preterm birth is defined as delivery before 37 completed weeks of gestation 

and is the leading cause of neonatal morbidity and mortality (1). The World Health 

Organization (WHO) estimates that worldwide one in every 10 births are preterm 

accounting for approximately 15 million prematurely delivered babies each year (2). 

Over one million of these newborns will die shortly after birth due to complications of 

prematurity (1, 3). Many of the survivors will suffer from lifelong gastrointestinal and 

neurological sequelae such as altered intestinal motility, motor and learning disabilities 

(4). These detrimental outcomes are associated with a severe impact on emotional and 

financial status of patients, their families, caregivers and society (5).  

 Over the last decades, the incidence of preterm birth appears to have increased 

(6) and is accompanied by decreased mortality rates (7, 8). This decline in neonatal 

deaths is considered to be the result of new therapeutic interventions such as 

administration of maternal corticosteroids and postnatal surfactant replacement therapy 

that have been developed and implemented in the guidelines of clinical practice in the 

past decades (9-11). Pregnant women at high risk of preterm birth receive antenatal 

corticosteroids aiming at improving fetal lung maturation thereby decreasing the 

chances of developing respiratory distress syndrome (RDS) and related postnatal 

complications (11). Both maternal corticosteroids and surfactant replacement treatment 

have been associated with improved neonatal outcome such as reduced incidence of 

RDS, intraventricular haemorrhage, necrotizing enterocolitis (NEC) and infant’s death 

(11, 12). 

Causes of Preterm Birth 

Preterm delivery can be classified in the following three categories with specific 

features: i) preterm labor with intact membranes ii) preterm premature rupture of the 

membranes (PPROM) and iii) induced preterm labor or the infant is delivered by 

caesarean section based on maternal or fetal indications. The first two categories are 

classified as spontaneous preterm birth whereas the third category is classified as 
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indicated preterm birth (13). There are several pathological processes that can lead to 

spontaneous preterm labor including i) breakdown of maternal-fetal tolerance ii) uterine 

overdistension, iii) maternal stress iv) vascular disorders and v) intrauterine infection 

and/or inflammation (14, 15). In cases of a preterm labor due to maternal-fetal medical 

indication, fetal hypoxia-ischemia is the most common cause of premature delivery. 

Chorioamnionitis and perinatal asphyxia 

The increased risk of neonatal morbidity and mortality following preterm birth 

can be further aggravated by chorioamnionitis and perinatal asphyxia, which are 

independent risk factors for postnatal pathologies (16, 17). Chorioamnionitis is an 

infection related complication which involves pathogens or pathogen-related products. 

In contrast, perinatal asphyxia induces tissue hypoxia-ischemia to the fetus/neonate. 

Although the origin of the initial trigger differs, both pathologies share common 

inflammatory features which remain largely unexplored (6, 18, 19). In the studies 

described in this thesis we aimed to understand the underlying inflammatory responses 

and developmental processes in the fetal gut associated with these two pathologies. In 

addition, we studied the potential of in utero therapeutic interventions to prevent 

intestinal injury. 

Chorioamnionitis 

Chorioamnionitis, defined as an inflammation of the chorion, amnion and the 

amniotic fluid, is one of the most frequent causes of preterm labor. One in every four 

premature infants is born by a mother diagnosed with intrauterine inflammation (14, 

20). Chorioamnionitis is inversely correlated to gestational age with the highest 

incidence in the most immature infants (21). Approximately, 60% of preterm births 

below 25 weeks of gestation are associated with chorioamnionitis (22, 23).  

 A large proportion of chorioamnionitis cases remain clinically silent without 

distinct symptoms during pregnancy. In particular, chorioamnionitis is diagnosed by 

culture of the amniotic fluid, to identify possible microbial infection, and by histological 
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examination of the placenta after birth which is considered as the “gold standard” for 

the diagnosis of intrauterine inflammation (15, 24). In severe cases of chorioamnionitis, 

the pregnant woman might develop the following clinical symptoms: fever, maternal 

tachycardia, increased plasma levels of C-reactive protein, uterine tenderness and 

malodorous vaginal discharge which is known as clinical chorioamnionitis (24, 25). In 

30% of chorioamnionitis cases, bacteria are found in the fetal circulation leading to a 

fetal inflammatory response, which is classically referred to as “fetal inflammatory 

response syndrome” (FIRS). This response is characterized by systemic inflammation, 

funisitis, fetal vasculitis and elevated plasma concentration of pro-inflammatory 

cytokines such as interleukin (IL)-6, which is the hallmark of FIRS (26-29). 

Pathophysiology and treatment regimen of chorioamnionitis 

Chorioamnionitis is caused by microbial colonization of the uterine cavity. 

Microorganisms can invade the amniotic cavity by i) an ascending route from the vagina 

and cervix ii) haematogenous dissemination through the placenta iii) introduction 

during invasive procedures in regular prenatal examination and iv) retrograde spread 

through the fallopian tubes (13, 25). The ascending route is considered the most 

common pathway of infection since microbiomes isolated from the amniotic cavity 

constitute the commensal flora of the female genital tract (14). Chorioamnionitis is a 

multi-bacterial disease involving E.coli, Fusobacterium, Streptococcus, Bacteroides, 

Gardnerella spp, Ureaplasma spp (Ureaplasma urealyticum and Ureaplasma parvum) 

and Mycoplasma spp (Mycoplasma hominis), with the latter two being the most 

commonly identified (30-35). Although rare, evidence associates fungi and viruses in 

the pathogenesis of intra-uterine infection (32, 36-38). With an incidence range of 0-

5%, Candida spp are one of the most frequently identified fungi in the amniotic fluid of 

pregnancies affected by chorioamnionitis (32, 39). Intra-amniotic (IA) Candida 

infection is associated with high morbidity and mortality rates (40-42).  

 Currently, upon diagnosis of clinical chorioamnionitis, immediate antibiotic 

administration to the mother, antipyretics and delivery of the fetus is recommended 
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(16). Two retrospective studies have shown that this treatment management reduced 

maternal and neonatal complications after chorioamnionitis. Although there is a wide 

spectrum of antibiotics against bacteria available, there is lack of evidence to favor a 

specific antibiotic treatment over another. In addition, there is lack of a standardized 

treatment regime against viruses or Candida albicans (C.albicans)-mediated 

chorioamnionitis. The latter is highly susceptible to the anti-fungal drug fluconazole, 

which is well tolerated by the fetus after the first trimester and has been recently 

explored in two clinical cases (43). Nevertheless, there is limited clinical data to strongly 

support the efficacy of a specific antibiotic or anti-fungal treatment regimen in the course 

of chorioamnionitis (44), emphasizing the need to explore such a therapeutic strategy.

 Experimental evidence indicates that the sequence of ascending microbial 

invasion of the amniotic cavity begins with infection of the choriodecidual or 

chorioamnion space by microorganism(s) from the lower genital tract (Figure 1, letter 

a). Subsequently, the organism gains access to the amniotic cavity and infects both the 

fetus and amniotic fluid (Figure 1, letter b). This infection precedes the wide spread of 

the microorganism into the choriodecidual space and the concomitant inflammatory 

response detected in the fetal membranes (Figure 1, letter c) (45, 46). Nevertheless, 

evidence has been provided that localized infection in the fetal membranes can trigger 

an inflammatory cascade in the amniotic fluid without an established IA infection (47). 

Once the microorganism is present in the choriodecidual membranes and amniotic 

cavity, microbial-related endotoxins and their products can be recognized by innate 

immune receptors including toll like receptors (TLRs) which are expressed by several 

cells such as leukocytes and epithelial cells (26). Such immune sensing ultimately results 

in production of cytokines, chemokines, interleukins such as IL-1, IL-6 and 

prostaglandins within the decidua and fetal membranes, progressing towards the 

process of labor (14, 19, 48). Moreover, the microorganisms and their associated toxic 

and inflammatory components which are present in the contaminated amniotic fluid, 

can directly interact with the external fetal epithelial surfaces (such as the skin (49)) and 

with the internal surfaces by swallowing and breathing movements (Figure 1, letter d). 
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In addition, inflammatory cell transfer from the infected/inflamed placenta (Figure 1, 

letter e) to the fetus is an alternative route of fetal exposure to inflammatory mediators. 

Accordingly, in utero microbial-induced inflammation can affect multiple fetal organs 

leading to postnatal adverse neonatal outcomes (Figure 1) (24, 26, 50). 

Consequences of Chorioamnionitis 

Chorioamnionitis is associated with severe developmental adverse outcomes 

not only during neonatal but also in early childhood (51, 52). Human and experimental 

data indicate that intra-uterine inflammation leads to heart dysfunction with babies 

displaying decreased mean and diastolic blood pressure (26). Heart malfunction is 

associated with reduced cerebral blood flow which might predispose the infant to 

develop adverse cerebral outcomes. Brain injury following chorioamnionitis has been 

documented in several studies which have shown that there is significant impairment of 

brain development and neuronal function leading to mental retardation, learning 

disability and cerebral palsy. In addition, chorioamnionitis can affect the fetal lung, the 

first organ which is essentially involved in the physiological transition of the fetus to extra 

uterine life. Studies have shown that fetuses exposed to inflammatory conditions in 

utero have increased risk of develop adverse pulmonary outcomes not only in early 

postnatal life but also in adulthood such as asthma (26, 53).   

 Among the most severe, life-threatening postnatal adverse effects of 

chorioamnionitis is NEC, which can develop irrespectively to fetal gestational age and 

antenatal corticosteroids treatment (54-56). NEC’s clinical features can vary from 

mild/moderate symptoms such as feeding intolerance, vomiting and abdominal 

distention to severe symptoms such as sepsis, metabolic shock and apnea (57). 

Accordingly, NEC’s mortality rate is 20-40% with survivors frequently suffering from 

long term negative sequelae (58). As chorioamnionitis alters the amniotic environment, 

the fetal gut becomes predisposed to develop NEC either by the presence of the actual 

microorganisms in the fetal intestines or by the immunological and structural changes 

that occur in the fetal gut following intrauterine inflammation (57). 
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Figure 1. Chorioamnionitis affects multiple fetal organs and is associated with postnatal adverse 

outcomes. (a) Ascending microbial invasion from the lower genital tract to choriodecidual or 

chorioamnion space. (b) The organism gains access to the amniotic cavity. (c) The microorganism 

widely spreads into the choriodecidual space and provokes an inflammatory response in fetal 

membranes. (d) Pathogen and/or their associated toxic and inflammatory components can directly 

interact with the external and internal (swallowing and breathing movements) fetal epithelial surfaces. 

(e) Alternatively, the fetus is exposed to inflammatory mediators via inflammatory cell transfer from 

the infected/inflamed placenta. Adapted from Gantert et al. (24). 

 

Although there is evidence that clearly links chorioamnionitis with postnatal adverse 

effects on several organs (such as the fetal lung, gut, brain, thymus, heart, liver, immune 

system, eyes etc.) (24), the exact mechanisms underlying this association warrant 

additional research. 
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Chorioamnionitis, FIRS and mucosal inflammatory responses 

To elucidate the fundamental mechanisms that may explain the impact of 

antenatal infection on fetal organ development, research has been conducted in animal 

models of chorioamnionitis (46). Studies have demonstrated that inflammatory 

responses following IA exposure to infection are fundamentally involved in adverse 

outcomes of the fetal organs. Experimentally, it has been shown that lung inflammation 

in fetal sheep is evident within a few hours after IA exposure to bacteria and/or 

inflammatory stimuli. In addition to pulmonary immune responses, chorioamnionitis 

resulted in structural changes of the fetal lung and FIRS, which were inhibited by 

blocking IL-1 signaling.       

 Another mucosal organ that is affected by chorioamnionitis is the fetal skin. 

Being the largest epithelial surface that is in direct contact with the contaminated and/or 

pro-inflammatory amniotic fluid, the fetal skin displays an inflammatory response 

already at 12 hours post IA exposure to LPS in fetal sheep that is driven by neutrophils, 

T cells and subsequent secretion of cytokines such as IL-1β and IL-6 (49). The fetal 

skin expresses TLRs which can sense components of the microbiomes that have 

invaded the amniotic cavity in the course of chorioamnionitis thereby activating the fetal 

immune system resulting in FIRS (46).     

 The mucosal surface of the fetal gut is also exposed to the contaminated 

amniotic fluid in the course of chorioamnionitis leading to an intestinal immune 

response which is evident as early as 2 days post IA exposure to inflammatory stimuli 

in fetal sheep. Experimental findings demonstrate that IA exposure to IL-1, LPS or 

Ureaplasma parvum can provoke an intestinal inflammatory response which is 

dominated by increased CD3
+

 and CD4
+

 T lymphocytes and myeloperoxidase (MPO)
+

 

cells in conjunction with a storm of cytokines including IFN-γ, TNF-α, IL-17, and IL-6 

in the fetal ovine gut (59, 60). The influx of inflammatory cells was preceded by 

decreased frequencies of FoxP3
+

 (Treg) cells in the fetal gut which resulted in a 

disturbed intestinal regulatory/effector T (Treg/Teff) cell balance following 

chorioamnionitis (59). This chorioamnionitis-induced inflammatory response in the 
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fetal gut was associated with loss of epithelial barrier integrity and impaired intestinal 

development by altering enterocytic proliferation, differentiation and maturation 

thereby causing severe villus atrophy, which was shown to be IL-1 dependent (61). 

 An intestinal Treg/Teff cell imbalance has also been found in samples from 

infants who developed NEC (62), which emphasizes the essential role of Treg cells in 

preserving intestinal immune homeostasis (63). Treg cells are identified as 

CD4
+

CD25
+

FoxP3
+

 T cells and are highly positive for CD25, which is the α-chain of IL-

2 receptor. The development and function of these cells depends on the expression of 

FoxP3, which is a transcriptional regulatory factor and the most well characterized 

marker for Treg cells (64). CD4
+

CD25
+

FoxP3
+

 expressing Treg cells orchestrate the 

immune responses by generally suppressing uncontrolled immune responses and 

restricting unnecessary Teff cell expansion (65-67). Low numbers and/or impaired 

function of Treg cells are associated with several immune-mediated pathologies 

including infectious diseases, autoimmunity and inflammatory bowel disease (65). Treg 

cells can originate either from the thymus, known as natural occurring Treg cells, or 

from naive peripheral CD4
+

 T cells that can differentiate into CD4
+

CD25
+

FoxP3
+

 Treg 

cells when are stimulated with tumour growth factor (TGF)-β and IL-2, known as 

inducible Treg cells (64, 68-70). Treg cells express all three chains of IL-2R complex 

(IL-2Rα: CD25, IL-2Rβ: CD122 and IL-2Rγ: CD132, or the γc common chain), 

enable them to create the high affinity IL-2 receptor (71). IL-2 is required for survival, 

expansion, activity and maintenance of Treg cells and IL-2 administration has been 

associated with attenuation of multiple immune-mediated diseases (71-73). Therefore, 

IL-2 is a potential tool to modulate immune responses by augmenting Treg cells which 

may have therapeutic value by suppressing Teff cell function and related inflammatory 

processes (74) in the context of chorioamnionitis. 

Perinatal asphyxia 

The second cause of fetal inflammation which is studied in this thesis is 

perinatal asphyxia. Perinatal asphyxia occurs around birth, with asphyxia (from the 
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Greek word “ασφυξία”) referring to the absence of pulsation. Perinatal asphyxia is 

defined as a condition of impaired gas exchange that precedes or continues immediately 

at birth leading to progressive hypoxia (low oxygen concentration), hypercapnia 

(accumulation of carbon dioxide) and metabolic acidosis (75-78). Prolonged hypoxia 

results in tissue ischemia which is defined as inadequate blood supply to the fetal organs. 

Therefore, the term hypoxia-ischemia (HI) better describes the pathophysiology of 

asphyxia.        

 The incidence of perinatal asphyxia is estimated between 1 and 2 per 1000 

births each year worldwide (79), with enormous variation in this prevalence depending 

on the geographic localization and socio-economic status of the corresponding region 

(80, 81). Globally the WHO estimates that each year around 9 million children 

(younger than 5 years old) die and approximately 4 million of them die during the 

neonatal period (82). Among these babies, perinatal asphyxia is responsible for 23% 

neonatal deaths accounting for around one million dead infants each year (82-84), and 

approximately an equal number of neonates who will survive and have high risk to 

develop severe lifelong motor and cognitive disabilities with subsequent socio-economic 

implications and impacts (79).      

 Fetal HI can be the result of i) pre-placental hypoxia, where both the mother 

and fetus are hypoxic ii) utero-placental hypoxia, where oxygen levels on the mother 

are normal but the utero-placental oxygenation is impaired and iii) post-placental 

hypoxia, where only the fetus is hypoxic (85). In case of pre-placental hypoxia, maternal 

heart disease and hypotension can lead to limited oxygen delivery to the fetus with 

concomitant adverse pregnancy outcomes. Conditions of fetal hypoxia are related to 

placental insufficiency causing intrauterine growth restriction (IUGR). In case of utero-

placental hypoxia, fetal hypoxia can be caused by abnormal placental implantation, pre-

eclampsia or HELLP syndrome (Hemolysis, Elevated Liver enzymes, Low Platelet 

count) as well as by placenta abruption. Finally, in case of post-placental hypoxia, 

inadequate umbilical cord flow (due to umbilical cord prolapse or compression) and 

cardiac failure can lead to fetal HI (75, 85).     
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 There are several maternal and fetal risk factors responsible for perinatal 

asphyxia. Maternal characteristics such as civil status, maternal age (>40 years), 

overweight, and infertility treatment are associated with perinatal asphyxia (86, 87). In 

addition, prenatal viral infections, antepartum hemorrhage, placental malfunction, 

inadequate antenatal health care, poor nutrition during pregnancy and intrauterine 

growth restriction are correlated with higher incidence of asphyxia (80, 86, 88). During 

parturition, the most frequent causes of perinatal asphyxia depend on risk factors 

associated with fetal condition and mode of delivery including prematurity, breech 

delivery, multiple births and umbilical cord complications (80, 86, 89, 90). Higher 

prevalence of perinatal asphyxia has been linked to insufficient medical care at births 

during night compared to daytime-associated substandard care (80). 

Consequences of perinatal asphyxia 

Perinatal asphyxia can have adverse effects on multiple fetal organs. During 

asphyxia, the blood flow is redistributed, with selective perfusion to essential organs 

such as the brain and heart at the expense of other ‘‘non-vital’’ organs such as the 

adrenals, muscles and the gut, a phenomenon known as ‘‘diving seal reflex’’ (91, 92). 

Although vascular resistance can be decreased (at minimum 50%) to preserve cerebral 

blood flow with a minimal decrease in oxygen delivery, this compensatory mechanism 

will eventually fail (in case of prolonged asphyxia) resulting in brain injury (93). The 

fetal brain is the organ that is most severely affected by asphyxia leading to the 

development of hypoxic-ischemic encephalopathy (HIE) (94). Depending on the 

severity of asphyxia, 25-50% preterm neonates with HIE develop cognitive and 

behavioral disorders and 5-10% suffer from severe motor deficits (95-98). Severe 

damage to the central nervous system (CNS) in the majority of the cases is accompanied 

by hypoxic-ischemic injury in other organs whereas moderate injury to CNS involves 

fewer cases of peripheral organ damage (93). Acute kidney injury occurs in 30-56% 

neonates with perinatal asphyxia leading to renal failure (99). Additional fetal organs 

that may be detrimentally affected by asphyxia include the lungs with high risk for 
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persistent pulmonary hypertension of the newborn (PPHN) (100), the liver with higher 

prevalence of hepatic dysfunction (101), the heart with increased incidence of 

ventricular tachycardia (102) and myocardial infarction (103) and the gastrointestinal 

tract with an increased risk for NEC (91). 

Pathophysiology of hypoxic-ischemic injury 

The degree of cell dysfunction and damage depends on both the severity 

(magnitude) and the duration of HI (104). During HI, the cell adapts to anaerobic 

metabolism to maintain its needs for energy. During this process, excess production of 

hydrogen ions into the cell forces the Na
+

/H
+

 channels to excrete hydrogen ions causing 

influx of sodium ions into the cell (104). These HI-induced cellular changes result in 

reduced intracellular pH, depletion of ATP (adenosine triphosphate) with concomitant 

dysfunction of ATPases (i.e. sodium/potassium ATPase pump), reduced capacity to 

effectively discharge the Ca
++

 and restricted ability of endoplasmic reticulum (ER) to 

recruit the calcium, thereby facilitating calcium accumulation in the cytosol. The 

subsequent opening of the mitochondrial permeability transition pore leads to defective 

ATP generation thereby further limiting ATP availability (104). These cellular 

alterations are followed by activation of Ca
++

 dependent proteases and endonucleases 

which degrade intracellular proteins including cytoskeletal, ER and mitochondrial 

proteins leading to cell death. Upon cell injury, release of pro-inflammatory mediators 

in the microenvironment, known as damage-associated molecular patterns (DAMPs) 

such as DNA, heat shock and extracellular matrix proteins, are recognized by the innate 

immune system and provoke an inflammatory response by antigen presenting cells 

(APC) (105, 106). This inflammatory reaction is known as “sterile inflammation” since 

the inciting stimulus of immune activation does not involve pathogenic microorganisms. 

Inflammation is also triggered upon HI by induction of hypoxia inducible factor (HIF)-

dependent genes. HIF is activated when there is inadequate oxygen supply leading to 

transcription of HIF-associated inflammatory genes including those belonging to 

nuclear factor κB (NF-κB) and TLRs signaling pathways, which facilitate the induction 
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of antimicrobial factors, phagocytosis, leukocyte recruitment and adaptive immune 

responses (107, 108).       

 The final outcome of tissue subjected to HI depends on two components that 

work synergistically in the induction of cellular injury: i) the damaging effects of the HI 

per se and ii) the injury induced by re-establishment of blood supply and subsequent 

oxygen levels in the hypoxic-ischemic tissue. This phenomenon is known as reperfusion 

injury and is considered to further exacerbate tissue damage (104). There are several 

factors responsible for tissue reperfusion injury including reactive oxygen species (ROS) 

that are generated once the blood flow is restored and oxygen has been reintroduced to 

the tissues, excess of calcium, secretion of cytokines and chemokines by the 

endothelium and tissue macrophages, activation and recruitment of neutrophils and 

innate and adaptive immune responses triggered by a plethora of DAMPs (109). 

Nevertheless, organ-specific characteristics define the magnitude, severity, sensibility 

and reversibility of organ injury (104, 110). 

Hypoxia-ischemia and adverse intestinal outcomes 

In the clinic, neonates with perinatal HI have decreased perfusion of the 

gastrointestinal tract and reduced intestinal motility which results in feeding intolerance. 

Infants who suffered from perinatal HI may develop GI bleeding, vomiting, diarrhea, 

and are associated with increased incidence of NEC (111). Experimentally, it has been 

shown that exposure of fetal sheep to global HI directed the distribution of blood flow 

away from the fetal intestine which resulted in persistent gastrointestinal hypoperfusion, 

as measured by the rate of blood flow in superior mesenteric artery (SMA) (112, 113). 

Nevertheless, the underlying mechanisms which could explain the impact of perinatal 

HI on fetal gut development remain largely unexplored.    

 Experimental evidence from models of transient SMA occlusion in adult 

rodents indicates that inflammation plays a crucial role in HI-induced intestinal injury. 

This HI-mediated inflammatory response is characterized by accumulation of 

inflammatory cells and leakage across epithelial and vascular barrier (114). In addition 
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to immune activation, intestinal HI induced by SMA occlusion, resulted in muscle 

degeneration, neuronal damage and epithelial loss leading to impaired gut barrier 

integrity (115-120). A compromised mucosal barrier following intestinal HI can lead to 

translocation of bacteria to the systemic circulation and peripheral organs such as lymph 

nodes and spleen thereby increasing the risk for sepsis and multi-organ failure (115). 

Although these animal models provide insights into the pathological characteristics of 

HI-induced intestinal injury, they do not precisely recapitulate the clinical scenario of 

perinatal HI, where a global rather than a local HI event is responsible for the adverse 

effects on the fetal gut. Therefore, further research is needed to unravel the fundamental 

mechanisms which could elucidate the impact of global HI on fetal gut development. 

Treatment options for perinatal asphyxia 

Despite the severe adverse outcomes of perinatal HI on neonatal organ 

development, treatment options are limited for asphyxiated infants. Currently, the only 

therapeutic intervention for these neonates is hypothermia (121). Lowering body’s 

temperature to 33.5 °C is considered to reduce the metabolic activity and energy need 

of the fetal organs in conjunction with suppressed activity of reactive oxygen species, 

and inflammatory processes thereby protecting the fetal organs (78, 122, 123). Although 

hypothermia has beneficial effects on neurodevelopment and gastrointestinal morbidity 

in cases of HI in term and late preterm infants (111, 124), it cannot be applied in early 

premature neonates (125), since they cannot tolerate the reduction in metabolic activity 

without adverse effects, which emphasizes the need for new therapeutic interventions 

for this vulnerable population.       

 In the past decade, stem cell therapy has been proposed as an innovative 

approach for HI-induced brain injury in neonates (126-128). Stem cell therapy might 

be especially beneficial for treating i) severe cases of perinatal asphyxia and ii) early 

preterm asphyxiated babies where the current therapeutic strategy is not applicable. 

Mesenchymal stem cells (MSCs) are usually isolated from bone marrow but they can 

also be harvested from umbilical cord and placenta (129, 130). MSCs have the ability 
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to self-renew and differentiate in a plethora of cells of mesodermal origin such as 

connective stromal cell, cartilage, fat and bone cell but they can also differentiate into 

cells of ectodermal (epithelial cell and neuron) and endodermal (lung, gut epithelial and 

muscle cell) lineages (131). MSCs are a promising candidate for cell-based therapy since 

these cells have the capacity to migrate and differentiate in damaging areas and excrete 

paracrine molecules that facilitate repairing mechanisms and suppress inflammation 

(129). More precisely, MSCs can suppress both innate and adaptive immune responses, 

and stimulate the proliferation and differentiation of regulatory T cells, which are 

responsible for preserving immune homeostasis (132, 133). In addition, MSCs can 

protect the damaged tissue by secretion of growth factors (Vascular endothelial growth 

factor; VEGF, insulin-like growth factor - 1; IGF-1 and epidermal growth factor; EGF) 

and immune mediators such prostaglandin E2 (PGE2), TGF-β and IL-10. As MSCs 

possess anti-inflammatory properties, they have been utilized for the treatment of 

inflammatory diseases in humans such as graft versus host disease and inflammatory 

bowel disease and in animal models of NEC and HI-induced intestinal injury (134-139). 

Translational animal models 

In the past years translational research has been proven fundamental to 

understand and unravel the pathophysiological mechanisms underlying 

chorioamnionitis and perinatal asphyxia on fetal organ development. These models 

enable investigators to expose fetuses to specific stimuli for a defined time, length and 

at a specified developmental stage during pregnancy. A plethora of different species 

have been used to investigate the impact of chorioamnionitis on fetal organ 

development including rats (140), mice (141), rabbits (142-144), guinea pigs (145, 146), 

rhesus macaques (147, 148) and sheep (149). Similarly, experimental models of 

perinatal asphyxia in mice (150), rats (151, 152), pigs (75), non-human primates (153) 

and sheep (97, 154) have been developed to address the effects of perinatal asphyxia 

on fetal development. Although these models offer a tremendous opportunity to study 

the mechanisms involved in these pathologies, they do not always accurately simulate 
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the human situation due to distinct developmental differences between humans and 

animals (155).        

 The development of the fetal rhesus macaques closely resembles human 

development (156). However, ethical and financial considerations restrict the use of 

non-human primate animal model. The use of fetal sheep as an animal model is widely 

accepted and most importantly, the developmental processes that occur in the ovine 

lungs, brain and intestine during gestation are highly similar to human situation (Figure 

2) (157).        

 Intestinal crypt and villus formation of the human and ovine intestine occurs 

prenatally whereas in rodents, these anatomical structures develop almost near term in 

gestation or even postnatally (157). Furthermore, lung alveolarization and white matter 

maturation of the fetal brain in humans and sheep evolve prenatally whereas in rodents, 

these developmental components are established postnatally (157). In addition, the 

relative long gestational period in sheep (term at ~147 days) makes investigation of fetal 

pathologies at selected gestational/maturational stages and for longer periods of time 

feasible. Collectively, the ovine fetus is an attractive preclinical animal model to study 

the effects of chorioamnionitis and perinatal asphyxia on organ development. 
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Figure 2. Distinct developmental hallmarks in fetal gut (A, B), lung (C) and brain (D) during gestation 

in humans, sheep and rodents (157). 
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Outline of the thesis 

The aim of the current thesis was to provide insights in the intestinal 

pathological changes induced by chorioamnionitis and prenatal HI, and explore new 

therapeutic strategies to prevent adverse intestinal outcomes associated with these 

pathologies.         

 In our ovine chorioamnionitis model, we have shown that the adverse intestinal 

outcomes caused by chorioamnionitis were the combined result of local gut and 

pulmonary-driven systemic immune responses. In addition, IL-1 signaling appeared to 

be essential in antenatal inflammation as chorioamnionitis-induced gut inflammation 

and damage were largely prevented by blocking IL-1 signaling. Therefore in chapter 2, 

we evaluated the effects of local (i.e. gut-derived) IL-1α signaling or extraintestinal IL-

1α-driven immune responses (i.e. lung or chorioamnion/skin-derived) on intestinal 

outcomes in the course of experimental chorioamnionitis.    

 In the same translational model, chorioamnionitis-induced intestinal 

inflammation was characterized by depletion of Treg cells and accumulation of Teff 

cells, which decreased the Treg/Teff cell ratio (59). This Treg/Teff cell imbalance was 

accompanied by impaired barrier integrity and intestinal maturation. Therefore in 

chapter 3, our aim was to restore the Treg/Teff imbalance by prophylactic IL-2 

treatment and to investigate whether this was sufficient to prevent chorioamnionitis-

induced intestinal inflammation and mucosal injury.   

 Although chorioamnionitis is commonly caused by bacterial infection of the 

uterine cavity, fungi and especially C.albicans, is also associated with chorioamnionitis. 

Therefore in chapter 4, we used our ovine model of chorioamnionitis to assess whether 

IA exposure to C.albicans would induce fetal gut inflammation and mucosal injury. In 

addition, we tested whether fluconazole, the most frequently used anti-fungal drug, 

could attenuate the potential adverse intestinal effects caused by chorioamnionitis. 

 Although perinatal HI is associated with adverse postnatal intestinal outcomes, 

no antenatal studies have been conducted to investigate the underlying mechanisms by 

which global HI could provoke adverse effects on the fetal gut. Experimental evidence 
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from adult animal models of locally-induced intestinal HI has shown that inflammation 

is essential in HI-induced injury of the gut. Importantly, MSC treatment prevented this 

HI-induced intestinal damage. Therefore in chapter 5, we used our preclinical animal 

model to investigate whether global HI induced inflammation, injury and 

developmental changes in the fetal gut and whether intravenous MSC administration 

ameliorated these HI-induced adverse intestinal effects.    

 In chapter 6, the major findings of this thesis in conjunction with potential 

implications for future research are discussed. 
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Abstract 

Chorioamnionitis, caused by intra-amniotic exposure to bacteria and their toxic 

components, is associated with fetal gut inflammation and mucosal injury. In a 

translational ovine model, we have shown that these adverse intestinal outcomes to 

chorioamnionitis were the combined result of local gut and pulmonary driven systemic 

immune responses. Chorioamnionitis-induced gut inflammation and injury was largely 

prevented by inhibiting interleukin (IL)-1 signaling. Therefore, we investigated whether 

local (gut-derived) IL-1α signaling or systemic IL-1α-driven immune responses (lung or 

chorioamnion/skin-derived), were sufficient for intestinal inflammation and mucosal 

injury in the course of chorioamnionitis.      

 Fetal surgery was performed in sheep to isolate the lung, gastrointestinal tract 

and chorioamnion/skin and IL-1α or saline was given into the trachea, stomach or 

amniotic cavity 1 or 6 days prior to preterm delivery.   

 Selective IL-1α exposure to the lung, gut or chorioamnion/skin increased the 

CD3
+

 cell numbers in the fetal gut. Direct IL-1α exposure to the gut impaired intestinal 

zonula occludens protein-1 expression, induced villus atrophy, changed the expression 

pattern of intestinal fatty acid binding protein (I-FABP) along the villus and increased 

the CD68, IL-1 and TNF-α mRNA levels in the fetal ileum. With lung or 

chorioamnion/skin exposure to IL-1α, intestinal inflammation was associated with 

increased numbers of blood leukocytes without induction of intestinal injury or 

immaturity.         

 We concluded that local IL-1α signaling was required for intestinal 

inflammation, disturbed gut maturation and mucosal injury in the context of 

chorioamnionitis. 
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Introduction 

Intrauterine infection is the most frequent cause of preterm birth (1) before 28 

weeks of gestation (2). Chorioamnionitis, which is commonly caused by intrauterine 

bacterial infection, is defined as an inflammation of the fetal membranes, amniotic fluid 

and placenta (3-5). Bacterial infection of the amniotic cavity results in direct exposure 

of the lung (by fetal breathing), gastrointestinal tract (by swallowing), skin and 

chorioamnion to bacteria and their inflammatory components in the contaminated 

amniotic fluid. The fetal inflammatory response to chorioamnionitis is associated with 

multi-organ dysfunction (6, 7) which increase the incidence of periventricular 

leukomalacia (8), bronchopulmonary dysplasia (9) and necrotizing enterocolitis (NEC) 

(10, 11).        

 We have used a translational ovine model of chorioamnionitis to investigate 

the impact of intrauterine inflammation on fetal organs. Using this model we have 

shown that intra-amniotic (IA) delivery of E.coli lipopolysaccharide (LPS) resulted in 

an acute inflammatory response in the chorioamnion and increased influx of 

inflammatory cells in the respiratory tract within 5 hours (hrs) (12, 13). These immune 

alterations were rapidly followed by systemic inflammation at the same time point and 

fetal skin inflammation 12 hrs post LPS exposure (13, 14). The first signs of intestinal 

inflammation were detected 2 days after IA delivery of LPS, and this inflammatory 

response resulted from direct LPS exposure to the gut and pulmonary-induced systemic 

inflammation (15). Importantly, inhibition of IL-1 signaling with an IL-1 receptor 

antagonist in our chorioamnionitis model largely prevented fetal organ inflammation 

and its negative sequelae (16, 17). IL-1 signaling is central to antenatal inflammation in 

multiple animal models (18-20) and IA IL-1α administration in fetal sheep caused 

inflammation in the chorioamnion with injury to the respiratory and gastrointestinal 

tract (21-23). However, it remains unstudied whether local (i.e. gut-derived) IL-1α 

signaling or systemic IL-1α-driven immune activation (i.e. lung or chorioamnion/skin-

derived) is causally involved in intestinal inflammation and mucosal injury from 

chorioamnionitis.        
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 To answer this question, we surgically isolated the lung, gastrointestinal tract 

and chorioamnion/skin in fetal sheep for selective IL-1α exposure 1 or 6 days prior to 

preterm delivery. We evaluated the systemic and intestinal immune responses of IL-1α 

exposure to the different isolated fetal compartments. 

Materials and Methods 

Animals 

All experiments were approved by the Animal Ethics Committee of the 

University of Western Australia (Perth, WA, Australia) and the Children’s Hospital 

Medical Center (Cincinnati, Ohio, USA). 

Experimental procedures and design 

Experimental procedures were performed as previously described (15). Fetal 

sheep were randomized to experimental groups as defined in Table 1. Fetal surgery was 

performed at 116 or 121 days of gestational age (GA) (term ~150 days). Fetuses 

received either IL-1α (Protein express, Cincinnati, OH, USA) or saline (Control) at 118 

or 123 days GA via a 24 hrs osmotic pump. We used the following doses: 10 µg of IL-

1α for intra-tracheal infusion, 50 µg of IL-1α for gastrointestinal infusion and 100 µg of 

IL-1α for intra-amniotic (IA) infusion. A dose of 100 μg IL-1α into the amniotic cavity 

induces chorioamnionitis and inflammation in the lung and gut with concomitant 

developmental changes (21, 22). Intra-tracheal infusion of IL-1α (10 μg) causes 

pulmonary inflammation and maturation (24). Since the swallowing volume rate of fetus 

is about 50% of the total amniotic volume over 24 hrs (25), a dose of 50 μg of IL-1α 

was infused to the GI tract. Fetal sheep were surgically delivered at 124 days of gestation 

and were euthanized with an intravenous bolus of pentobarbitone (100 mg/kg) 1 or 6 

days after IL-1α or saline infusion.     

 Isolation of the fetal organs was performed as previously (15). Briefly, fetal lung 

isolation: a catheter was connected to an osmotic pump to administer IL-1α or saline 

for controls. The trachea and esophagus were ligated to prevent contact with the 
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amniotic fluid; isolation of the fetal gastrointestinal tract: a catheter was placed via the 

esophagus into the stomach and an osmotic pump was used to administer IL-1α or 

saline for controls. The esophagus was ligated in order to avoid IL-1α reaching the 

amniotic fluid; isolation of the fetal snout: selective exposure of IL-1α in the skin and 

chorioamnion was achieved by occlusion of the snout with a surgical glove. An osmotic 

pump was sutured to the fetal skin and delivered IL-1α or saline for controls. 

Cell count measurement in Cord Blood 

Differential cell counts in cord blood were performed by Coulter counter 

(VetPath Laboratory Services, Ascot, WA, Australia). 

 

Table 1. Summary of experimental groups with fetal compartments exposed to IL-1α or saline. 

  
1 Day exposure 6 Days exposure 

Procedure Site of exposure n Abbreviation n Abbreviation 

Lung isolation  

tracheal infusion of IL-1α 
Lung 7 1d lung IL-1α 8 6d lung IL-1α 

Gut isolation  

stomach infusion of IL-1α 
Gut 5 1d gut IL-1α 6 6d gut IL-1α 

Snout occlusion  

IA infusion of IL-1α 
Amniotic cavity, skin 5 1d Ocln IL-1α 4 6d Ocln IL-1α 

Combined controls* 

infusion of saline 

Lung or gut or 

chorioamnion/skin* 
4 Control 5 Control 

IA: intra-amniotic; IL: interleukin; Ocln: snout occlusion; n: number of animals; *combined control 

group of all saline treated animals. 

 

Antibodies 

The following antibodies were used: rabbit antibody against human cluster of 

differentiation 3 (CD3; 1:1000) and myeloperoxidase (MPO; 1:500) both from Dako 

(Glostrup, Denmark); intestinal fatty acid-binding protein (I-FABP; 1:3000) from 

Hycultbiotech (Uden, the Netherlands); rabbit antibody against mouse Zonula 
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occludens protein 1 (ZO-1, 1:100) from Invitrogen (San Francisco, CA); monoclonal 

mouse antibody against human FoxP3 (1:250) from Bioscience (San Diego, CA); 

mouse anti-human Ki-67 (1:100) from DAKO (Glostrup, Denmark) and rabbit anti-

human Caspase-3 (1:1000) from Cell Signaling Technology (Danvers, MA). As 

secondary antibodies, Texas Red conjugated goat anti-rabbit (1:100) from Southern 

Biotechnology (Birmingham, AL); biotin conjugated swine anti-rabbit (1:200) or goat 

anti-mouse (1:200) from Dako and peroxidase conjugated goat anti-rabbit (1:200) from 

Jackson (West Grove, PA) were used. All antibodies were diluted in 0.1% bovine serum 

albumin in phosphate buffered saline. 

Immunohistochemistry 

Formalin-fixed terminal ileum was embedded in paraffin and sectioned to 4 

µm. Inflammatory cells were identified by immunohistochemical staining for T-

lymphocytes (CD3), forkhead box P3 (FoxP3) and myeloperoxidase (MPO) 

synthesized mainly by neutrophils. Maturation of fetal intestine was assessed by 

immunohistochemical staining for intestinal fatty acid binding protein (I-FABP). 

Proliferating and apoptotic cells were identified by Ki-67 and Caspase-3 staining 

respectively. Endogenous peroxidase activity was blocked with either 0.3% H2O2 diluted 

in TBS (MPO), PBS (CD3, FoxP3, Ki-67 and Caspase-3) or methanol (I-FABP). Non-

specific binding was blocked with normal goat serum (MPO; 10% and FoxP3; 20%, Ki-

67; 5%) and bovine serum albumin (CD3; 5% and I-FABP; 5%) for either 30 minutes 

(MPO, CD3 and FoxP3) or 1 hour (I-FABP and Ki-67) at room temperature and the 

sections were incubated with the primary antibody as appropriate. After washing, 

sections were incubated with the selected secondary-conjugated antibody. CD3, FoxP3, 

Ki-67 and Caspase-3 antibodies were recognized with streptavidin-biotin method 

(Dakocytomation) and antibodies against MPO and I-FABP were recognized with a 

peroxidase-conjugated secondary antibody. Substrate staining for MPO and I-FABP 

was performed with 3-amino-9-ethylcarbazole (AEC, Sigma); haematoxyline was used 

as counterstain for nuclei. Immunoreactivity for CD3, FoxP3, Ki-67 and Caspase-3 was 
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detected by using nickel-DAB. Except for I-FABP, the positive stained cells were 

counted in three high power fields. The average number of positive cells per high power 

field per animal is given. Maturity of the fetal intestine was evaluated based on the size 

of vacuoles and the localization of I-FABP. 

Immunofluorescence 

Tight junction morphology was evaluated by immunofluorescence staining 

against Zonula Occludens 1 (ZO-1) as previously described (15). Briefly, ileal cryo-

sections (4 µm) were incubated with anti-ZO-1 followed by Texas Red conjugated goat-

anti-rabbit as a secondary antibody and 4’,6’-diamino-2-phenyl indole (DAPI) as a stain 

for the nuclei. The distribution of ZO-1 was examined in 400X magnification using an 

AxioCam MRc5 camera (ZEISS, Jena, Germany) mounted on an ECLIPSE E800 

fluorescence microscope (Nikon, Amsterdam, the Netherlands). 

RNA isolation and qPCR 

Total RNA was extracted from ileum tissue using Trizol Reagent (Invitrogen, 

Breda, the Netherlands), according to manufacturer’s guidelines. DNA contamination 

was removed by using RQ1 DNase kit (Promega, Madison, WI) following the 

manufacturer’s instructions. The digestion of genomic DNA was confirmed by 

polymerase chain reaction (PCR) using ovine β-actin (forward sequence 5’-

CAGCACAGGCCTCTCGCCTTC-3’; reverse sequence: 5’-

CTGGGTCATCTTCTCACGGTTGG-3’). Reverse transcription was performed by 

using M-MLV Reverse transcriptase (Invitrogen, Bleiswijk, the Netherlands) according 

to supplier’s recommendations, using oligo DT primers. 10ng of cDNA was amplified 

with LightCycler 480 SYBR Green I Master (Roche Applied Science, Almere, the 

Netherlands). qPCR was performed using the Light Cycler 480 (Roche) with primers 

designed on ovine specific sequences (Table 2). Melt-curve analysis was performed 

following completion of qPCR amplifications revealing a single peak for each 

investigated amplicon, confirming the detection of a specific product. The results were  
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Table 2. Primers used for qPCR. 

Primer Fw sequence (5’-3’) Rv sequence (5’-3’) 

ovRPS15 CGAGATGGTGGGCAGCAT GCTTGATTTCCACCTGGTTGA 

TNF-α GCCGGAATACCTGGACTATGC CAGGGCGATGATCCCAAAGTAG 

IL-6 ACATCGTCGACAAAATCTCTGCAA GCCAGTGTCTCCTTGCTGTTT 

IL-17 TGTGAGGGTCAACCTGAACAT TGATAATCGGTGGGCCTTCTG 

IL-1 AGAATGAGCTGTTATTTGAGGTTGATG GTGAGAAATCTGCAGCTGGATGT 

IFN-γ TCAAGCAAGACATGTTTCAGAAGTTCT CCGGAATTTGAATCAGCCTTTTGAA 

CD68 AGGCAGTGCAGTGGACATTC CAAGGTGTAAAGCTGGTGAAAC 

IL-4 TGCCTGTAGCAGACGTCTTTG GCCCTGCAGAAGGTTTCCT 

IL-10 CATGGGCCTGACATCAAGGA CGGAGGGTCTTCAGCTTCTC 

Fw: forward, IFN: interferon, IL: interleukin, qPCR: quantitative real time polymerase chain reaction, 

Rv: reverse. 

 

normalized to ovine 40S ribosomal protein S15 (ovRPS15) and mean fold changes in 

mRNA expression relative to control are presented. 

Statistical Analysis 

Data are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using GraphPad Prism software (version v5.0; GraphPad Software Inc.) by 

using a non-parametric Kruskal Wallis tst followed by Dunn’s post-hoc test. Differences 

were considered statistically significant at p<0.05. 

Results 

Inflammatory cells in the fetal ileum after selective exposure of lung, gut or 

chorioamnion/skin to IL-1α.      

 We evaluated the accumulation of inflammatory cells in the gut after IL-1α 

exposure to the lung, gut or chorioamnion/skin by immunohistochemistry. Direct IL-

1α exposure to the gut resulted in increased numbers of CD3
+

 cells in the fetal ileum 

when compared to control animals at 1 day post IL-1α infusion. CD3
+

 cells in the fetal 

ileum remained unchanged at 1 day post IL-1α exposure to the lung or 

chorioamnion/skin when compared to controls (Figure 1). At 6 days, IL-1α increased 

the numbers of CD3
+

 cells in the fetal ileum in all experimental groups when compared 
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to controls (Figure 1A-E).       

 In contrast, the number of immunosuppressive regulatory T (Treg) cells (26), 

expressing the transcription factor FoxP3 (27), remained unchanged in the fetal gut at 1 

or 6 days after IL-1α infusion in any fetal compartment when compared to controls 

(Figure 2A). Similarly, the number of MPO
+

 cells in the fetal intestine was comparable 

to control animals after 1 or 6 days of IL-1α exposure to any fetal compartment (Figure 

2B).         

 Intestinal mRNA levels of CD68, a marker for activated macrophages, were 

analyzed by qPCR. At 1 day after IL-1α infusion in all compartments, CD68 mRNA 

levels remained unaltered in the fetal ileum when compared to controls (Figure 2C). At 

6 days, IL-1α infusion to the lung did not change the mRNA levels of CD68 in the fetal 

gut compared to controls whereas the mRNA levels of CD68 were increased when the 

gut or chorioamnion/skin were exposed to IL-1α (Figure 2C). 

Cytokine mRNA levels in the fetal gut after IL-1α exposure in the different fetal 

compartments. 

In order to further characterize the intestinal inflammatory responses following 

selective exposure of IL-1α to the lung, gut and chorioamnion/skin, mRNA levels of 

pro- and anti-inflammatory cytokines were evaluated by qPCR. Ileal mRNA levels of 

IFN-γ, TNF-α, IL-1, IL-17, IL-4, IL-10 and IL-6 remained unaltered at 1 day after any 

of the IL-1α exposures (Figure 3). Compared to controls, gut mRNA levels of TNF-α 

and IL-1 were significantly increased at 6 days after IL-1α exposure to GI tract (Figure 

3B and C) whereas these cytokines remained unaltered when the lung or 

chorioamnion/skin were exposed to IL-1α (Figure 3B and C).   

 The intestinal mRNA levels of IL-10 were increased 6 days after IL-1α 

exposure to the chorioamnion/skin (Figure 3F) whereas no differences were observed 

in the rest of the groups when compared to controls (Figure 3F). The gut mRNA levels 

of IFN-γ, IL-17, IL-4 and IL-6 remained unaltered 6 days post IL-1α infusion to any 

fetal compartment (Figure 3A, D, E and G).  
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Figure 1. Number of T lymphocytes in the in the fetal intestine. Representative sections of fetal ileum 

were stained by immunohistochemistry for CD3+ cells of Control (A), 6d IL-1α lung (B), 6d IL-1α 

gut (C) and 6d IL-1α Ocln (D) animals. For each experimental group, CD3 positive expressing cells 

were counted and the mean cell counts per high power field per animal is given (E). Scale bar: 100 

μm. Data are presented as mean ± SD. *p < 0.05, **p < 0.01 and ***p< 0.001 compared to control. 

CD3: cluster of differentiation 3, IL-1α: interleukin-1 alpha. 
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Figure 2. Number of inflammatory cells in the fetal ileum. For each experimental group, positive 

expressing cells of FoxP3+ (A) and MPO+ (B) were counted and the mean cell counts per high power 

field per animal is given. The mRNA levels of CD68 (C) were evaluated by qPCR and the values 

were normalized to ovRPS15 rRNA levels. Data are presented as mean ± SD. *p < 0.05 compared 

to control. CD68: cluster of differentiation 68, FoxP3: forkhead box P3, IL-1α: interleukin-1 alpha, 

MPO: myeloperoxidase, qPCR: quantitative real time polymerase chain reaction. 
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Figure 3. Cytokine mRNA levels in fetal ileum of animals exposed to IL-1α. The inflammatory 

cytokines: IFN-γ (A), TNF-α (B), IL-1 (C), IL-17 (D), IL-4 (E), IL-10 (F) and IL-6 (G) were assessed 

by qPCR and the values for each cytokine were normalized to ovRPS15 rRNA levels. Data are 



 IL-1α driven fetal gut inflammation 

53 
 

presented as mean ± SD. *p < 0.05 compared to control. IL-: interleukin, IFN- γ: interferon-gamma, 

qPCR: quantitative real time polymerase chain reaction. 

 

Gut injury and morphological changes after selective IL-1α exposure to the gut, lung or 

chorioamnion/skin. 

We first evaluated whether selective IL-1α exposure to different epithelial 

surfaces resulted in morphological changes in the fetal intestine by histochemical H&E 

staining. No clear signs of intestinal epithelial injury were observed at 1 or 6 days after 

IL-1α infusion to any fetal compartment (data not shown). This finding was also 

confirmed by immunohistochemical analysis of I-FABP, a protein that is expressed by 

intestinal epithelial cells and is released upon epithelial injury (28, 29). 

 We then assessed whether selective IL-1α exposure to different fetal 

compartments resulted in impaired gut development. Maturation of the fetal gut was 

assessed by immunohistochemical staining of I-FABP (30) and by the size of vacuoles 

in the intestinal epithelium. In control animals (Figure 4A), I-FABP expression was 

detected along the villus, which is characteristic for animals of this gestational age (17). 

In contrast, 6 days after IL-1α exposure to the gut, I-FABP expression was primarily 

localized in the crypts (Figure 4B) and large vacuoles were detected in the fetal intestine 

when compared to controls, indicative of intestinal prematurity (Figure 4B). No 

significant changes were observed between control, IL-1α lung and IL-1α 

chorioamnion/skin exposed animals (data not shown). Finally, direct IL-1α exposure to 

the gut resulted in significant shortening of the villus length at 6 days when compared to 

controls whereas no changes were observed in villus length 1 or 6 days post IL-1α 

exposure to the lung and chorioamnion/skin (Figure 4C).    

 To gain insight into the mechanism of the observed decreased villus length and 

the immature intestinal phenotype at 6 days after IL-1α exposure to the gut, we 

performed an immunohistochemical staining for the proliferation marker Ki-67 and 

apoptotic marker Caspase-3. No differences were detected in the number of Ki-67  
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Figure 4. Maturation of the fetal intestine was evaluated by morphological changes determined by 

staining for I-FABP. In control animals, the expression of I-FABP was localized across the villi (A). 

In contrast, IL-1α exposure to the gut resulted in I-FABP expression in the lower villi and revealed 

enlarged vacuoles along the epithelium at 6 days post infusion (B), a characteristic of immaturity. The 

villus length was significantly decreased 6 days after direct IL-1α exposure to the gut compared to 

controls (C). Scale bar: 200 μm. Data are presented as mean ± SD. *p < 0.05 compared to control. 

IL-1α: interleukin-1 alpha, I-FABP: intestinal-fatty acid binding protein. 

 

(Figure 5) and Caspase-3 (data not shown) positive cells in the intestinal mucosa between 

control, IL-1α lung, IL-1α gut and IL-1α chorioamnion/skin exposed animals. 

 The integrity of tight junctions was evaluated by immunofluorescence staining 

of ZO-1, an important tight junctional protein in epithelial cells involved in paracellular 

permeability (31). In premature control animals, the distribution of ZO-1 was 

fragmented (Figure 6A) and this ZO-1 localization in the fetal gut was further disturbed 

after selective intestinal IL-1α exposure (Figure 6C and F) with more severe fragmenta- 
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Figure 5. Distribution of Ki-67 positive cells in the fetal ileum of animals exposed to IL-1α. 

Representative intestinal sections of Control (A) and 6d IL-1α gut (B) were stained by 

immunohistochemistry for Ki-67 positive cells. No differences were observed between control and 

IL-1α lung, gut and chorioamnion/skin exposed animals (C). For each experimental group, Ki-67 

positive expressing cells were counted and the mean cell counts per high power field per animal is 

given (C). Scale bar: 100 μm. Data are presented as mean ± SD. IL-1α: interleukin-1 alpha. 

 

tion at 1 day post IL-1α infusion to the GI tract (Figure 6C). The ZO-1 distribution 

pattern in the rest investigated groups was similar to control animals (Figure 6). 
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Figure 6. Distribution of Zonula occludens (ZO)-1 in the fetal ileum of animals exposed to IL-1α. 

Control animals had a moderate fragmentation of ZO-1 expression along the epithelium (A). This 

fragmentation was further disturbed after selective IL-1α exposure to the gut (C and F) with more 

severe ZO-1 fragmentation at 1 day post IL-1α infusion to the GI tract (C). The distribution of ZO-1 

in (B) 1d IL-1α lung, (D) 1d IL-1α Ocln, (E) 6d IL-1α lung and (G) 6d IL-1α Ocln animals was 

similar to the control (A). Scale bar 50 μm. Scale bar in insets 10 μm. IL-1α: interleukin-1 alpha. 

 

Systemic immune activation following IL-1α exposure to the lung, gut or 

chorioamnion/skin. 

We examined whether 6 days after selective IL-1α exposure to the lung, gut or 

chorioamnion/skin resulted in systemic inflammation. The number of white blood 

cells, monocytes, lymphocytes and neutrophils was increased in cord blood after 6 days 

of IL-1α exposure to the lung (Figure 7). Increased number of white blood cells, 

monocytes and neutrophils was also observed in cord blood 6 days after IL-1α exposure 

to the chorioamnion/skin whereas the number of lymphocytes was similar to control 

animals (Figure 7C). The cell counts of white blood cells, monocytes, lymphocytes and 

neutrophils in cord blood after 6 days of IL-1α exposure to the gut were not different 

when compared to controls. 
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Figure 7. Differential cord blood counts of white blood cells (A), monocytes (B), lymphocytes (C) 

and neutrophils (D). Data are presented as mean ± SD. *p < 0.05 and **p < 0.01 compared to 

control. IL-1α: interleukin-1 alpha. 

 

 

 

 

 

 

 

 

 



 IL-1α driven fetal gut inflammation 

59 
 

Discussion 

We previously demonstrated that inhibition of IL-1 signaling in the course of 

Ureaplasma (UP)-induced chorioamnionitis substantially prevented inflammation, 

disturbed maturation and injury of the fetal intestine (17). In the present study, we 

evaluated the impact of IL-1α signaling on intestinal inflammation and injury when 

different epithelial organs were selectively exposed to IL-1α. Our findings indicate that 

the adverse outcomes of the fetal gut in the course of chorioamnionitis are the 

combined result of selective IL-1α-driven signaling of the lung, gut and 

chorioamnion/skin. Interestingly, intestinal inflammatory responses were distinct 

following different sites of IL-1α exposure and gut injury and immaturity were only 

induced upon direct contact of IL-1α to the gastrointestinal mucosa.  

 At day 1 after IL-1α infusion into the GI tract, intestinal inflammation was 

characterized by infiltration of T cells and subsequent tight junctional loss. The current 

findings confirm and explain our earlier observations, showing that local exposure of 

the intestinal epithelium to LPS induces lymphocyte influx and impaired gut integrity 

(15). In line with these data, in vitro experiments with intestinal epithelial cells have 

shown that IL-1 supplementation in the culture system increased the permeability of 

tight junctions (32, 33). These findings indicate that increased intestinal IL-1α levels 

directly interact with the intestinal epithelial cells and/or resident immune cells to induce 

adverse intestinal outcomes as seen in the fetal intestine in the course of 

chorioamnionitis.        

 At 6 days, intestinal inflammation appears to be dependent on the route of IL-

1α exposure. In particular, 6d after direct IL-1α to the GI tract, intestinal immune 

activation was characterized by increased TNF-α and IL-1 mRNA levels and moderate 

signs of tight junctional loss. These current findings provide a mechanistic explanation 

for previous findings showing that direct gut exposure to LPS induced the expression 

of these pro-inflammatory cytokines in the fetal ileum and this increase was associated 

with intestinal injury (15).      
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Intestinal inflammation was associated with an immature intestinal phenotype 

6 days post IL-1α exposure to the GI tract as the villi were shortened, formed by 

enterocytes with enlarged vacuoles and I-FABP expression was restricted to the basis of 

the villi, a characteristic pattern found in the extreme premature gut (30). Interestingly, 

these morphological changes were not associated with altered number of Ki-67 or 

Caspase-3 positive cells in the intestinal mucosa at 6 days after IL-1α exposure to the 

fetal gut. Therefore, diminished differentiation, rather than altered cell proliferation 

and/or cell death, appears to be responsible for the observed immature intestinal 

phenotype at 6 days after IL-1α exposure to the gut. Underdevelopment of the fetal 

intestine was shown to be impaired in an IL-1 dependent manner in the context of 

chorioamnionitis (17). Therefore, these results indicate that disturbed maturation of the 

intestinal epithelium during antenatal inflammation is the result of direct IL-1α effects 

to the GI mucosa. Alternatively, increased vacuolization and shortened villi at 6 days 

after IL-1α exposure to the fetal gut could also be interpreted as indicators of mucosal 

injury. However, at this stage increased vacuolization and villus atrophy was not 

associated with increased apoptosis, shedding of epithelial cells and accumulation of 

cellular debris in the lumen. Therefore, the shortening of the villi might originate from 

inflammation-induced smooth muscle reactivity and/or inflammation-driven changes of 

the subepithelial architecture of myofibroblasts within the villus compartment (34). 

 Systemic inflammation was associated with intestinal inflammation 6 days after 

IL-1α exposure to the chorioamnion/skin. This finding is in contrast with previous 

reports demonstrating that LPS exposure to the chorioamnion/skin provoked a 

systemic response without inducing intestinal immune activation (15, 35). This 

discrepancy could be explained by the relative low number of circulating monocytes 

when compared to LPS (35) after IL-1α infusion into the snout occluded animals which 

was paralleled by increased CD68 (macrophages) mRNA levels in the fetal gut, 

indicating influx and/or differentiation of monocytes from the periphery. It is tempting 

to speculate that intestinal macrophages in the GI tract following IL-1α exposure to the 

chorioamnion/skin might be responsible for the accumulation of T cells in the fetal gut 
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(36). This intestinal immune response at 6 days after IL-1α administration to the 

chorioamnion/skin appeared to have an anti-inflammatory character as upregulated 

mRNA levels of IL-10, a cytokine which plays central role in maintaining gut wall 

integrity (37, 38), were detected and associated with absence of epithelial damage in the 

fetal ileum.        

 The intestinal immune response 6 days after IL-1α intra-tracheal infusion was 

characterized by marginal inflammatory changes in the fetal gut with no signs of mucosal 

injury. In contrast, we have shown that intra-tracheal LPS delivery results in intestinal 

inflammation and mucosal damage (15). These findings imply that induction of 

intestinal epithelial damage after pulmonary mediated (systemic) immune activation are 

largely IL-1 independent.       

 Although the mechanisms by which the fetal intestine responses to indirect IL-

1α exposure to the lung or chorioamnion/skin remain to be elucidated, the current 

study provides evidence that direct IL-1α exposure to these epithelial organs (i.e. lung 

and chorioamnion/skin) can trigger gut inflammatory processes in the course of 

chorioamnionitis. Since not only the gut but also the lung and chorioamnion/skin seem 

to play a role in IL-1α-mediated inflammatory changes of the fetal gut during 

chorioamnionitis, future therapeutic interventions may need to focus on targeting both 

IL-1α local and systemically mediated immune responses during antenatal 

inflammation.         

 In conclusion, we have shown that IL-1α signaling in different fetal 

compartments contributes to the induction of intestinal inflammation in the course of 

chorioamnionitis. Importantly, altered gut development and mucosal injury required 

direct contact of IL-1α to GI epithelium which emphasized the crucial role of local IL-

1α-driven intestinal inflammatory processes in the context of chorioamnionitis. 
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Abstract 

Background Chorioamnionitis results from an infection of the fetal membranes and is 

associated with fetal adverse outcomes, notably in the intestine. Using a translational 

ovine model, we showed that intra-amniotic exposure to inflammatory stimuli 

decreased the regulatory/effector T (Treg/Teff) cell balance in the gut, which was 

accompanied by intestinal inflammation and mucosal injury. We thus aimed to 

augment the Treg/Teff cell ratio in the fetal gut by prophylactic IL-2 treatment, and 

evaluate whether it is sufficient to prevent chorioamnionitis-induced intestinal 

inflammation and mucosal injury. 

Methods Fetal sheep (122 days of gestation) were intra-amniotically exposed to 

lipopolysaccharide for 2 or 7 days, with or without prophylactic IL-2 treatment (4 d). 

We evaluated the infiltration of inflammatory cells in the ileum and mesenteric lymph 

nodes. Cytokine gene expression was analyzed in fetal ileum and the inflammatory 

changes were correlated with gut wall integrity. 

Results IL-2 administration preferentially increased intestinal Treg cells and thus the 

Treg/Teff cell ratio. Prophylactic IL-2 treatment reduced the lipopolysaccharide-

induced influx of neutrophils and CD3
+

 T cells and decreased the messenger RNA 

levels of proinflammatory cytokines including IL-6 and IL-17 in the fetal ileum. 

Importantly, prophylactic IL-2 treatment prevented mucosal damage without inducing 

fetal adverse treatment outcomes. 

Conclusions Our data show that prophylactic IL-2 treatment prevents fetal intestinal 

inflammation and mucosal injury in the context of experimental chorioamnionitis. 

Modulation of the Treg/Teff cell balance may contribute to the protective effects of IL-

2. 
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Introduction 

Preterm birth complications are the leading cause of morbidity and mortality 

accounting for 35% of neonatal deaths globally (1). The most important risk factor of 

preterm labor is chorioamnionitis, an inflammation/infection of the chorion and 

amnion, which can be caused by a plethora of pathogens or pathogen related products 

including lipopolysaccharide (LPS) from E.coli and Ureaplasma spp. (2-4). 

Chorioamnionitis affects multiple organs of the fetus (5, 6), and is associated with 

adverse clinical outcomes of the intestines including necrotizing enterocolitis (NEC) (7), 

which is the most severe gastrointestinal pathology affecting preterm infants (8, 9). To 

gain mechanistic insight into the underlying causes of the observed correlation between 

chorioamnionitis and intestinal pathologies, a translational ovine chorioamnionitis 

model was previously developed (10). This animal model is relevant to human 

pathology, since the developmental biology and physiology of the fetal lamb closely 

resemble those in humans (11). In addition, this model allows us to perform complex 

fetal surgery. Using this translational model, we have shown that intra-amniotic (IA) 

exposure to LPS, IL-1α, or Ureaplasma provokes an intestinal inflammation in fetal 

sheep, characterized by increased influx of neutrophils and effector T cells (Teff) with 

concomitant mucosal injury and disturbed ileal maturation (10, 12, 13). This 

inflammatory reaction was preceded by depletion of regulatory T cells (Treg) which 

decreased the Treg/Teff cell balance (12). Importantly, this feature reproduces what has 

recently been found in neonates suffering from NEC and the loss of intestinal Treg cells 

is now considered to play an essential role in NEC pathology (14).  

 Treg cells that are characterized by expression of CD4, CD25hi and the 

transcription factor FoxP3 are critical for immune homeostasis in different organs 

including the intestinal tract (15). Disruption of Treg cell development and/or function 

is causally linked with pathologies including infectious diseases, autoimmunity and 

inflammatory bowel disease (16). Treg cell development, expansion, activity and 

survival depend on γc cytokines, most notably IL-2 (17, 18), and IL-2 administration is 

associated with beneficial effects in controlling autoimmune and inflammatory diseases 
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(17, 19).        

 We therefore hypothesized that prophylactic administration of IL-2 would 

preferentially expand Treg cells and augment the Treg/Teff cell ratio in the fetal gut 

thereby preventing chorioamnionitis-induced intestinal inflammation and mucosal 

injury. We first performed a pilot study and determined that a clinically relevant 

intravenous dose of IL-2 (20) increased the absolute number of Treg cells in the 

gastrointestinal tract of fetal lambs. Because previous experiments from our group did 

not reveal dose-dependent inflammatory changes in the amniotic cavity and fetal lung 

when we tested the effect of 1, 4 or 10 mg LPS (21), a dose of 5 mg LPS was given IA. 

As the presence of LPS in cord plasma was recently associated with chorioamnionitis 

and prematurity (2), IA delivery of LPS was used to model the fetal inflammatory 

response to bacteria. For this purpose, LPS was administered IA 2 or 7 days before 

preterm delivery in the presence or absence of IL-2 (the experimental design is 

presented in Materials and Methods). The immuno-modulatory effects of IL-2 

treatment were studied by evaluating the T cell influx in the fetal mesenteric lymph 

node (MLN) and intestine, and by analyzing the peripheral T cell response. In addition, 

the cytokine profile and gut wall integrity of the fetal ileum were analyzed. 

Materials and Methods 

Animals 

The Animal Ethics Board of Maastricht University, the Netherlands, approved 

all experiments according to Dutch governmental regulations. 

Experimental procedures and design 

Fetuses of time-mated Texel ewes were instrumented at 114 days of gestational 

age (GA) as previously described with slight modifications (22). Ewes were anesthetized 

by induction of thiopental (15 mg/kg) intravenously. During surgery, general anesthesia 

was maintained by 1% to 2% isoflurane and followed by remifentanil (0.75 μg kg
-1

 min
-

1

) intravenously for analgesia. A catheter was introduced to the maternal saphenous vein 

to obtain blood samples and administer prophylactic antibiotics during four days of 
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recovery after surgery. Fetuses were exposed by median laparotomy and two 3.5 French 

umbilical vessel catheters (Covidien, Mansfield, MA, USA) were placed in the femoral 

artery and vein. An amniotic catheter was introduced to obtain access to the amniotic 

cavity and to record amniotic pressure. Finally, catheters were exteriorized through the 

flank of the ewe and were continuously flushed (except from the amniotic catheter) with 

heparinized saline (25 IU/mL, 0.2 mL/h). After surgery, animals were housed in a 

confined space to allow recovery. Ewes had ad libitum access to water and food and 

their welfare was daily evaluated by certified personnel. 

In vivo evaluation of intravenous IL-2 administration 

Fetuses were instrumented at 114 days of GA. After four days of recovery (118 

days of GA), fetuses were randomly assigned to either receive IL-2 (proleukin human 

IL-2; Novartis Pharma B.V, Arnhem, The Netherlands) through a venous catheter for 

four consecutive days (122 days of GA) or heparinized saline (25 IU/mL, 0.2 mL/h). 

Because we have shown in earlier in vitro experiments that ovine splenocytes respond 

in a similar range to human recombinant IL-2 as human splenocytes (22), a clinically 

relevant pharmacological dose of 250,000 IU/kg/day (20) was used. On day 122 of GA, 

ewes and fetuses were sacrificed by intravenous overdose of sodiumthiopental 20% 

(Euthanal 20%) and MLN was collected for analysis. 

Chorioamnionitis model 

Fetuses were instrumented and after four days of recovery, animals were 

randomly assigned to receive heparinized saline (25 IU/mL, 0.2 mL/h) or IL-2 (250,000 

IU/kg/day) through a venous catheter for 4 consecutive days (122 days of GA). On day 

122 of GA, ewes were assigned to receive a single IA dose of LPS (5 mg, Sigma) or 

equivalent volume of saline. Thereafter, ewes and fetuses were housed for two (2 d 

exposure) or seven days (7 d exposure) and killed at 124 or 129 days of GA (term at ~ 

147 days), respectively (Fig. 1). These gestational ages of the fetal lambs are 

approximately comparable to 27-28 weeks of gestation in humans, simulating a 

premature delivery. 
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Figure 1. Experimental design of animals that were exposed to LPS for 2 or 7 days with or without 

prophylactic IL-2 treatment (250,000 IU/kg/day). d: days, GA: gestational age, IA: intra-amniotic, IL: 

interleukin, i.v.: intravenous, LPS: lipopolysaccharide. 

 

Antibodies 

The following antibodies were used: rabbit antibody against human CD3, MPO 

from Dakocytomation (Glostrup, Denmark) and intestinal fatty acid binding protein (I-

FABP) from Hycultbiotech (Uden, the Netherlands); rabbit antibody against mouse 

Zonula occludens protein 1 (ZO-1) from Invitrogen (San Francisco, CA); monoclonal 

mouse antibody against human FoxP3 from Bioscience (San Diego, CA). As secondary 

antibodies, Texas Red conjugated goat-anti-rabbit from Southern Biotechnology 

(Birmingham, AL); biotin conjugated swine-anti-rabbit or goat-anti-mouse from 

Dakocytomation and peroxidase conjugated goat-anti-rabbit from Jackson (West 

Grove, PA) were used. For flow cytometry, mouse antibodies against sheep CD4 (CD4-

AlexaFluor 647, clone 44.38), CD25 (CD25-FITC, clone 9.14), CD45 (CD45-biotin, 

clone 1.11.32), all from AbDSerotec (Düsseldorf, Germany) and rat anti-mouse/rat 

FoxP3 from eBioscience (FoxP3-PE, clone FJK-16s, San Diego, CA) were used. For 
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labeling of CD45
+

 cells, streptavidin Horizon V450 from BD Bioscience (Bleiswijk, the 

Netherlands) was used. 

Immunohistochemistry 

Fetal fixed ileum and MLN were embedded in paraffin and 4 µm sections were 

prepared. Morphological changes were assessed following a hematoxylin and eosin 

staining (H&E). Inflammatory cell infiltration and mucosal injury were evaluated by 

immunohistochemical staining for T-lymphocytes (CD3), FoxP3, myeloperoxidase 

(MPO) and I-FABP. Endogenous peroxidase activity was blocked with 0.3% H2O2 

diluted in tris-buffered saline (MPO), phosphate-buffered saline (CD3, FoxP3) or 

methanol (I-FABP). Nonspecific binding was blocked with normal goat serum (MPO, 

FoxP3) or bovine serum albumin (CD3, I-FABP) for 30 minutes (MPO, CD3 and 

FoxP3) or 1 h (I-FABP). Thereafter, sections were incubated with the primary antibody 

of interest for 1 h (MPO) at room temperature or overnight at 4°C (CD3, FoxP3 and 

I-FABP). Sections were incubated with a secondary biotin (CD3, FoxP3) or peroxidase 

(MPO, I-FABP)-conjugated antibody. Substrate staining for MPO and I-FABP was 

performed with 3-amino-9-ethylcarbazole (AEC, Sigma); nuclei were counterstained 

with hematoxylin. CD3 and FoxP3 reactivity were detected by using nickel-DAB. 

Positive stained cells were counted per high power field (200x). I-FABP-expressing cells 

were counted in the upper one-third of the villi tips. The average number of positive 

cells per high power field per animal is given. To avoid bias, appropriate sections 

(corresponding to animals of each experimental group) received an encryption number 

before counting and were scored by three independent investigators who were blinded 

to the treatment arm. 

Immunofluorescence 

Fetal ileum was embedded in Optimal Cutting Temperature (OCT) 

compound and 4 µm sections were cut. Tight junction morphology was evaluated by 

immunofluorescence staining against ZO-1 as previously described (10). Briefly, after 
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blocking the non-specific binding, ileal sections were incubated with primary antibody 

ZO-1 for 1 hour followed by incubation with a secondary Texas Red-conjugated 

antibody. Nuclei were stained with 4’,6’-diamino-2-phenyl indole (DAPI). The 

distribution of ZO-1 was examined by using the Metasystem Image Pro System (black 

and white charge-couple device camera; Metasystems, Sandhausen, Germany) mounted 

on a Leica DM-RE fluorescence microscope (Leica, Wetzler, Germany). 

RNA Extraction and Quantitative Real-Time PCR (qPCR) 

The messenger RNA (mRNA) expression of cytokines was measured by 

quantitative real-time PCR (qPCR) as previously described with slight modifications 

(23). Briefly, total RNA was isolated from ileum by Trizol/chloroform extraction. 

Reverse transcription was performed by using RevertAid First Strand cDNA Synthesis 

Kit (Roche-Applied, Mannheim, Germany). Quantitative real-time PCR was performed 

with the LightCycler 480 SYBR Green I Master mix (Roche Applied Science, Almere, 

the Netherlands) in a LightCycler 480 with specific ovine primers (Table 1). 

Quantitative real-time PCR results were normalized to the housekeeping gene ovine 

40S ribosomal protein S15 (ovRPS15), and mean fold changes in mRNA levels are 

presented relative to control. 

Sample processing for Flow Cytometry 

After death, single-cell suspensions of spleen and MLN were obtained by 

dissociation in gentle MACS C-tubes from Miltenyi (Leiden, the Netherlands) filled 

with Gibco Iscove’s Modified Dulbecco’s Medium from Life Technologies (Bleiswijk, 

the Netherlands) using the gentleMACS Dissociator from Miltenyi (Leiden, the 

Netherlands). Cell suspensions were passed through a 70-µm cell strainer from BD 

Biosciences (Erembodegem-Aalst, Belgium) and stored in freezing medium (Iscove’s 

Modified Dulbecco’s Medium, 10% heat-inactivated FCS, 10% DMSO) in liquid 

nitrogen. 
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Flow cytometry analysis 

Single-cell suspensions of MLN and spleen were stained for detection of 

CD45
+

, CD4
+

, CD25
+

 and Treg (identified as CD4
+

CD25hiFoxP3
+

) cells according to 

manufacturer’s protocol. Stained cells were acquired on a FACS Canto II (BD 

Biosciences) flow cytometer equipped with FACS Diva software (version 6.1.2; BD 

Biosciences). 

Table 1. Oligonucleotide Primers Used for 

Quantitative Real-time Polymerase Chain Reaction 

Primer Sequence (5’-3’) 

ovRPS15 Fw CGAGATGGTGGGCAGCAT 

ovRPS15 Rv GCTTGATTTCCACCTGGTTGA 

IL-1 Fw AGAATGAGCTGTTATTTGAGGTTGATG 

IL-1 Rv GTGAGAAATCTGCAGCTGGATGT 

TNF-α Fw GCCGGAATACCTGGACTATGC 

TNF-α Rv CAGGGCGATGATCCCAAAGTAG 

IL-6 Fw ACATCGTCGACAAAATCTCTGCAA 

IL-6 Rv CGGAGTGTCTCCTTGCTGTTT 

IL-10 Fw CATGGGCCTGACATCAAGGA 

IL-10 Rv CGGAGGGTCTTCAGCTTCTC 

IL-17 Fw TGTGAGGGTCAACCTGAACAT 

IL-17 Rv TGATAATCGGTGGGCCTTCTG 

IL-8 Fw GTTCCAAGCTGGCTGTTGCT 

IL-8 Rv GTGGAAAGGTGTGGAATGTGTTT 

IFN-γ Fw TCAAGCAAGACATGTTTCAGAAGTTCT 

IFN-γ Rv CCGGAATTTGAATCAGCCTTTTGAA 

IL-4 Fw TGCCTGTAGCAGACGTCTTTG 

IL-4 Fw GCCCTGCAGAAGGTTTCCT 

Fw: forward, IFN: interferon, IL: interleukin, Rv: reverse. 
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Statistics 

Statistical analysis was performed with GraphPad Prism software (version v5.0; 

GraphPad Software Inc.). Data were analyzed by using a nonparametric Kruskal Wallis 

test, followed by Dunn’s post-hoc test. Significance was established at p<0.05. 

Results 

Preferential Treg cell expansion by IL-2 treatment. 

To evaluate whether IL-2 administration induced preferential Treg cell 

expansion in the gastrointestinal tract of the fetus, we performed flow cytometric analysis 

on MLN directly after IL-2 treatment, being immediately at the end of four days of 

continuous intravenous IL-2 infusion. Intravenous IL-2 administration induced 

preferential Treg cell (identified as CD4
+

CD25hiFoxP3
+

 T cells) accumulation in MLN 

compared with control (Control 7.4% vs. IL-2 15.0% Treg cells in CD4+ cells) (Figs. 

2A, B). The increased number of Treg cells in the MLN was accompanied by increased 

expression of FoxP3 per cell (a transcription factor predominantly expressed by Treg 

cells (24) but also by a small fraction of activated effector T cells), as evaluated by 

fluorescence intensity (MFI) of FoxP3 in the Treg cell population (FoxP3 MFI of 2.066 

vs 2.752 in control and IL-2-treated animals, respectively, data not shown). In addition, 

Treg cells were localized in MLN by immunohistochemistry staining for FoxP3. 

Consistent with the flow cytometric analysis, increased Treg cell numbers were shown 

directly after IL-2 treatment and these cells were located in the paracortex, where 

stimulated T lymphocytes proliferate (data not shown). 
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Figure 2. Preferential expansion of Treg cells (CD4+CD25hiFoxP3+) by IL-2 in MLN directly after 

the end of IL-2 treatment. A gate was set on lymphocytes in forward and side scatter, in which the 

CD45+CD4+ T cells were gated. From this population the CD4+CD25+ double positive cells with high 

and low expression of CD25 were selected. In these two populations, the expression of FoxP3 was 

analyzed in histograms. Gating strategy and FoxP3 content (histograms) of 7.4% CD4+CD25hiFoxP3+ 

in CD4+ cells in control animals (A). Gating strategy and Foxp3 content of 15.0% CD4+CD25hiFoxP3+ 

in CD4+ cells in IL-2-treated animals (B). Gating for FoxP3 was based on the expression of FoxP3 in 

CD45+CD4- cells in MLN (data not shown). FSC: forward scatter, SSC: side scatter. 

 

The absolute increase of Treg cell numbers in the MLN, which occurred within 

4 days of IL-2 administration, returned to baseline levels within 2 days after ending IL-

2 treatment, as shown by FACS analysis (Supplementary fig. 1) and 

immunohistochemistry (data not shown). 
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Prophylactic IL-2 treatment in the course of chorioamnionitis 

Inflammatory cell influx in fetal intestine 

Next, the pharmacological effects of prophylactic IL-2 administration were 

evaluated in our chorioamnionitis model. We first examined whether IL-2 treatment 

caused accumulation of Treg cells in the fetal gut by immunohistochemistry staining of 

FoxP3. Intravenous IL-2 administration significantly increased the number of FoxP3
+

 T 

cells in the fetal gut when compared to control animals at 2 and 7 days post IL-2 

treatment (Fig. 3). In contrast, the number of FoxP3
+

 T cells of animals which were 

exposed to LPS or IL-2 + LPS for 2 or 7 days, were not significantly different when 

compared to controls (Figs. 3C, D).     

 LPS exposure for 2 or 7 days significantly increased CD3
+

 T cell numbers in 

the fetal intestine when compared with controls, as evaluated by immunohistochemistry 

(Figs. 4A-D). The increased influx of CD3
+

 T cells after IA LPS exposure was prevented 

by prophylactic IL-2 administration (Figs. 4A-D). Numbers of CD3
+

 T cells significantly 

increased 2 days after IL-2 administration compared with controls (Fig. 4C). 

 We next evaluated the proportions of FoxP3
+

 cells relative to total CD3
+

 T cells 

in the fetal intestine. Relative to controls, 2 days of LPS exposure resulted in a significant 

decrease of the FoxP3/CD3 ratio (Fig. 4E), and this reduction was prevented by 

prophylactic IL-2 treatment (Fig. 4E). The ratio of FoxP3 to CD3 was significantly 

increased 2 days after IL-2 administration. In the 7-day group, a significant increase of 

the FoxP3/CD3 ratio was detected in the IL-2-treated animals when compared with 

control or LPS-exposed animals (Fig. 4F). 
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Figure 3. Increased FoxP3+ cells in the fetal ileum 2 and 7 days after IL-2 treatment. Representative 

sections of fetal ileum were stained by immunohistochemistry for FoxP3 of (A) 2 day-control and (B) 

2 day-IL-2-treated animals. For each experimental group, positive expressing cells of (C) 2 day-FoxP3+ 

and (D) 7 day-FoxP3+ cells were counted, and the mean cell counts per high power field per animal 

is given. The scale bar in (A and B) represents 100 µm. The scale bar in insets represents 50µm. 

Original magnification X200. For inset, X400 magnification was used. *p < 0.05 and **p < 0.01. LPS: 

lipopolysaccharide. 

 

Importantly, LPS exposure for 2 or 7 days significantly increased the number 

of MPO
+

 cells (mainly neutrophils(25)) compared with controls whereas this increase 

was significantly prevented in 2 days LPS-exposed animals that were pretreated with IL-

2 (Fig. 4G). Significantly increased numbers of MPO
+

 cells were also observed in IL-2-

treated animals when compared with controls (Fig. 4G). 
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Figure 4. Number of infiltrating inflammatory cells in the fetal ileum assessed by 

immunohistochemistry. Representative sections stained for CD3+ of (A) 2-day LPS and (B) 2-day 

IL2+LPS-treated animals. For each experimental group, positive expressing cells of (C) 2-day CD3+, 

(D) 7-day CD3+, (E) 2-day FoxP3+/CD3+, (F) 7-day FoxP3+/CD3+, (G) 2-day MPO+, and (H) 7-day 

MPO+ were counted, and the mean cell counts per high power field per animal is given. The scale 

bar in (A and B) represents 100 µm. Original magnification X200. *p < 0.05 and **p < 0.01. LPS: 

lipopolysaccharide, MPO: myeloperoxidase. 

 

Cytokine mRNA levels 

To evaluate whether the influx of inflammatory cells in the gut by IL-2 

treatment was associated with changes in the intestinal cytokine profile, we assessed the 

mRNA levels of inflammatory proteins in the fetal intestine. LPS exposure for 2 days 

significantly increased the mRNA levels of IL-17 when compared with controls (Fig. 

5A). The increased IL-17 mRNA levels were significantly inhibited by IL-2 treatment 

prior to 2 days LPS exposure (Fig. 5A). IL-17 mRNA expression was not detectable in 

animals exposed for 7 days (data not shown).     

 IL-2 treatment before LPS exposure significantly decreased the gut mRNA 

levels of TNF-α and IL-1, at 2 days after IA LPS administration compared with controls 

(Figs. 5C, H). At day 2, the intestinal IFN-γ mRNA levels were 3-fold higher in the IL-

2 + LPS group than in the control or LPS groups (Fig. 5G). Compared with control 

animals, intestinal IL-1 mRNA levels were significantly reduced at 2 days after IL-2 

administration (Fig. 5H).        

 IL-6 mRNA levels in 7-day LPS exposed animals were significantly elevated 

compared with those of controls, and this increase was prevented by prophylactic IL-2 

treatment (Fig. 6B). Significantly, increased mRNA levels of IL-1, IL-4, IL-10, IL-8 and 

IFN-γ were observed 7 days after IL-2 administration (Figs. 6A, D-G). 
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Figure 5. Cytokine mRNA levels in terminal ileum of animals exposed for 2 days. The inflammatory 

cytokines: (A) IL-17, (B) IL-6, (C) TNF-α, (D) IL-4, (E) IL-10, (F) IL-8, (G) IFN-γ, and (H) IL-1 

were assessed by quantitative real-time PCR (qPCR). *p < 0.05 and **p < 0.01. d: days, LPS: 

lipopolysaccharide. 
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Figure 6. Cytokine mRNA levels in terminal ileum of animals exposed for 7 days. The inflammatory 

cytokines: (A) IL-1 (B) IL-6 (C) TNF-α (D) IL-4 (E) IL-10 (F) IL-8 and (G) IFN-γ were assessed by 

quantitative real-time PCR (qPCR). *p < 0.05. d: days, LPS: lipopolysaccharide. 
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Intestinal damage 

First, H&E staining was performed to evaluate morphological changes. Clear 

signs of intestinal epithelial injury were observed at 7 days post LPS exposure (data not 

shown) which was confirmed an extended by immunohistochemical analysis for I-

FABP, a small protein that is present in the cytosol of enterocytes and is released upon 

epithelial injury. In control animals, I-FABP was located along the villus (Fig. 7A), a 

staining pattern characteristic for this gestational age (13). In contrast, IA LPS exposure 

resulted at 7 days in severe morphological epithelial damage in the tips of many villi as 

indicated by the reduced numbers of I-FABP-expressing cells lining the tips of the villi 

(Fig. 7E) and accumulation of luminal debris (Figs. 7C, E). This severe mucosal injury 

in LPS-exposed animals was prevented by prophylactic IL-2 treatment (Figs. 7D, E).

 Finally, we assessed the expression pattern of the tight junction protein ZO-1, 

a protein involved in the regulation of intestinal paracellular barrier sealing. In control 

animals, the distribution of ZO-1 was fragmented (Fig. 8A), and this characteristic 

pattern at this GA (10) remained unchanged 7 days after IL-2 exposure (Fig. 8B). After 

7 days of LPS exposure, ZO-1 expression was further fragmented compared with 

control animals (Fig. 8C). IL-2 treatment before LPS exposure completely prevented 

this pronounced ZO-1 fragmentation (Fig. 8D). 

 

 

 

 

 



 Prophylactic IL-2 prevents fetal gut inflammation 

85 
 

 

Figure 7. Immunolocalization of I-FABP and cell counts of I-FABP-expressing cells in the fetal 

terminal ileum of 7 days exposed animals. I-FABP is expressed in enterocytes along the villus in 

control animals (A). IL-2 administration did not affect the constitutive I-FABP distribution (B). 

Animals exposed to LPS for 7 days presented with damaged enterocytes and I-FABP release (C). IL-

2 administration before 7 days of LPS exposure prevented epithelial injury and concomitant I-FABP 

leakage (D). For each experimental group, the I-FABP expressing cells in the upper one-third of the 

villi tips were counted, and the mean cell counts per high power field per animal is given (E). The 

scale bar in panels represents 200 µm. The scale bar in insets represents 50µm. Original magnification 

X100x. For inset, X400 magnification was used. *p < 0.05 and **p < 0.01. LPS: lipopolysaccharide. 
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Figure 8. Distribution of ZO-1 in the fetal terminal ileum of animals exposed for 7 days. Control 

animals appeared with fragmented ZO-1 expression along the epithelium, a characteristic pattern of 

this GA (A). IL-2 treatment did not influence the expression of ZO-1 (B). LPS exposure for 7 days 

revealed further fragmentation of ZO-1 compared with controls (C). IL-2 pretreatment restored the 

disturbed fragmentation of ZO-1 presenting similar to control appearance indicative of solid barrier 

integrity (D). For each experimental group, 6 animals were evaluated. The scale bar in panels 

represents 100 µm. Original magnification X200. For inset, X1000 magnification was used. LPS: 

lipopolysaccharide. 
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Discussion 

In this study, we show in a preclinical model that prophylactic intravenous IL-

2 treatment can protect the fetal gut against inflammation and mucosal injury in the 

course of chorioamnionitis. The protective effects of IL-2 treatment in the LPS-exposed 

animals could be explained by different mechanisms that appear to be time-dependent.

 In the early phase (2 d) after IL-2 administration, increased intestinal Treg cell 

numbers were observed and the FoxP3/CD3 ratio was maintained in IL-2 + LPS 

animals, compared with LPS animals. We therefore speculate that this early change in 

Treg cell homeostasis due to IL-2 treatment might prevent the LPS-induced influx of 

effector CD3
+

 cells (18, 26), which we have previously described. In addition, IL-2 

administration alone induced CD3
+

 cells in the fetal gut at this stage. This could be 

explained by the fact that not only Treg cells but also activated conventional CD4
+

 and 

CD8
+

 T cells can co-express all 3 subunits of IL-2 receptor (CD25, CD122 and γc), 

which are necessary to generate the high affinity IL-2 receptor (27). However, consistent 

with previous studies administering IL-2 in humans or other species (20, 28), we found 

that IL-2 appears to have a preferential effect on Treg cells as the FoxP3/CD3 ratio was 

significantly increased in animals that received IL-2.   

 Various mechanisms are orchestrated by Treg cells to control Teff cells 

including cell-cell contact-dependent suppression, induction of Teff cell death, and 

secretion of suppressive cytokines such as IL-10 (29). However, because gut IL-10 

mRNA levels remained unaltered at 2 days post IL-2 administration, this latter mode 

of suppression seems unlikely in this early phase. Of note, Treg cells were able to 

suppress pulmonary inflammation independently of IL-10 secretion, in a murine model 

of influenza infection (30). Consistent with this proposed mechanism, modulation of 

the Treg/Teff cell balance by induction of Treg cells in the immature intestine following 

adoptive transfer, oral Lactobacillus reuteri administration or dietary GD3 ganglioside 

supplementation has been shown to be protective in different rodent models of NEC 

(31-34). Importantly, priming for postnatal complications including NEC can already 

be initiated during pregnancy (35, 36).     
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 Alternatively and non-exclusively, prophylactic IL-2 treatment might protect 

the fetal gut against inflammation at this stage by preventing IL-17 induction (37, 38). 

This hypothesis is supported by decreased gut mRNA levels of IL-17 after 2 days of 

prophylactic IL-2 treatment. Of note, experiments in a rhesus macaque model of 

chorioamnionitis revealed that IA exposure to inflammatory cytokines rapidly changed 

the Treg/Th17 balance (39). Moreover, a reduced influx of neutrophils was found in 

IL-2-pretreated animals, which was associated with reduced gut IL-17 mRNA levels, a 

cytokine involved in neutrophil recruitment (40).    

 During the later phase (7 d), normalization of the Treg/Teff ratio was detected 

in LPS-exposed animals including those that had received prophylactic IL-2 treatment. 

However, we observed decreased numbers of CD3
+

 T cells at day 7 and no signs of 

intestinal inflammation (cytokines) and epithelial injury in animals that were pretreated 

with IL-2 before IA LPS exposure. Thus, our data suggest that IL-2 created early on an 

anti-inflammatory environment. The observed effects of prophylactic IL-2 treatment on 

the fetal gut in our model could be, at least in part, explained by inhibition of IL-6 

because IL-6 is causally linked with epithelial tight junctional loss and mucosal injury 

(41). In support of this theory, elevated IL-6 levels are found in gastric aspirates of 

neonates diagnosed with intrauterine infection at birth (42) and NEC infants (43). It is 

also possible that other mechanisms than an effect on Treg cells contributed to the 

preventive effect of IL-2 treatment. One could be a direct role of IL-2 on intestinal 

epithelial cells because IL-2 promotes epithelial restitution and cell proliferation, 

thereby preserving epithelial integrity (44). Importantly, IL-2 expression in the intestine 

starts early through gestation, irrespective of inflammation, and remains constitutively 

expressed during pregnancy. This indicates that IL-2 plays a role during intestinal 

development (45). Second, anti-inflammatory (IL-4 and IL-10) cytokines, which were 

also induced in the fetal ileum might contribute to the preventive effect of IL-2. 

However, IL-2 treatment also resulted in enhanced pro-inflammatory cytokine mRNA 

levels. Collectively, our data nevertheless suggest that the anti-inflammatory arm of the 

immune response prevailed since no signs of mucosal damage were observed. 



 Prophylactic IL-2 prevents fetal gut inflammation 

89 
 

 The significant increase of MPO
+

 and CD3
+ 

cells in the fetal ileum after an 

established IA LPS dose was not reflected by increased mRNA changes on cytokine 

level with the exception of IL-6 and IL-17. This remarkable finding is consistent with 

earlier observations showing a similar increase of neutrophils and T lymphocytes in the 

absence of robust alterations on cytokine level (46). In this latter study (46) in which 

animals were sacrificed at different time points after IA LPS exposure, increased TNF-

α mRNA levels were detected, whereas no increase of IL-6 and IL-17 mRNA was 

observed. This indicates that estimating cytokine changes on mRNA level appear to be 

time dependent. Measuring cytokine levels in serum and intestine on protein level 

would therefore be very helpful to further clarify this aspect and important to 

understand the observed cytokine mRNA changes in the current study. Moreover, 

inclusion of additional time points would provide more insight in the cytokine changes 

over time. Unfortunately, because of the intended study design as a proof of concept 

and the inherent limitations of our model including a lack of reagents, a low litter size, 

and high costs, these cytokine changes cannot be studied in detail at present. However, 

our ovine translational preclinical animal model was deliberately chosen for the current 

proof of concept study because the anatomic and functional properties of the ovine fetal 

intestine are comparable to the human infant. Importantly, large animals such as sheep 

allow us to perform complicated surgical interventions or manipulations, which would 

be impossible to conduct in mice or rodents. Taken together, our model provides a 

suitable clinical platform for the administration of drugs in reliable doses that potentially 

could be used in humans.       

 In this study, we were not able to elucidate the origin of the early increased 

numbers of Treg cells in the fetal gut after IL-2 administration. This important aspect 

needs to be established in future studies. However, several mechanisms could be 

involved. Most notably, Treg cells might originate from the periphery or result from 

local expansion in the gut (47). In particular, intravenous IL-2 treatment could 

preferentially mobilize Treg cells from the circulation to migrate towards the gut. This 

is supported by the fact that cord blood Treg cells abundantly express the gut homing 
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receptor α4β7 and migrate towards the gut-associated chemokine CCL25 in vitro (48). 

IL-2 treatment could also result in activation and migration of Treg cells from the spleen 

towards other organs including the gut. However, the frequency of Treg cells in the 

spleen remained unaltered 2 days after IL-2 treatment (Supplementary fig. 2), which 

does not support this hypothesis. Nevertheless, we cannot exclude this possibility as 

activation and migration of Treg cells might have occurred before day 2, our first 

analyzed time point. Furthermore, Treg cells in the gut might also originate from the 

MLN, as gut-associated lymphoid tissues are considered to be a crucial source of 

inducible Treg generation in the gut (49). This scenario is supported by the 

accumulation of Treg cells in the MLN as seen directly after 4 days of IL-2 

administration. Alternatively, increased intestinal Treg numbers could result from local 

expansion of Treg cells or from differentiation of resident-naïve CD4
+

 T cells (49) under 

the influence of IL-2.       

 Our study is a proof of principle that IL-2, a drug that is already in clinical use, 

has the potential to be used as a prophylactic therapeutic approach for the adverse 

intestinal outcomes following antenatal inflammation. In this study, IL-2 treatment was 

not associated with adverse outcomes of the fetus, such as immunosuppression, 

activation of effector T cells, brain inflammation (data not shown), and vascular leak 

syndrome (indicated by the absence of pulmonary edema and hypotension; data not 

shown). Based on this promising clinical potential of IL-2 in the fetal gut, future studies 

will be conducted to investigate whether IL-2 can be used not only as a preventive 

strategy but also after the establishment of intrauterine inflammation. More generally, 

our study supports the concept that boosting fetal Treg cell frequency could be 

beneficial in the case of chorioamnionitis-associated prematurity. The development of 

therapeutic strategies inducing Treg cell expansion and controlling Th17 cells is a 

vibrant area of research to treat auto-immune disorders, and novel compounds, safe to 

be administered to humans, will likely become available, and our animal model will be 

adequate to test their efficacy at preventing severe inflammation-induced gut damage. 
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Supplementary Material 

 

 

Supplementary figure 1. T cell subsets in the fetal mesenteric lymph nodes (MLN) of 2 days exposed 

animals. Representative dot plots illustrating gating strategy and analysis of MLN by flow cytometry. 

The cells of interest were identified by forward and side scatter (A). The CD45+CD4+ cells were gated 

and from this population the CD4+CD25+ double positive cells with high and low expression of CD25 

were selected. In these two populations, the expression of FoxP3 was analyzed in histograms. The 

CD4+CD25hiFoxP3+ cells were identified and considered as Treg cells (A). Gating for FoxP3 was 

based on the expression of FoxP3+ in CD45+CD4- double positive cells in MLN (data not shown). 

Mean cell percentages (%) of Treg in CD4+ (B) and (%) of CD4+ in CD45+ (C) T cells of each 

experimental group are presented. FSC: forward scatter, SSC: side scatter, d: days, LPS: 

lipopolysaccharide, Treg: regulatory T cell. 
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Supplementary figure 2. T cell subsets in the fetal spleen of 2 days exposed animals. Representative 

dot plots illustrating gating strategy and analysis of splenocytes by flow cytometry. The cells of interest 

were identified by forward and side scatter (A). The CD45+CD4+ splenocytes were gated and from 

this population the CD4+CD25+ double positive cells with high and low expression of CD25 were 

selected. In these two populations, the expression of FoxP3 was analyzed in histograms. The 

CD4+CD25hiFoxP3+ cells were identified and considered as Treg cells (A). Gating for FoxP3 was 

based on the expression of FoxP3+ in CD45+CD4- splenocytes (data not shown). Mean splenic 

percentages (%) of Treg in CD4+ (B) and (%) of CD4+ in CD45+ (C) T cells of each experimental 

group are presented. FSC: forward scatter, SSC: side scatter, d: days, LPS: lipopolysaccharide, Treg: 

regulatory T cell. 

 

 

 

 

 

 

 

 

 



 Prophylactic IL-2 prevents fetal gut inflammation 

97 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

Chapter 4 

 

Intra-amniotic Candida albicans infection induces mucosal 

injury and inflammation in the ovine fetal intestine. 

 

Maria Nikiforou, Esmee M.R. Jacobs, Matthew W. Kemp, Mathias W. Hornef, 

Matthew S. Payne, Masatoshi Saito, John P. Newnham, Leon E.W. Janssen, Alan H. 

Jobe, Suhas G. Kallapur, Boris W. Kramer and Tim G.A.M. Wolfs
 

 

 

Sci Rep. 2016 Jul 14;6:29806



Chapter 4 

100 
 

Abstract 

Chorioamnionitis is caused by intrauterine infection with microorganisms 

including Candida albicans (C.albicans). Chorioamnionitis is associated with postnatal 

intestinal pathologies including necrotizing enterocolitis. The underlying mechanisms 

by which intra-amniotic C.albicans infection adversely affects the fetal gut remain 

unknown. Therefore, we assessed whether intra-amniotic C.albicans infection would 

cause intestinal inflammation and mucosal injury in an ovine model. Additionally, we 

tested whether treatment with the fungistatic fluconazole ameliorated the adverse 

intestinal outcome of intra-amniotic C.albicans infection.   

 Pregnant sheep received intra-amniotic injections with 10
7

 colony-forming units 

C.albicans or saline at 3 or 5 days before preterm delivery at 122 days of gestation. 

Fetuses were given intra-amniotic and intra-peritoneal fluconazole treatments 2 days 

after intra-amniotic administration of C.albicans.    

 Intra-amniotic C.albicans caused intestinal colonization and invasive growth 

within the fetal gut with mucosal injury and intestinal inflammation, characterized by 

increased CD3
+

 lymphocytes, MPO
+

 cells and elevated TNF-α and IL-17 mRNA levels. 

Fluconazole treatment in utero decreased intestinal C.albicans colonization, mucosal 

injury but failed to attenuate intestinal inflammation.   

 Intra-amniotic C.albicans caused intestinal infection, injury and inflammation. 

Fluconazole treatment decreased mucosal injury but failed to ameliorate C.albicans-

mediated mucosal inflammation emphasizing the need to optimize the applied 

antifungal therapeutic strategy. 
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Introduction 

Preterm birth, which frequently results from intrauterine infection, represents 

a major cause of neonatal morbidity and mortality (1). Chorioamnionitis, defined as 

inflammation of the chorioamniotic membranes and amniotic fluid (2), is commonly 

caused by ascending infection into the uterine cavity (3, 4). While numerous different 

bacterial species have been cultured from the amniotic fluid of affected human fetuses, 

Ureaplasma (UP), Fusobacterium and Mycoplasma are the most commonly isolated 

microorganisms (2, 5, 6). Microbial growth within the amniotic cavity exposes the fetus 

to bacterial toxins and inflammatory mediators that cause a fetal inflammatory response 

syndrome (FIRS) that is associated with postnatal adverse outcomes in multiple fetal 

organs including the gastrointestinal tract (7). Preterm infants exposed to 

chorioamnionitis present in the clinic with a wide spectrum of adverse intestinal 

consequences ranging from poor nutritional uptake and subsequent postnatal growth 

deficits (8) to severe, life-threatening gastrointestinal complications such as necrotizing 

enterocolitis (NEC) (9, 10). 

Emerging evidence from recent studies supports an association between fungi 

(in particular yeasts such as Candida spp.) and chorioamnionitis (11-13). Although 

Candida albicans (C.albicans) can be a commensal organism in the female genital tract, 

chorioamnionitis with C.albicans can cause fetal death or fetal candidiasis with systemic 

manifestations including sepsis (14-16). Treatment of C.albicans infection during 

pregnancy has been challenging (17). Although fluconazole, the most commonly used 

anti-fungal agent, has been associated with teratogenicity when administered at high 

doses orally, during the first trimester of pregnancy (18), clinical cases of C.albicans-

mediated chorioamnionitis at later stages of gestation were successfully treated with oral 

and intra-amniotic (IA) fluconazole in the absence of reported adverse effects (15). 

We have previously used a translational ovine chorioamnionitis model and 

have shown that IA exposure to lipopolysaccharide (LPS), UP or inflammatory 

mediators induces intestinal inflammation and mucosal injury (19-21). Amniotic fluid 

infection with C.albicans can result in a reservoir of this organism in the fetal bowel 
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where potentially may induce gastrointestinal pathologies. However, the underlying 

mechanisms by which intrauterine infection with C.albicans may result in adverse 

intestinal effects remain substantially unexplored. Therefore, we utilized our 

chorioamnionitis model to assess whether IA C.albicans infection caused intestinal 

colonization, local invasive growth and mucosal intestinal inflammatory responses 

associated with tissue damage to the fetal gut. Additionally, we tested whether IA and 

intra-peritoneal fluconazole treatment would ameliorate the adverse effects of 

C.albicans-mediated chorioamnionitis on the fetal ovine gut. 

Materials and Methods 

Animals 

All animal experiments were approved by the Animal Ethics Committee of the 

University of Western Australia (Perth, WA, Australia) and the Children’s Hospital 

Medical Center (Cincinnati, Ohio, USA). All experimental methods were performed 

in accordance with the approved guidelines and regulations. 

Experimental design 

All experimental procedures were performed as previously described (22). 

Date-mated Merino sheep (Ovis aries) were randomly assigned to either 1) a control 

group (n = 6), which received an IA injection of saline, 2) an antifungal group (n = 3), 

which received fluconazole treatment only, 3) a 3d C.albicans group (n = 7), which 

received an IA injection of 10
7

 colony-forming units (CFU) of C.albicans (all C. albicans 

inoculums prepared in sterile saline) 3 days before preterm delivery and IA injection of 

saline 1 day before delivery, 4) a 3d C.albicans and 1d fluconazole group (n = 6), which 

received an IA injection of 10
7

 CFU C.albicans 3 days before preterm delivery and 

fluconazole treatment 1 day before delivery or 5) a 5d C.albicans and 3d fluconazole 

group (n = 5), which received an IA injection of 10
7

 CFU C.albicans 5 days before 

delivery and fluconazole treatment 3 days before delivery (Figure 1). Since an IA 

exposure to C.albicans for 5 days was previously shown to result in fetal mortality, our 
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experimental setting does not contain a group of animals only exposed to C.albicans for 

5 days (22). A dose of 15 mg fluconazole was injected into the amniotic cavity and 15 

mg was given by intra-peritoneal injection to the fetus. This route of administration was 

chosen because of the long half-life of fluconazole and its direct availability to the fetus 

through swallowing of the amniotic fluid. All injections were performed under 

ultrasound guidance. All fetuses were delivered surgically at 122 days (± 1 day) of 

gestation (term at ~ 147-150 days) simulating a preterm human delivery of 

approximately 32-34 weeks of gestation.     

 Fetuses and ewes were euthanized with an intravenous bolus of pentobarbital 

(100 mg/kg). Fetal terminal ileum was immediately collected, frozen in liquid nitrogen 

and stored in -80. In addition, fetal terminal ileum was placed in cassettes and immerged 

in formalin for immunohistochemical stainings. 

Antibodies 

The following antibodies were used. Polyclonal rabbit antibody against human 

CD3 (catalog reference A0452, 1:1000); rabbit antibody against human 

myeloperoxidase (MPO, catalog reference A0398, 1:500) both from Dako, (Glostrup, 

Denmark). As secondary antibodies, biotin conjugated swine anti-rabbit (catalog 

reference E0353, 1:200) from Dako and peroxidase conjugated goat anti-rabbit (catalog 

reference 111-035-045, 1:200) from Jackson (West Grove, PA) were used. 

Blood cultures 

C.albicans in blood cultures was detected as described previously (22). Briefly, 

fetal blood was inoculated into culture vials and incubated at 37°C for 72 hours. Every 

day, 1 ml sample was removed and subcultured on sheep blood agar at 37°C for 48 

hours. C.albicans colonial morphology was confirmed by growth on Brilliance Candida 

Agar (Oxoid, Adelaide, Australia) as previously reported (22). 
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Figure 1: Experimental design. Fetal sheep were given intra-amniotic (IA) C.albicans or saline at 3 or 

5 days before preterm delivery at 122 days of gestation. IA and intra-peritoneal fluconazole treatment 

was administered to the fetus 2 days after C.albicans infection. CA: C.albicans, d: day(s), Fluc: 

Fluconazole, GA: gestational age, n: number. 

 

Immunohistochemistry 

Formalin-fixed paraffin-embedded fetal terminal ileum was cut in 4 µm thick 

sections. Morphology was evaluated using hematoxylin-and-eosin (H&E)-staining and 

fungi were visualized with periodic acid Schiff (PAS) staining. Immunohistochemistry 

was performed as previously described (23). After blocking the endogenous peroxidase 

activity and non-specific binding, sections were incubated with anti-MPO or anti-CD3 

antibodies for either 1 hour or overnight, respectively. Thereafter, sections were washed 

and incubated with a secondary biotin (CD3) or peroxidase (MPO) conjugated 

antibody. Substrate staining for MPO was performed with 3-amino-9-ethylcarbazole 

(AEC) from Invitrogen, (Bleiswijk, the Netherlands). CD3 immunoreactivity was 

detected by using nickel-DAB from Dako, (Glostrup, Denmark). Nuclei were 

counterstained with either Nuclear Fast Red (CD3) or hematoxylin (MPO). CD3 and 

MPO expressing cells were counted per high power field (Magnification x 200) and the 
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average number of positive cells in 5 high power fields of terminal ileum per animal is 

presented. Assessment of the sections was performed as previously described (23). 

Briefly, the high power field was defined under the microscope, a picture was captured 

and subsequently cell counting was performed using Image J. 

Quantitative Real Time PCR (qPCR) 

The mRNA expression level of cytokines was measured by qPCR as previously 

described (24). Total RNA was isolated from 50 mg freshly frozen ileal tissue by 

Trizol/chloroform extraction using the SV Total RNA Isolation System (Promega, 

Madison, WI, USA) according to manufacturer’s guidelines. The samples were treated 

with RQ1 DNase (Promega, Madison, WI, USA) to eliminate genomic DNA 

contamination. The extracted RNA was tested for the presence of genomic DNA using 

ovine specific actin primers by PCR (Westburg Thermocycler, Leusden, the 

Netherlands) and analyzed with agarose gel electrophoresis. Briefly, PCR amplification 

was performed with DNA Taq Polymerase (Promega) at 95 °C for 5 minutes, followed 

by 34 cycles at 95 °C for 30 seconds, 52 °C for 45 seconds and 72 °C for 30 seconds. 

The quality of PCR products was tested in a 1.2% agarose gel. Reverse transcription was 

performed with M-MLV Reverse transcriptase from Invitrogen, (Bleiswijk, the 

Netherlands) according to manufacturer’s guidelines using oligo(dT) primers. qPCR 

was performed with the SensiMix SYBR & Fluorescein Kit from GC Biotech B.V. 

(Alphen aan de Den Rijn, the Netherlands) using a LightCycler 480 from Roche 

Applied Science, (Almere, the Netherlands) according to manufacturer’s instructions. 

The PCR reactions were run with 10 ng of cDNA, in duplicates using the appropriate 

primers to specifically amplify the ovine gene transcript (Supplementary table 1). Based 

on previous reports (25, 26), expression stability and expression level (Cq value ~ 20) 

of S15 across several ovine tissues (including the gut) which were tested in our 

laboratory, we concluded that S15 can serve as a good reference gene. The efficiency 

of the primers was tested by dilution experiments. The results were normalized to the 
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S15 ribosomal protein (ovRPS15) as a housekeeping gene (with a Cq value of 20), and 

the mean fold change in mRNA levels relative to the control are presented. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

To quantify the degree of infection-induced damage to the intestinal 

epithelium, the concentration of intestinal fatty acid-binding protein (I-FABP) was 

measured in fetal plasma samples by ELISA as previously described (27). Briefly, an 

Elisa plate was coated with 3 μg/well of anti-human I-FABP monoclonal antibody for 

24 hours. A dilution series of a known concentration of human recombinant I-FABP 

protein was used for a standard curve. Plasma samples were diluted two times and were 

incubated with biotin-conjugated polyclonal anti-human I-FABP antibody, followed by 

incubation with streptavidin peroxidase. After incubation with the substrate, the reaction 

in the samples was terminated by adding 1M of H2SO4 and the optical density was 

measured at 450 nm in a Thermo Electron Type 1500 Multiskan Spectrum Microplate 

Reader. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism software (version v5.0; 

GraphPad Software Inc., La Jolla, CA, USA). Comparisons between groups were 

evaluated by non-parametric Kruskal Wallis tests followed by Dunn’s multiple 

comparisons tests. Differences between groups in the detection of C.albicans in fetal 

blood and gut were analyzed by Fisher's Exact Test. Data are presented as mean ± 

standard deviation (SD). Differences were considered statistically significant at p < 0.05. 

Results 

Systemic effects of IA C.albicans administration 

Blood cultures for C.albicans and plasma levels of IL-6 as shown previously 

(22, 28) are depicted in table 1. 
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C.albicans in the fetal intestine 

We evaluated whether C.albicans could be detected in the fetal gut tissue by 

histochemical PAS staining. C.albicans was found in fetal gut tissue in 6/7 (86%) animals 

that were exposed to C.albicans for 3 days. In contrast, C.albicans was detected only in 

2/6 (33%) animals that were exposed to C.albicans for 3 days and were treated with 

fluconazole for 1 day and in 1/5 (20%) animals that were exposed to C.albicans for 5 

days and were treated with fluconazole for 3 days (Table 1). 

 

Table 1: Detection of C.albicans in fetal blood and gut tissue, and IL-6 plasma levels. 

 
Control Fluconazole 3d C.albicans 

3d C.albicans 

+ 1d Fluc 

5d C.albicans 

+ 3d Fluc 

Positive 

C.albicans 

blood 

culture 

0/6 

(0%) 
0/3 (0%) 

5/7 (71%) * 

OR: 28.6 

95% CI 

(1.12 - 731.54) 

5/6 (83%) * 

OR: 47.67 

95% CI 

(1.6 - 1422.69) 

3/5 (60%) 

Positive PAS 

staining for 

Candida  

in the gut 

0/6 

(0%) 
0/3 (0%) 

6/7 (86%) ** 

OR: 56.33 

95% CI 

(1.92 – 1655) 

2/6 (33%) 

1/5 (20%) 
$ 

OR: 0.033 

95% CI 

(0.001 - 0.68) 

IL-6 (ng/mL) N.D. N.D. 40 ± 45
 

*
,

 
#

 N.D. 19 ± 29 

For the detection of C.albicans in blood cultures and gut, the results were analyzed by Fisher's Exact 

Test. Data are presented as positive/total number of animals. For IL-6 results, differences between 

groups were analyzed by non-parametric Kruskal Wallis tests followed by Dunn’s multiple 

comparisons test. Data are presented as mean ± SD.* p < 0.05 and ** p < 0.01 compared to control. 

# p < 0.05 compared to 3d C.albicans + 1d Fluc group and $ p < 0.05 compared to 3d C.albicans. CI: 

confidence interval, Fluc: fluconazole, IL: interleukin, n: number, N.D.: not detectable, OR: odds 

ratio, PAS: Periodic acid–Schiff. 

 

Importantly, C.albicans had generated hyphae and invasive growth of 

C.albicans hyphae were found within the intestinal villi (Figure 2A) and in the lamina 

propria (Figure 2B), and particularly in close proximity to or inside Peyer’s patches (PP) 

(Figure 2C and D). C.albicans was not detected in control animals or animals that had 

only received fluconazole. 
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Figure 2: Detection of C.albicans hyphae in the fetal gut tissue. Hyphae of C.albicans were detected 

in the fetal gut at 3 days after IA exposure to C.albicans. Hyphae were found in intestinal villi (A), 

lamina propria (B), adjacent to (C) and inside mucosal Peyer’s patches (D) 3 days after IA exposure 

to C.albicans. 

 

C.albicans caused gut epithelial injury 

Subsequently, we evaluated whether C.albicans exposure caused intestinal 

epithelial damage by measuring plasma I-FABP, an enterocyte-specific cytosolic protein 

that is released upon injury (29, 30). Significantly increased (p<0.05) concentration of I-

FABP was detected in plasma samples of animals that were infected with C.albicans for 

3 days when compared to controls (Figure 3). The elevated I-FABP levels were 

significantly prevented at 1 day after fluconazole treatment (Figure 3). I-FABP levels 

were not changed in the fluconazole only group and 5d C.albicans plus 3d fluconazole 

treatment group when compared to control. 
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Figure 3: Concentration of I-FABP (pg/mL) in fetal plasma. Intra-amniotic C.albicans exposure for 3 

days increased the I-FABP levels in the fetal plasma. I-FABP levels were decreased in animals that 

were treated with fluconazole for 1 day after IA exposure to C.albicans. Data are presented as mean 

± SD. *p < 0.05. 

 

C.albicans induced infiltration of inflammatory cells in the fetal gut 

We next assessed the accumulation of MPO
+

 and CD3
+

 immune cells in the 

fetal gut by immunohistochemistry. Significantly increased (p<0.05) numbers of MPO
+

 

cells were found in animals exposed to C.albicans for 3 days as well as in animals that 

were exposed to C.albicans for 5 days followed by fluconazole for 3 days when 

compared with controls (Figure 4). Similarly, significantly increased (p<0.05) numbers 

of CD3
+

 T cells were detected in the fetal gut of animals that were exposed to C.albicans 

for 3 days when compared with controls (Figure 5). Fluconazole treatment after 

C.albicans exposure did not prevent the accumulation of CD3
+

 lymphocytes in the fetal 

gut (Figure 5C). 
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Figure 4: Number of MPO+ cells in the fetal ileum. For each experimental group, intestinal sections 

of (A) control and animals that were exposed to C.albicans for 3 days (B) were stained by 

immunohistochemistry for MPO. For each experimental group, positive expressing cells of MPO 

(arrow) were counted and the mean cell counts per high power field per animal is indicated (C). Data 

are presented as mean ± SD. *p < 0.05. MPO: myeloperoxidase. 
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Figure 5: Number of CD3+ cells in the fetal ileum. For each experimental group, intestinal sections 

of (A) control and animals that were exposed to C.albicans for 3 days (B) were stained by 

immunohistochemistry for CD3. For each experimental group, positive expressing cells of CD3 

(arrow) were counted and the mean cell counts per high power field per animal is indicated (C). Data 

are presented as mean ± SD. *p < 0.05. CD: cluster of differentiation. 

 

C.albicans increased gut mRNA levels of pro-inflammatory cytokines 

We further characterized the inflammatory response by evaluating mRNA 

levels of pro- and anti-inflammatory cytokines in total gut tissue specimens. C.albicans 

exposure for 3 days significantly increased the intestinal mRNA levels of TNF-α and 

IL-17 (p<0.05 for both) when compared to controls (Figure 6A and B). The elevated 

TNF-α and IL-17 mRNA levels were not decreased at 1 day after fluconazole treatment. 

No changes were found in the mRNA levels of animals that were exposed to C.albicans 
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Figure 6: Cytokine mRNA levels in total fetal ileal tissue. The inflammatory cytokines TNF-α (A), 

IL-17 (B), IL-10 (C) and IL-23 (D) were assessed by qPCR and the values for each cytokine were 

normalized to ovRPS15 rRNA. Data are presented as mean ± SD. *p < 0.05. IL: interleukin, TNF-

α: tumor necrosis-α, qPCR: quantitative real time polymerase chain reaction. 

 

for 5 days and treated with fluconazole when compared with controls. Intereukin-10 is 

known to be produced by the host upon infection with C.albicans hyphae and increased 

levels of IL-10 have been associated with increased susceptibility to candidiasis (31). 

The mRNA levels of IL-10 remained unaltered after IA exposure to C.albicans with or 

without fluconazole treatment when compared with controls (Figure 6C). The intestinal 

mRNA levels of IL-23 were significantly decreased in animals that were exposed to IA 
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C.albicans infection for 5 days and treated with fluconazole compared to controls  

(Figure 6D). No changes were detected in gut IL-23 mRNA of the remaining groups. 

Discussion 

We have shown that IA exposure of fetal lambs to C.albicans resulted in an 

invasive C.albicans infection of the fetal gut tissue associated with epithelial injury and 

the induction of mucosal inflammation. At this stage, the described intestinal changes 

were accompanied by fungal translocation and systemic spread of C.albicans associated 

with systemic inflammation. Fluconazole treatment prevented systemic inflammation 

and C.albicans colonization of the fetal gut in the majority of C.albicans exposed 

animals. In addition, administration of fluconazole decreased epithelial injury of the 

fetal gut without inhibiting intestinal inflammation.   

 Growth of C.albicans in its hyphal form in the gut tissue strongly suggests that 

the detected mucosal injury is a direct consequence of C.albicans infection and 

translocation through the intestinal epithelial barrier. Invasion of enterocytes is 

mediated by active penetration of C.albicans in which, the hyphal form of C.albicans 

was previously shown to be necessary for the invasive process and the concomitant 

epithelial injury (32). Hyphae of C.albicans were also in close proximity to PP. Recent 

in vitro experiments have shown that in addition to active penetration of enterocytes, 

C.albicans can translocate the intestinal epithelium via endocytosis by microfold (M) 

cells. M cells are located at the follicle-associated epithelium (FAE) of the PP (33). The 

identification of C.albicans hyphae both within intestinal villi and in close proximity to 

PP suggests that both routes of intestinal translocation might have contributed to the 

disease observed after IA administration of C.albicans.   

 Epithelial damage as indicated by increased circulatory I-FABP levels following 

C.albicans exposure is an absolute requirement for Candida dissemination to the 

bloodstream (34, 35). Consistently, intestinal colonization and the associated mucosal 

injury at 3 days after C.albicans infection resulted in candidemia. The gastrointestinal 

tract is considered to be the most frequently organ that is involved in systemic 
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dissemination (36) and systemic candidiasis is a major contributor to neonatal sepsis 

(37). In addition to translocation through the intestinal barrier, C.albicans might have 

breached the mucosa in other mucosal organs exposed to amniotic fluid (38). 

 Mucosal invasion of C.albicans in the fetal gut by 3 days after infection was 

associated with infiltration of immune cells and was paralleled by elevated intestinal 

levels of TNF-α and IL-17. Increased levels of these cytokines were measured in 

gastrointestinal and oral mucosal surfaces of mice colonized by C.albicans (39-42). 

Importantly, induction of TNF-α and IL-17 after C.albicans infection has been 

previously reported to stimulate the recruitment of neutrophils at the site of infection 

(43) as detected in our chorioamnionitis model. Neutrophils are believed to be 

fundamental in the process of phagocytosis against mucosal and disseminated 

C.albicans infection (43). Additionally, IL-17 is considered to be essential in mucosal 

immunity against C.albicans infection, as increased levels of IL-17 promote 

inflammation and disease progression (44). Th17 cells (a hallmark of IL-17 production) 

are commonly involved in host defense against C.albicans in epithelial and mucosal 

surfaces as they express chemokine receptors which locate them in epithelial and 

mucosal regions (45). Evaluating the expression of Th17-specific surface markers would 

be crucial to identify and important to unravel the precise defense mechanism of fetal 

intestinal Th17 cells against IA C.albicans infection. In addition, establishing the role of 

intestinal macrophages (a predominant source of TNF-α) against C.albicans infection 

would provide more insight in the process of phagocytosis and the interplay between 

innate and adaptive immune responses.     

 Unfortunately, considering the current study design and the intrinsic limitations 

of our model such as the lack of ovine specific reagents, these intestinal immunological 

responses against IA C.albicans infection cannot be studied in detail at this stage. 

Nevertheless, this animal model was used as the development of the fetal ovine intestine 

during gestation is similar to human and this large animal model allow us to administer 

therapeutics, in doses which could potentially be used in humans. Therefore, this model 

is an appropriate preclinical model to investigate gut complications after C.albicans-
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mediated chorioamnionitis and test the therapeutic potential of IA fluconazole 

treatment during gestation.       

 In the same animals, we have previously shown that fluconazole treatment 

administered 2 days after IA administration of C.albicans, temporally prevented 

systemic inflammation and reduced fetal mortality (22, 28). In the present study, 

fluconazole treatment initiated 2 days after C.albicans infection decreased C.albicans 

colonization and epithelial injury of the fetal gut. Remarkably, although circulatory IL-

6 levels returned to baseline levels after fluconazole treatment, C.albicans infection 

persisted in the bloodstream of these animals. Since fluconazole treatment after 

C.albicans infection transiently prevented chorioamnion and lung inflammatory 

changes (22), we speculated that the decreased IL-6 levels in the fetal plasma following 

fluconazole treatment were mediated by the lung and/or chorioamnion (46). 

Nevertheless, the exact cause of systemic inflammation induced by IA C.albicans 

administration requires further investigation.    

 The reduction of intestinal C.albicans colonization in fluconazole treated 

animals was not associated with reduced intestinal inflammation. Fluconazole inhibits 

fungal growth by compromising its cell wall integrity (47, 48), which maintains 

inflammation. In fact the treatment-induced fungal cell destruction might temporarily 

increase the concentration of immunostimulatory molecules. On the other side, the 

ongoing inflammatory response is considered essential to eradicate the fungus (49, 50).

 We have previously shown that fluconazole treatment after C.albicans infection 

was inadequate to eliminate C.albicans from the amniotic fluid. Moreover, the 

inflammatory response in several fetal organs was only temporarily decreased following 

anti-fungal treatment (22). These previous results combined with current data indicate 

that future research is warranted to explore the efficacy of alternative timing, dosing and 

frequency of fluconazole treatment in the context of intrauterine C.albicans infection.

 In conclusion, we have shown that IA exposure of fetal lambs to C.albicans 

resulted in gut colonization, mucosal translocation, tissue injury and inflammation. 

These adverse intestinal consequences are associated with C.albicans translocation to 
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the bloodstream with signs of systemic inflammation which was previously shown (22, 

28). Although we did not assess the postnatal consequences of these findings, gut 

inflammation and tissue injury in conjunction with systemic inflammation are all 

pathological features, which are associated with neonatal gastrointestinal pathologies. In 

line, we have previously reported that chorioamnionitis with a fetal systemic 

inflammatory response, is strongly associated with NEC (51). In addition, a single 

fluconazole treatment prevented systemic inflammation and decreased intestinal injury 

whereas mucosal inflammation and dissemination of C.albicans in the bloodstream 

remained unaffected. Consequently, future studies should focus on optimizing a 

fluconazole-based therapeutic strategy to completely protect the fetal gut in the context 

of C.albicans-mediated chorioamnionitis. 
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Supplementary Material 

Supplementary Table 1: Primers used for qPCR. 

Primer Fw sequence (5’-3’) Rv sequence (5’-3’) 

ovRPS15 CGAGATGGTGGGCAGCAT GCTTGATTTCCACCTGGTTGA 

TNF-α GCCGGAATACCTGGACTATGC CAGGGCGATGATCCCAAAGTAG 

IL-17 TGTGAGGGTCAACCTGAACAT TGATAATCGGTGGGCCTTCTG 

IL-23 GGGAAGTGGACAGAGGTTCC CTGCCTCTCCAATCTGGCTG 

IL-10 CATGGGCCTGACATCAAGGA CGGAGGGTCTTCAGCTTCTC 

Fw: forward, IL: interleukin, qPCR: quantitative real time polymerase chain reaction, Rv: reverse. 
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Abstract 

Perinatal asphyxia, a condition of impaired gas exchange during birth, leads to 

fetal hypoxia-ischemia (HI) and is associated with postnatal adverse outcomes including 

intestinal dysmotility and necrotizing enterocolitis (NEC). Evidence from adult animal 

models of transient, locally-induced intestinal HI has shown that inflammation is 

essential in HI-induced injury of the gut. Importantly, mesenchymal stem cell (MSC) 

treatment prevented this HI-induced intestinal damage. We therefore assessed whether 

fetal global HI induced inflammation, injury and developmental changes in the gut and 

whether intravenous MSC administration ameliorated these HI-induced adverse 

intestinal effects.         

 In a preclinical ovine model, fetuses were subjected to umbilical cord occlusion 

(UCO), with or without MSC treatment, and euthanized 7 days after UCO. Global HI 

increased the number of myeloperoxidase positive cells in the mucosa, upregulated 

mRNA levels of interleukin (IL)-1β and IL-17 in gut tissue and caused T-cell invasion 

in the intestinal muscle layer. Intestinal inflammation following global HI was associated 

with increased Ki67
+

 cells in the muscularis and subsequent muscle hyperplasia. Global 

HI caused distortion of glial fibrillary acidic protein immunoreactivity in the enteric glial 

cells and increased synaptophysin and serotonin expression in the myenteric ganglia. 

Intravenous MSC treatment did not ameliorate these HI-induced adverse intestinal 

events.         

 Global HI resulted in intestinal inflammation and enteric nervous system 

abnormalities which are clinically associated with postnatal complications including 

feeding intolerance, altered gastrointestinal transit and NEC. The intestinal 

histopathological changes were not prevented by intravenous MSC treatment directly 

after HI, indicating that alternative treatment regimens for cell-based therapies should 

be explored. 
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Introduction 

Perinatal asphyxia is defined as a condition of impaired gas exchange during 

birth which leads to fetal hypoxia-ischemia (HI) and metabolic acidosis (1, 2). Perinatal 

asphyxia is one of the most frequent causes of perinatal morbidity accounting for 

approximately 23% of neonatal deaths worldwide (3, 4). Fetuses that suffered from HI 

are at high risk to develop multi-organ dysfunction (5, 6) including the gut. HI-induced 

gut injury may result in adverse clinical outcomes such as feeding intolerance, altered 

intestinal motility (7) and necrotizing enterocolitis (NEC), the most serious life-

threatening gastrointestinal disease in neonates (8, 9).   

 Numerous studies have recently demonstrated that the inflammatory processes 

which followed intestinal HI played a key role in the pathophysiology of HI-induced 

gut injury (10-12). This evidence is primarily based on experiments in adult rodent 

models of transient superior mesenteric artery occlusion showing that intestinal HI 

induces gut inflammation with concomitant epithelial lining loss, gut barrier 

dysfunction, morphological and functional changes in the muscle layers and enteric 

nervous system (12-19). Although these studies provide insights into the mechanisms of 

HI-induced adverse intestinal outcomes, they represent the clinical scenario of locally 

induced intestinal HI in adults whereas global HI, which occurs during perinatal 

asphyxia, leads to HI in multiple organs.     

 The systemic administration of mesenchymal stem cells (MSCs) has been 

tested as an innovative therapeutic approach to modulate inflammation in a plethora of 

immune-mediated diseases (20). In particular, intravenous infusion of MSCs was 

proven successful to protect the gut against inflammatory bowel diseases (21, 22) and 

experimental NEC (23), two gastrointestinal pathologies that share some mutual 

features with the HI-induced injury of the adult intestine. We recently assessed the 

therapeutic potential of intravenous MSC administration in a preclinical model of global 

HI in the preterm ovine fetus in which, fetal global HI induced a systemic inflammatory 

response that was associated with structural and functional impairment of the fetal brain 

(24). These adverse effects of global HI on the fetal brain were substantially prevented 
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by intravenous administration of MSCs, which are known to possess 

immunomodulatory, regenerative and reparative properties (25-27). 

 The aim of the current study was therefore twofold: first to assess whether fetal 

global HI resulted in inflammatory and/or structural changes of the intestine. For this 

purpose, preterm fetal sheep were exposed to 25 minutes of transient umbilical cord 

occlusion (UCO) in utero. Secondly, we investigated whether intravenous 

administration of MSCs in this ovine model would ameliorate the global HI-induced 

adverse effects of the fetal intestine. To test our hypothesis, a clinically relevant 

intravenous dose of MSCs (28-30) was administered 1 hour (h) after UCO. We assessed 

the fetal ovine gut at 7 days after UCO with respect to mucosal inflammation and injury, 

muscle abnormalities and changes in the enteric nervous system as these 

pathophysiological characteristics contribute to feeding intolerance, altered 

gastrointestinal transit and NEC (31). 

Materials and Methods 

Animals 

All experiments were approved by the Animal Ethics Committee of Maastricht 

University, the Netherlands according to Dutch governmental regulations. 

Experimental procedures 

Fetuses of time-mated Texel ewes were instrumented at 101 ± 0.9 (mean ± SD) 

days of gestation as previously described (24). The ewe was anesthetized and a catheter 

was placed in the maternal saphenous vein for pre- and postoperative administration of 

antibiotics and blood sampling. The fetus was exposed by a midline incision and 

catheters were placed in the femoral artery and brachial vein. In addition, electrodes 

were placed for electroencephalography (EEG) and electrocardiography (ECG) 

recordings and an inflatable umbilical vascular occluder was placed around the 

umbilical cord to induce a hypoxic-ischemic insult. Finally, a catheter was placed in the 

amniotic cavity for amniotic fluid pressure measurements. The EEG, ECG and 
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amniotic fluid pressure measurements have been previously reported by Jellema et al. 

(32). All fetal catheters were exteriorized through a trocar hole in the flank of the ewe. 

Hypoxia-ischemia and MSC administration 

The experimental design of the study is depicted in figure 1. The fetal sheep 

was used as validated animal model to study the effects of fetal HI on organ 

development (33). In addition, fetal instrumentation in utero enables us to test potential 

therapeutics to prevent organ damage after global HI (34-36). Fetal instrumentation was 

followed by a recovery period of four days as previously described (24). On day 105 ± 

0.9 (mean ± SD) of gestation (term approximately at 147 days), fetuses were randomly 

assigned to an experimental group. The fetuses assigned to the HI group underwent 25 

minutes of umbilical cord occlusion (UCO) to induce global HI, whereas the fetuses 

belonging to sham-UCO were not occluded. Occlusion of the umbilical cord was 

confirmed by heart rate and arterial blood pressure recordings in conjunction with fetal 

blood gas analysis demonstrating bradycardia, hypotension, acidemia, hypoxia and 

hypercapnia as previously reported (24). In order to induce an acute, sub-lethal 

asphyctic insult at this gestational age (0.7 of gestation), a 25 minutes UCO was applied 

as previously reported (37). In addition, transient clamping of the umbilical cord for 25 

minutes at this gestational age has been previously reported to result in fetal HI and 

cerebral and gastrointestinal hypoperfusion in ovine fetuses (37-40). One hour after the 

end of UCO (HI group, n = 6) or sham-UCO (Control group, n = 8), MSCs (HI+MSC 

group, n = 7) or saline were given intravenously to the fetus. The sham-UCO group 

received either saline (Control group) or MSCs (MSC group, n = 7). MSCs were 

prepared at a dose of 3.5 x 10
6

 MSCs (approximately 2.0 x 10
6

/kg) based on clinical 

trials of focal ischemia (28) and patients with inflammatory bowel disease (29, 30). 

MSCs were given intravenously and were not associated with any signs of immunological 

rejection as previously described (32). At 113 days of gestation, (7 days after the 

induction of UCO), both the ewes and fetuses were euthanized by pentobarbital (200 

mg/kg). The rationale to euthanize the animals 7 days after UCO was based on the 
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current feeding guidelines in the clinic which indicate that enteral feeding is initiated 

approximately at 7 days after birth and it is gradually advanced in asphyxiated newborns. 

Therefore, in order to explore the underlying histopathological changes of the fetal gut 

after global HI which might explain the clinical experience where the asphyxiated babies 

are not able to tolerate full enteral feeds at approximately one week of age, we chose to 

sacrifice our animals exactly the moment that the enteral feeding would gradually start 

in the clinic. The survival rate in this model was 90% and deceased animals were not 

included in the analyses. Importantly, autopsy of the dead animals revealed that fetal 

death was caused by technical reasons (e.g. arterial catheter not in situ resulting in 

exsanguination and subsequent fetal death, occluder obstructing the umbilical cord 

without inflation) and was unrelated to MSC treatment.    

 In the current study, the gestational age of the fetal sheep is equivalent to a 

human premature baby of approximately 28-32 weeks of gestation (37, 41). Terminal 

ileum was examined as this region of the intestine is primarily affected in cases of 

perinatal asphyxia and NEC (42, 43). 

Preparation of mesenchymal stem cells 

Human bone marrow-derived mesenchymal stem cells (Merck Millipore, 

Billerica MA, USA) were isolated and prepared as previously described (32). Briefly, 

MSCs were isolated from a male donor, expanded, frozen and stored in liquid nitrogen. 

The MSCs were characterized by identifying cell surface molecules by flow cytometry 

analysis as previously described (32). MSCs were suspended in PBS one hour before 

administration. 
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Figure 1: Experimental design of the study. Fetuses were instrumented at gestational age (GA) of 102 

days. Four days after instrumentation (106 GA), umbilical cord occlusion (UCO) or sham was 

performed for 25 minutes followed by intravenous administration of either mesenchymal stem cells 

(MSCs) or saline (0.9% NaCl) 1 hour after the end of UCO. The fetuses were sacrificed 7 days after 

UCO or sham at 113 days of gestation. d: days, GA: gestational age, HI: hypoxia-ischemia, Instrum.: 

instrumentation, MSC: mesenchymal stem cell, n: number, UCO: umbilical cord occlusion. 

 

Antibodies 

The following antibodies were used in this study: rabbit antibody against human 

CD3 and MPO (Dako, Glostrup, Denmark) for identification of T cells and 

neutrophils; mouse anti-SMA22 (Generous gift of Dr. Olde Damink, Department of 

Surgery, Maastricht University, the Netherlands) for characterization of smooth muscle 

actin present in circular and longitudinal muscle layers; mouse anti-human Ki67 

(DAKO, Glostrup, Denmark) for detection of proliferating cells; mouse anti-

synaptophysin (Millipore, Billerica, MA, USA) for detection of presynaptic vesicle; 

monoclonal mouse anti-NeuN (Millipore, Billerica, MA, USA) for detection of post-

mitotic neurons; polyclonal rabbit anti-5-HT (5-hydroxytryptamine) custom made from 

the department of Neuroscience (Maastricht University, Maastricht, the Netherlands) 

for identification of serotonin expressing cells and polyclonal rabbit anti-glial fibrillary 

acid protein (GFAP) (DAKO, Glostrup, Denmark) for identification of enteric glial 
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cells (44). Intestinal integrity was examined by staining for the tight junctional protein 

Zonula Occludens protein 1 (ZO-1) (Invitrogen, Bleiswijk, the Netherlands). For 

general morphological evaluation in the fetal intestine, a hematoxylin and eosin (H&E) 

staining was performed.        

 As secondary antibodies, Texas Red conjugated goat anti-rabbit from Southern 

Biotechnology (Birmingham, AL, USA); biotin conjugated swine anti-rabbit or goat 

anti-mouse from Dakocytomation and peroxidase conjugated goat anti-rabbit from 

Jackson ImmunoResearch Laboratories (West Grove, PA, USA) or goat anti-mouse 

from DAKO (Glostrup, Denmark) were used. 

Immunohistochemistry 

Formalin-fixed terminal ileum was embedded in paraffin and 4 µm sections 

were cut. After deparaffinization and rehydration, endogenous peroxidase activity was 

blocked with either 0.3% H2O2 diluted in TBS (MPO) or PBS (CD3, NeuN, 5-HT, 

synaptophysin) or methanol (SMA22, Ki67). Non-specific binding was blocked with 

normal goat serum (MPO, Ki67, NeuN, synaptophysin) or bovine serum albumin 

(CD3, SMA22, 5-HT) for 30 minutes at room temperature. Thereafter, sections were 

incubated with the primary antibody of interest and subsequently were incubated with 

the selected secondary-conjugated antibody. CD3, Ki67, synaptophysin, SMA22 and 5-

HT antibodies were recognized with the streptavidin-biotin method (Dakocytomation) 

and antibodies against MPO and NeuN were detected by using a peroxidase-conjugated 

secondary antibody. Substrate staining for MPO and SMA22 was performed with 3-

amino-9-ethylcarbazole (AEC, Sigma); haematoxylin (MPO and SMA22) and nuclear 

fast red (CD3, Ki67, NeuN, synaptophysin and 5-HT) were used as counterstain for 

nuclei respectively. Immunoreactivity for CD3, Ki67, NeuN, synaptophysin and 5-HT 

was detected by using nickel-DAB. 
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Quantification of immunohistochemical stainings 

Pictures were taken with a light microscope (Leica Microsystems CTG, type 

DFC295, Germany) using the Leica QWin Pro version 3.4.0 software (Leica 

Microsystems) or with the Olympus Research System Microscope AX70 Brightfield 

(Olympus Corporation, Tokyo, Japan) using the CellProfiler software (Broad Institute, 

Cambridge, MA, USA) as appropriate. The positive stained cells were counted in five 

high power fields. The average number of positive cells per high power field per animal 

is given. Quantification was performed as previously described (45). In brief, the high 

power field was defined using the microscope, a picture was taken and the cells were 

counted immediately after taking the picture on the computer screen by using Image J. 

To verify accurate cell counting, the high power field was still defined under the 

microscope during counting on the computer screen. Only after finishing the counting 

per picture, the next high power field was defined. For the CD3 and MPO 

quantification, the total number of CD3
+

 cells was counted in the mucosa and the MPO
+

 

cells were also counted in the upper two third of the villi. The thickness of the muscle 

layers was measured by using a marker for smooth muscle actin (SMA22). The 

proliferation rate (%) in the muscle layers was determined by counting the Ki67
+

 cells 

(positive) and Ki67
-

 (negative) cells in a determined area and the percentage of (Ki67
+

 

cells/ total cells) was calculated and expressed per 1000 µm
2

. The number of nuclei and 

the hypertrophy index in the muscles were calculated as previously (46). Briefly, the 

total number of nuclei in muscles was calculated by counting the number of nuclei in 

muscle layers in determined area and multiplied by the surface area (µm
2

) occupied by 

each muscle layer per power field and the mean total cell counts is presented. The 

hypertrophy index was calculated by dividing the total number of nuclei by the muscle 

surface (µm
2

) and is expressed per 1000 µm
2

. The number of neuronal nuclei (NeuN
+

 

cells) was counted in the ganglia of myenteric plexus. In addition, the area fraction (%) 

of synaptophysin and 5-HT (serotonin) were determined in ganglia of myenteric plexus 

(47). 5-HT
+

 cells were also counted in the mucosa, as 5-HT is expressed by 
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enterochromaffin cells (48). Stainings were evaluated by three independent observers 

who were blinded to the experimental groups. 

Immunofluorescence 

Fetal ileum embedded in optimal cutting temperature (O.C.T) solution was cut 

at a thickness of 4 μm for immunofluorescence staining of GFAP and ZO-1 as reported 

previously (49). After fixation (15 minutes in 4% paraformaldehyde), the sections were 

incubated with 5% normal goat serum in 1% tween-20 (GFAP) or 10% normal goat 

serum (ZO-1) for 15 minutes to block the non-specific binding and thereafter sections 

were incubated overnight with GFAP or ZO-1 as a primary antibody. The next day, 

sections were washed and then incubated with Texas Red conjugated secondary 

antibody. After 1 hour of incubation, nuclei were stained with 4’,6’-diamino-2-phenyl 

indole (DAPI) for 2 minutes. Finally, sections were mounted with fluorescent mounting 

solution. The immunoreactivity of GFAP was evaluated by a Leica DMI 4000 inverted 

fluorescence microscope (Leica, Wetzler, Germany) using the LAS AF software. The 

ZO-1 stained tight junctions were evaluated by using an AxioCam MRc5 camera 

(ZEISS, Jena, Germany) mounted on an ECLIPSE E800 fluorescence microscope 

(Nikon, Amsterdam, the Netherlands). 

RNA isolation and quantitative real-time PCR 

The mRNA levels of cytokines were measured by quantitative real-time PCR 

(qPCR) as described previously (45). RNA was extracted from ileum by 

Trizol/chloroform method. Reverse transcription was achieved by using M-MLV 

Reverse transcriptase (Invitrogen, Bleiswijk, the Netherlands) according to supplier’s 

guidelines. The qPCR reaction was performed with the LightCycler 480 SensiMix 

SYBR master mix (GC biotech B.V., Alphen aan den Rijn, the Netherlands) in a 

LightCycler 480 with specific ovine primers (Supplementary table 1). The results were 

normalized to the housekeeping gene ovine 40S ribosomal protein S15 (ovRPS15), and 

mean fold changes relative to control levels are presented. 
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Statistical Analysis  

Data are presented as mean ± SEM. Statistical analysis was performed using 

GraphPad Prim software (version v5.0; GraphPad Software Inc.) by using a non-

parametric Kruskal Wallis test followed by Dunn’s post-hoc test. Non-parametric 

analysis was used based on the following criteria: 1) low number of animals per group 

and 2) visual inspection of our data in histograms which indicated that our results did 

not follow a Gaussian distribution. Only differences which were considered statistically 

significant at p<0.05 are indicated in the figures. 

Results 

Fetal HI induced intestinal inflammation 

We assessed the inflammatory response in the fetal gut 7 days after UCO by 

immunohistochemical staining for CD3 and MPO, which are markers for T 

lymphocytes and neutrophils, respectively. Total number of MPO
+

 cells in the intestinal 

mucosa did not differ between the groups (data not shown). However, fetal HI resulted 

in increased numbers of MPO
+

 cells in the upper part of the intestinal villi 7 days after 

UCO when compared to control animals (Figure 2). Similarly, when animals treated 

with MSCs after UCO, elevated numbers of MPO
+

 cells were found in the villus tips 

when compared to control and MSC treated animals (Figure 2C).  

 The number of CD3
+

 cells in the intestinal mucosa remained unaltered in all 

experimental groups when compared to control animals at 7 days after UCO (Figure 

3C). However, fetal HI resulted in significant CD3
+

 cell influx in the circular muscle at 

7 days after UCO when compared to control which was not prevented by MSC 

treatment (Figure 3A, B and D). Importantly, the significant increase of CD3
+

 cells in 

the circular muscle of the HI+MSC group was maintained, even in the absence of the 

highest value within this HI+MSC group (Figure 3D). 
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Figure 2: Increased number of MPO+ cells in the upper part of the villi at 7 days after HI. 

Representative intestinal sections of (A) control and (B) HI animals were stained by 

immunohistochemistry for MPO. For each experimental group, positive expressing cells of MPO 

(arrows) in the upper part of the villi were counted and the mean cell counts per power field per 

animal are given (C). The scale bar in panels A and B represents 100 μm. The scale bar in insets 

represents 50 μm. *p < 0.05 and **p < 0.01. 

 

 We further characterize the intestinal inflammatory response by measuring 

mRNA levels of IL-1β and IL-17, two pro-inflammatory cytokines with mitogenic 

capacities that are upregulated following HI (12, 50). Fetal HI, with or without MSC 

treatment, increased the intestinal mRNA levels of IL-1β when compared to control 

(Figure 4A). Similarly, increased mRNA levels of IL-17 were detected in the fetal gut 

after HI when compared to control. No significant changes were found in IL-17 mRNA 

levels of the remaining groups (Figure 4B). 
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Figure 3: Invasion of CD3+ cells in the circular muscle layer 7 days after HI. Representative intestinal 

sections of (A) control and (B) HI animals were stained by immunohistochemistry for CD3. For each 

experimental group, positive expressing cells of CD3 (arrow) in the mucosa (C) and circular muscle 

layer (D) were counted and the mean cell counts per power field per animal are given. The scale bar 

in panels A and B represents 50 μm. The scale bar in insets represents 20 μm.*p < 0.05. 

 

Morphological changes of the fetal intestine after global HI 

We performed an H&E staining to assess morphological changes in the fetal 

ileum at 7 days after fetal HI. No clear signs of epithelial injury were seen between the 

experimental groups (Supplementary figure 1). Consistently, with the exception of one 

HI animal, no signs of tight junctional loss were found, as evaluated by 

immunofluorescence staining of ZO-1 (data not shown). In addition, H&E staining 

revealed variation in the thickness of both the circular and longitudinal muscle layers 

between the groups (Supplementary figure 1). 
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Figure 4: Increased mRNA levels of inflammatory cytokines in the fetal intestinal tissue 7 days after 

global HI. The inflammatory cytokines (A) IL-1β and (B) IL-17 were assessed by quantitative real-

time PCR. *p < 0.05. 

 

Fetal HI induced intestinal muscle thickness 

Since the H&E staining revealed variation in the muscle layers between the 

experimental groups, we evaluated the effects of fetal HI in the circular and longitudinal 

muscle layer by immunohistochemical staining for SMA22, a marker for smooth 

muscle actin (51). At 7 days after UCO, increased muscle thickness was observed in 

circular and longitudinal muscle layers when compared to control animals (Figure 5A-

D). The increased thickness of both muscle layers at 7 days after HI was not prevented 

in animals that were treated with MSCs after UCO when compared with control (Figure 

5C and D).          

 To evaluate whether the increased thickening of the muscle layers was 

associated with increased cell proliferation, we stained the circular and longitudinal 

muscle layer for Ki67 as a marker for proliferation. Compared to control animals, the 

proliferation rate in the circular and longitudinal muscle layers was increased at 7 days 

after UCO (Figure 6A-D). The increased proliferation rate of cells in the circular and 

longitudinal muscle layers of animals subjected to HI was not affected by MSC 

treatment (Figure 6C and D). 
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Figure 5: Increased thickness of the longitudinal and circular muscle layer 7 days after HI. 

Representative intestinal sections of (A) control and (B) HI animals were stained by 

immunohistochemistry for SMA22 (red). For each experimental group, muscle thickness in (C) 

circular (arrow) and (D) longitudinal (arrow head) muscle layer was measured and the mean thickness 

per power field per animal is given. The scale bar in panels A and B represents 100 μm. The scale 

bar in insets represents 50 μm. *p < 0.05 and **p < 0.01. 

 

To determine whether hyperplasia (increased cells numbers) or hypertrophy 

(increased cell size) was responsible for the increased thickness of the circular and 

longitudinal muscle layer, we assessed the number of cells within the muscle layers. 

Fetal HI, with or without MSC treatment, increased the numbers of cells in both 

longitudinal and circular muscle layer compared to controls (Figure 6E and F). In 

contrast, no differences were found in the hypertrophy index between the groups in 

both muscle layers (data not shown).       
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Figure 6: Increased proliferation rate and number of nuclei in muscle layers 7 days after HI. 

Representative intestinal sections of (A) control and (B) HI animals were stained by 

immunohistochemistry for Ki67. For each experimental group, proliferation rate in (C) circular and 

(D) longitudinal and nuclei numbers in (E) circular and (F) longitudinal muscle layer were counted 

and the mean cell counts per power field per animal are given. The proliferation rate (%) is expressed 

per 1000 µm2. The arrows indicate Ki67+ cells within the muscle layers. The scale bar in panels A and 

B represents 50 μm. *p < 0.05. 
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Fetal HI induced changes in the fetal enteric nervous system (ENS) 

We investigated the impact of global HI in the ganglia of myenteric plexus 

which are involved in the regulation of intestinal motility (52). We first counted the 

number of NeuN
+

 cells (neurons) in the myenteric plexus by immunohistochemistry. 

The number of NeuN
+

 cells in the myenteric ganglia remained at baseline levels in all 

investigated groups (Figure 7A-C). We then examined whether fetal HI induced 

structural changes in the enteric glial cells by immunofluorescent staining for glial 

fibrillary acidic protein (GFAP). The myenteric ganglia of control animals appeared 

with normal GFAP immunoreactivity where the perinuclear rim and glial processes 

were evident (Figure 8A). In contrast, animals that were subjected to UCO appeared 

with distorted GFAP immunoreactivity where glial processes were absent and GFAP 

globules were displayed (Figure 8B). The distortion of GFAP immunoreactivity 

following fetal HI was not prevented by MSC treatment (data not shown). We evaluated 

whether fetal HI induced changes in intestinal neuronal synapses and signaling by 

staining for synaptophysin and 5-HT (serotonin), respectively. Global HI induced 

increased positive stained area of synaptophysin in the ganglia of myenteric plexus when 

compared to control animals (Figure 9) whereas no changes were found in the 

expression of synaptophysin in the remaining groups when compared to control (Figure 

9C). The positive stained area of 5-HT in myenteric ganglia was increased 7 days after 

fetal HI (Figure 10D). Similarly, increased expression of 5-HT was found when animals 

were treated with MSCs after UCO when compared to control (Figure 10D). In 

addition, fetal HI increased the numbers of 5-HT
+

 cells in the mucosa (Figure 10A-C) 

whereas no changes were detected in animals that were treated with MSCs, with or 

without UCO, when compared to control (Figure 10C). 
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Figure 7: Number of NeuN+ cells in myenteric plexus 7 days after HI. Representative gut sections of 

(A) control and (B) HI animals were stained by NeuN, a marker for neuronal nuclei. The number 

of NeuN+ cells (arrows) in myenteric ganglia remained at baseline levels (C). The scale bar in panels 

A and B represents 100 μm. The scale bar in insets represents 50 μm. 
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Figure 8: Distortion of enteric glial cells in myenteric plexus 7 days after HI. Representative sections 

of fetal ileum stained by immunofluorescence for GFAP (red), a marker for enteric glial cells and 

DAPI (blue), a marker for nuclei. Control animals appeared with normal perinuclear GFAP 

immunoreactivity and intact glial processes (A) whereas animals subjected to HI appeared with loss 

of GFAP immunoreactivity around the nuclei and aggregates of GFAP without clear enteric glial 

processes (B). 

 

 

Figure 9: Increased expression of synaptophysin in myenteric ganglia 7 days after HI. Representative 

intestinal sections of (A) control and (B) HI animals were stained by immunohistochemistry for 

synaptophysin. For each experimental group, synaptophysin positive area in myenteric ganglia was 

measured and the mean area fraction (%) per ganglion per animal is given (C). The scale bar in panels 

A and B represents 50 μm. The scale bar in insets represents 20 μm. *p < 0.05. 



Chapter 5 

142 
 

 

Figure 10: Increased 5-HT in fetal intestinal mucosa 7 days after HI. Representative intestinal sections 

of (A) control and (B) HI animals were stained by immunohistochemistry for 5-HT. For each 

experimental group, 5-HT+ cells (arrows) in mucosa (C) were counted and 5-HT positive area in 

myenteric ganglia (D) was measured. The mean cell counts in mucosa and area fraction (%) per 

ganglion per animal are given. The scale bar in panels represents 100 μm. The scale bar in insets 

represents 50 μm.*p < 0.05. Significance between control and HI group in panel D was tested by t-

test and p value is given. 
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Discussion 

In the current study we used a preclinical ovine model to investigate the impact 

of fetal HI on the preterm gut and to assess the potential of intravenous administration 

of MSCs to improve the outcome of the post-ischemic intestine. Our data demonstrated 

that fetal global HI caused intestinal inflammation which was accompanied by 

thickening of the muscle layers, distortion of enteric glial cells and altered expression of 

mediators involved in neurotransmission in the preterm gut. These adverse intestinal 

outcomes induced by global HI were not attenuated by intravenous administration of 

MSCs. 

Intestinal inflammation following fetal HI in our model was characterized by 

accumulation of neutrophils in the villus tips. Infiltration of neutrophils in the mucosa, 

as seen in the preterm fetal gut following global HI, has also been detected in adult 

rodent models of intestinal HI induced by transient superior mesenteric artery 

occlusion (13, 14, 53). Interestingly, in the present study the influx of neutrophils was 

not associated with epithelial injury in villus tips, the first mucosal structures that are 

affected following intestinal HI (17, 54). This could be explained by the fact that damage 

to the enterocytes following intestinal HI in human and animal studies occurs acutely 

after the insult with sealing of the epithelial lining and re-epithelialization being 

documented within a few hours to a couple of days after the end of local intestinal HI 

(54-56). Our findings suggest that in the absence of epithelial injury, which most likely 

was resolved at 7 days after UCO, inflammatory processes in the intestinal mucosa 

persisted and might be responsible for some of the adverse intestinal effects in the lower 

layers of the gastrointestinal wall (57) as discussed below.   

 Intestinal immune activation below the submucosa was characterized by 

invasion of T lymphocytes into the circular muscle layer following fetal HI which is 

consistent with previous findings (56, 58). The invasion of T cells into the circular 

muscle (but not into longitudinal) at 7 days after fetal HI could be explained by the 

different anatomical positions of the two muscle layers within the intestinal wall. The 

circular muscle layer is closer to the mucosa/submucosa layer where an inflammatory 
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response is initiated by resident immune cells upon a stressor stimulus (59). Moreover, 

previous studies have shown that adhesion of T lymphocytes was preferentially found 

in the submucosal and not in muscle venules of the post-ischemic intestine (60, 61). 

Therefore, the influx of T lymphocytes in the muscularis of the post-ischemic intestinal 

wall in our model is more likely to occur first in the circular muscle layer. 

 Intestinal inflammation in the mucosa and muscle layers following fetal HI was 

associated with thickening of the smooth muscle which has been previously described 

in rodent models of transient superior mesenteric artery occlusion (58). The 

inflammation-induced thickening of circular and longitudinal muscle layers could be 

explained by several mechanisms including hypertrophy and/or secretion of 

inflammatory cytokines which are considered to have mitogenic effects on muscle cells 

(46, 50, 62). In line with these reports, muscle thickening after HI in our animal model 

was accompanied by increased cell numbers and cell proliferation within the muscle 

layers of the fetal intestine and elevated mRNA levels of IL-1β and IL-17, two pro-

inflammatory cytokines which are known to promote intestinal muscle growth (50). 

Therefore, we speculate that the inflammatory cytokines IL-1β and IL-17 may 

contribute to the detected muscle hyperplasia at 7 days after UCO. Importantly, muscle 

thickening characterizes the inflamed gut of several gastrointestinal diseases and has 

been correlated with altered intestinal smooth muscle contractility (57, 63).  

 In addition to smooth muscle contractions, the enteric nervous system is 

essential for coordinated gastrointestinal motility (52, 64). In this regard, enteric glia 

cells are ideally positioned around enteric neurons to respond to and modulate neural 

activity by several mechanisms including terminating the actions of neurotransmitters 

from synapses and by generating neuroactive substances (44). The regulatory role of 

enteric glial cells in gastrointestinal function is further highlighted by experiments which 

have demonstrated that disruption of enteric glial cells altered the neurochemical 

phenotype of enteric neurons, reduced transmission to muscle and delayed 

gastrointestinal transit (65, 66). In the current study, global HI induced distortion of 

enteric glia cells in the ganglia of the myenteric plexus in a similar pattern found in 
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animal models of HI-induced intestinal injury (67) and in neonates with NEC (31). 

Importantly, distortion of enteric glial cells upon gut HI has been correlated with loss 

of enteric neurons and impaired neuronal function with subsequent decreased 

gastrointestinal motility (18, 44, 67, 68). Gastrointestinal dysfunction might lead to 

vomiting with subsequent delay in tolerating enteral feeding postnatally, resulting in 

intestinal immaturity, as early initiation of enteral nutrition is crucial for normal gut 

development (69). Although the number of the enteric neurons remained unaltered 

following fetal HI in our model, overexpression of synaptophysin, a crucial regulator of 

neurotransmission (70), was detected in the ganglia of myenteric plexus of the fetal post-

ischemic gut implying enhanced probability of neurotransmitter release (71) and/or 

abnormal intestinal motor function (72, 73). This finding is supported by the increased 

expression of serotonin in the myenteric ganglia following HI, a neurotransmitter which 

regulates intestinal motility and its disrupted homeostasis has been correlated with 

several gastrointestinal inflammatory and motility disorders (74). In addition to the 

elevated expression of neuronal serotonin, global HI increased the number of serotonin 

positive cells along the intestinal mucosa. Such alterations in the mucosal-derived 

serotonin contribute to intestinal dysmotility (48) and have been associated with 

inflammatory bowel disease (75). Importantly, NEC has been associated with maternal 

use of selective serotonin reuptake inhibitor during pregnancy (76).  

 In the present study intravenous administration of MSCs did not ameliorate 

the adverse effects of fetal global HI on the preterm gut whereas this treatment was 

previously shown to protect the fetal brain from structural and functional impairment 

which was associated with T cell tolerance (32). Although MSCs have been proven 

beneficial when given intramucosally (77-79) or intra-peritoneally (i.p.) (80) to animal 

models of intestinal HI, in this study we deliberately chose to administer the MSCs 

intravenously since it was previously shown that intravenous MSC administration 

yielded better engraftment of MSCs to the fetal gut compared to i.p administration (23) 

and this route of administration could have beneficial effects not only in the gut but in 

multiple organs which are affected by global HI. In addition, the relative impact of 
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global HI on the fetal gut is essentially lower compared to other vital organs such as HI-

induced cerebral injury. Since MSCs have the tendency to migrate towards 

inflammatory tissues (81), it is conceivable that intravenous administration of MSCs 

following global HI would primarily lead to the engraftment of these stem cells in the 

inflamed organs that are most severely affected. Accordingly, we previously showed that 

at 7 days after i.v. administration, low numbers of MSCs were present in the fetal spleen, 

lung and occasionally in the brain (but not in the gut) which was accompanied by 

prevention of brain injury in our model (32). Therefore, the preferential distribution of 

MSCs following global HI might explain the lack of therapeutic effects on the fetal gut. 

Although the dosage of MSCs that was used in the current study was based on clinical 

trials of focal ischemia (28) and patients with inflammatory bowel disease (29, 30), it is 

conceivable that higher numbers of MSCs with repeated doses in subsequent time 

points might have increased the chance for MSC engraftment into the gut and 

potentially improved the intestinal outcome following global HI.   

 In summary, the preterm hypoxic-ischemic fetus and infant are especially 

vulnerable to functional gastrointestinal impairment during the first days of life. The 

intestinal clinical pathological characteristics of an HI neonate may include delayed 

gastrointestinal transit which frequently precedes abdominal distension, inflammation 

and edema of the intestine (82, 83). These factors not only predispose the preterm 

hypoxic-ischemic gut to feeding intolerance but also to NEC. In this study we showed 

that global HI in fetal sheep induced intestinal inflammation, muscle thickening, 

distortion of enteric glial cells and altered neurotransmission. Although we can only 

speculate about the postnatal consequences of these adverse intestinal outcomes, the 

detected gut inflammation and enteric nervous system abnormalities following HI, have 

been associated with neonatal gastrointestinal complications including loss of barrier 

integrity, delayed gastrointestinal motility and NEC (31, 73, 84). Future studies are 

warranted to investigate whether the detected pathological changes at 7 days after UCO 

will have long term adverse intestinal effects. In addition, MSC treatment did not protect 

the fetal gut against HI-induced intestinal abnormalities but it prevented the HI-induced 
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cerebral injury. Since our data suggest selective organ protection after intravenous MSC 

treatment, future studies should focus on optimizing a MSC-based treatment regimen 

which will collectively protect the fetal brain and gut following global HI. 
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Supplementary Material 

 

Supplementary Figure 1: Morphological examination of intestinal sections that were stained for 

hematoxylin and eosin. No epithelial injury was detected in (A) control and (B) HI animals. In 

addition, the thickness of both muscle layers circular (arrow) and longitudinal (arrow head) varied 

between the groups (C; control and D; HI). The scale bar in all panels represents 100 μm. 

 
 

Supplementary Table 1: Primers used for qPCR. 

Primer Fw sequence Rv sequence 

ovRPS15 CGAGATGGTGGGCAGCAT GCTTGATTTCCACCTGGTTGA 

IL-1β AGAATGAGCTGTTATTTGAGGTTGATG GTGAGAAATCTGCAGCTGGATGT 

IL-17 TGTGAGGGTCAACCTGAACAT TGATAATCGGTGGGCCTTCTG 

Fw: forward, IL: interleukin, qPCR: quantitative real time polymerase chain reaction, Rv: reverse. 
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Prenatal stress, such as chorioamnionitis and fetal hypoxia-ischemia (HI), is associated 

with pathological changes of several fetal organs including the intestines (1-8). The core 

element which is considered to be essential in the etiology of these pathophysiological 

states is inflammation. In this thesis, the intestinal inflammatory processes in 

conjunction with gut abnormalities after chorioamnionitis and fetal HI were 

investigated. In addition, we explored the potential of therapeutic interventions to 

protect the fetal gut against the detrimental intestinal effects induced by these two 

pathologies. For these purposes, we used our validated translational animal models of 

chorioamnionitis and fetal HI (9, 10). 

 

IL-1α exposure to fetal mucosal surfaces and adverse intestinal effects 

Scientific evidence over the last decade has demonstrated that chorioamnionitis 

affects multiple fetal organs with time dependent inflammatory responses and structural 

changes after antenatal exposure (11, 12). Since organ crosstalk is important for fetal 

development, chorioamnionitis-induced inflammation in distinct organs can disrupt this 

interaction and impact the physiology of other remote organs. In line, we have 

previously shown that selective infusion of lipopolysaccharide (LPS) in the fetal lung 

induces intestinal inflammation and subsequent injury (13). Importantly, LPS-induced 

systemic, lung and gut inflammatory responses can be recapitulated by intra-amniotic 

(IA) exposure to IL-1α (14-16). The significant role of IL-1-mediated signaling in the 

induction of adverse gut effects in the context of chorioamnionitis was further assessed 

by Wolfs et al. (17). In this latter study, the investigators blocked IL-1 signaling by IA 

administration of recombinant IL-1 receptor antagonist (IL-1RA), and demonstrated 

that intestinal inflammation, tight junctional loss and impaired gut development after IA 

exposure to Ureaplasma (UP) were ameliorated. In chapter 2, we further explored the 

contribution of IL-1α-mediated immune responses derived from the gut in comparison 

with extraintestinal IL-1α-mediated immune responses (derived from the lung or 

chorioamnion/skin) on adverse intestinal outcomes. We hypothesized that intestinal 
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inflammation and injury induced by chorioamnionitis resulted not only from direct 

activation of IL-1α signaling in the intestinal mucosa but also from selective IL-1α-

driven signaling of the lung and chorioamnion/skin. We tested our hypothesis in our 

ovine model by selective administration of IL-1α into the fetal gut, lung and amniotic 

cavity (chorioamnion/skin).       

 In agreement with our hypothesis, we demonstrated that intestinal 

inflammation was induced by both direct IL-1α exposure to the intestinal mucosa and 

IL-1α-mediated immune responses driven by the lung and chorioamnion/skin. 

Nevertheless, the intestinal inflammatory response following selective infusion of IL-1α 

to different fetal compartments had distinct features which were shown to be time-

dependent.        

 Our findings revealed that only direct IL-1α infusion to the gut resulted in 

intestinal inflammation with concomitant injury as shown by increased CD3
+

 T cells and 

tight junctional loss in the fetal intestine. Similar results were previously obtained by 

selective LPS exposure to the fetal gut (13). Recognition and sensing of LPS by toll like 

receptor-4 (TLR-4) leads to activation of the nuclear factor κB (NF-kB) signaling 

pathway and subsequent production of several pro-inflammatory cytokines including 

IL-1 (18). Our data indicated that activation of IL-1α signaling by intestinal epithelial 

cells and/or resident immune cells is absolutely required for the induction of 

paracellular barrier loss following chorioamnionitis. Future in vitro studies are needed 

to elucidate a causal link between the presence of IL-1α in the gut lumen and the 

induction of IL-1α-driven inflammatory responses in the resident immune cells and/or 

intestinal epithelial cells with concomitant impaired wall integrity. Interestingly, IA 

administration of IL-RA in the aforementioned study was not sufficient to prevent 

epithelial injury and villus atrophy in UP-mediated chorioamnionitis (13). These 

previous results in conjunction with the findings in chapter 2 suggest that although IL-1 

signaling plays a pivotal role in chorioamnionitis-induced intestinal inflammation and 

injury, additional inflammatory cascades are most likely involved in pathophysiological 

changes on the fetal gut caused by antenatal inflammation and need further exploration.
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 Prolonged selective IL-1α exposure to the gastrointestinal (GI) tract resulted in 

persistent immune activation and sustained impaired barrier integrity. Similar 

pronounced inflammatory responses and mucosal injury were previously detected after 

selective LPS exposure of the GI tract (13). Accordingly, our findings suggested that 

similar to acute responses, a single direct exposure of inflammatory stimuli such as LPS 

or IL-1α to the gut can provoke long term detrimental effects in the fetal gut in the 

context of chorioamnionitis. Collectively, this knowledge contributes to better 

understanding of the intestinal pathology induced by chorioamnionitis and reveals new 

options for potential therapeutic interventions such as blockers for IL-1 signaling. IL-

1RA is a drug which is already in clinical use to treat rheumatoid arthritis, an 

autoimmune, inflammatory disease of the joints (19). In our ovine model of UP-

induced chorioamnionitis, IA injection of IL-1RA prevented inflammation and villus 

atrophy whereas mucosal injury was still evident. As additional immune processes (apart 

from IL-1 signaling) seem to be involved in the detected mucosal injury after 

chorioamnionitis, further research is needed to identify these potential inflammatory 

molecules responsible for damage to gut epithelium after chorioamnionitis. These 

previous findings together with our results in chapter 2 suggest that infusion of IL-1RA 

directly into the GI in combination with other immunomodulatory agents might be a 

potential approach to protect the fetal gut in the context of chorioamnionitis. 

 Our data showed that direct IL-1α infusion to the GI tract not only induced 

intestinal inflammation and loss of barrier integrity but also resulted in intestinal 

immaturity which was previously shown to be IL-1 dependent in our ovine model of 

UP-induced chorioamnionitis (17). These findings are clinically relevant as villus 

atrophy might predispose the fetus to postnatal complications such as malabsorption of 

nutrients and growth restriction (20). We speculated that impaired cell differentiation 

was responsible for the detected disturbed maturation of the fetal intestine after direct 

IL-1α to the GI. As we did not elucidate the mechanisms underlying the observed 

impaired cell differentiation after selective IL-1α infusion to the GI, further in vitro and 

ex vivo studies are needed to clarify the developmental molecular pathways and identify 
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the cell types that are altered during antenatal inflammation. Possible candidates of 

molecular pathways that might be affected and re-programmed after antenatal 

inflammation include Wnt/β-catenin (21), Notch (22) and hedgehog (Hh) 

developmental cascades (23, 24). Disruption of functional homeostasis of these 

pathways has been associated with a plethora of intestinal inflammatory diseases such 

as inflammatory bowel disease (IBD) (25-27).    

 The immune response of the gut after selective exposure of IL-1α to the 

chorioamnion/skin was characterized by marginal inflammatory changes and absence 

of intestinal injury. In addition to gut inflammation, direct contact of IL-1α to the fetal 

chorioamnion/skin provoked a systemic inflammatory response. This is in contrast to 

comparable experiments where the direct contact of LPS to the chorioamnion/skin, was 

not associated with intestinal inflammation despite induction of systemic inflammation 

(13, 28). Interestingly, relative low blood monocyte counts were found after selective 

IL-1α exposure of the chorioamnion/skin when compared to LPS exposure and this 

was associated with increased gut macrophages. Based on these combined findings, we 

speculated that differential activation of monocytes/macrophages in the circulation 

might be responsible for the distinct intestinal inflammatory responses after exposure 

of chorioamnion/skin to IL-1α compared with LPS. This hypothesis needs to be 

evaluated in future studies where trafficking of blood monocytes upon selective LPS 

and IL-1α exposure to the fetal chorioamnion/skin can be monitored. In particular, 

monocyte chemoattractant protein-1 (MCP-1) is an essential chemokine that is involved 

in trafficking and tissue influx of monocytes/macrophage (29). Previous studies have 

revealed that LPS-induced chorioamnionitis leads to increased levels of MCP-1 in the 

fetal skin and to maturation of blood monocytes as shown by their competence to 

respond upon various inflammatory stimuli in vitro (30). However, the impact of IL-

1α-mediated chorioamnionitis on MCP-1 levels in the fetal skin and activation of blood 

monocytes remains unknown. In addition, maturation of blood monocytes after 

selective IL-1α and LPS exposure to the fetal chorioamnion/skin has not been 

evaluated. Further in vitro and in vivo experiments are needed to explore the potential 
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differences in activation of blood monocytes after selective IL-1α and LPS exposure to 

the chorioamnion/skin which might explain the observed differences in the intestinal 

inflammatory responses following exposure to these inflammatory agonists. 

 An alternative explanation for the detected intestinal inflammation following 

IL-1α (but not LPS) exposure to the chorioamnion/skin could be the specific response 

of the fetal skin. Clinical data have shown that the fetal skin of neonates diagnosed with 

chorioamnionitis is able to sense microbial products through the expression TLR-2 and 

TLR-4 receptors which are present in the keratinocytes, thereby causing fetal dermatitis 

(31). Experimentally, we previously showed that IA injection of LPS caused sustained 

inflammation and increased TLR-4 expression in the fetal ovine skin. These 

chorioamnionitis-induced changes in the fetal skin resulted from direct contact of 

keratinocytes to the inflammatory agonists present in the amniotic cavity and not by a 

systemically-driven immune response. Additional in vitro experiments showed that 

primary culture of sheep keratinocytes were able to acutely respond to LPS by 

producing inflammatory cytokines (32). In chapter 2, we neither assessed the 

inflammatory responses nor the histological injury of the skin after selective IL-1α 

exposure to the chorioamnion/skin. Based on previous studies which have shown 

substantial differences in the response of fetal keratinocytes upon LPS compared to UP 

stimulation in vitro (32, 33), it is plausible that potential differences in TLR-4 and IL-

1R expression and subsequent immune cell infiltrates in the fetal skin could contribute 

to the differential magnitude and nature of the systemic and/or intestinal inflammation.

 Our findings demonstrated that selective IL-1α infusion to the lung induces 

mild intestinal inflammatory changes which were not accompanied by mucosal injury. 

As previous studies showed that selective LPS administration to the fetal lung caused 

both intestinal inflammation and damage, we concluded that pulmonary-driven adverse 

effects on the fetal gut do not depend on activation of IL-1α signaling. Nevertheless, 

consistent with previous results (28), selective IL-1α infusion to the fetal lung induced 

systemic inflammation as shown by increased blood leukocytes which could be 

responsible for the detected accumulation of T cells in the gut. Additionally, the 
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mediastinal lymph node might have played a role in the induction of intestinal 

inflammation after IL-1α infusion to the lung, as the pulmonary and GI lymphatics 

communicate. This concept is supported by previous data which have revealed 

increased frequency of inflammatory cells in the mediastinal lymph node and node 

hypertrophy following IA infusion of IL-1 or LPS (10, 15). Further experiments are 

needed to unravel the mechanisms underlying pulmonary-induced intestinal 

inflammation.        

 Interestingly, IL-1α exposure to any fetal compartment did not alter the 

number of intestinal Treg cells whereas IA exposure to IL-1α was previously shown to 

result in acute depletion of these immunosuppressive cells in the fetal gut (14). These 

findings suggested that the reported depletion of intestinal Treg cells in the context of 

antenatal inflammation is not dependent on local gut-mediated immune activation but 

most likely results from a combined organ immune response to chorioamnionitis. In 

line, it has been shown that chorioamnionitis caused depletion of regulatory T cell 

(Treg) cells in the fetal thymus (34, 35) which disrupted T cell homeostasis and might 

cause a reduced Treg cell repertoire and function in the periphery postnatally (36, 37). 

These Treg cells are crucial to control the magnitude of inflammatory responses in 

several immune-related pathologies (38) and impaired Treg cell homeostasis has been 

associated with neonatal diseases including bronchopulmonary dysplasia (BPD) and 

necrotizing enterocolitis (NEC) (39, 40).      

 In conclusion, in chapter 2 we demonstrated that IL-1α-mediated immune 

responses from mucosal surfaces that interact with pro-inflammatory components from 

the amniotic fluid can provoke intestinal inflammatory processes. Nevertheless, 

intestinal immaturity and injury during antenatal inflammation required direct contact 

of the GI epithelium to IL-1α (Figure 1). These findings support the concept that 

management of adverse intestinal effects induced by chorioamnionitis should focus on 

targeting both intestinal and extraintestinal immune responses. 
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Figure 1. Effects of IL-1α-mediated immune responses on the fetal gut derived from IL-1α exposure 

of the fetal gut, lung or chorioamnion/skin. Adapted from Gantert et al (11). 

 

 

Intestinal Treg/Teff cell balance: a key player in chorioamnionitis 

Based on earlier reports (14, 17) and the data described in chapter 2, we 

evaluated whether prophylactic administration of IL-2 would be protective against 

antenatal inflammation-induced intestinal injury by preferential expansion of Treg cells. 

The experiments in chapter 3 showed that intravenous IL-2 administration increased 

the intestinal Treg cells and restored the regulatory/effector T (Treg /Teff) cell balance 

which was followed by inhibition of intestinal inflammation and mucosal damage after 

chorioamnionitis.       

 Treg cells can suppress Teff cells by several mechanisms of action such as 

suppression by: i) secretion of inhibitory cytokines (such as IL-10, TGF-β), ii) cytolysis, 
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iii) metabolic disruption and iv) modulation of dendritic-cell (DC) maturation or 

function (41, 42). However, it is generally assumed that the wide spectrum of Treg-

mediated suppression most likely results from the combined action of suppressive 

mechanisms rather than a single mechanism alone. We found increased IL-10 mRNA 

levels in the fetal gut after IL-2 administration which suggested that IL-10 is involved in 

the postulated Treg-mediated immunosuppression. In addition, the increased 

Treg/Teff cell ratio after prophylactic IL-2 treatment was associated with decreased IL-

17 mRNA levels. Experiments in a rhesus macaque model of chorioamnionitis have 

shown that IA exposure to inflammatory agonists altered the Treg/Th17 balance. 

Whether Th17 cells were responsible for the detected acute increase of IL-17 mRNA 

levels in the fetal gut and whether Treg cells suppressed this T cell subset in our model 

remain to be elucidated.       

 Targeting Treg cells might be a clinically relevant approach to prevent the 

adverse outcomes of organs following chorioamnionitis as it has been experimentally 

shown that IA exposure to inflammatory stimuli provoked a Treg/Teff cell imbalance 

in several fetal organs including the thymus, spleen, lung and intestine (12). Clinical data 

from infants diagnosed with chorioamnionitis have shown similar impaired Treg/Teff 

cell ratio indicated by decreased numbers and/or function of cord blood derived Treg 

cells (36, 37). Furthermore, a decreased Treg/Teff cell ratio has been found in clinical 

studies where neonates were diagnosed with NEC and BPD postnatally (39, 40). 

 Besides an increased Treg/Teff cell balance, the data described in chapter 3 

suggest that prophylactic IL-2 administration might have prevented intestinal 

inflammation and injury by additional mechanisms: first, IL-2 can downregulate the 

expression of the IL-6 receptor and IL-6 signaling (43). IL-6 is associated with epithelial 

injury and impaired barrier integrity (44). Elevated IL-6 levels might be of clinical 

importance since increased levels of IL-6 have been detected in gastric aspirates of 

infants with chorioamnionitis and NEC (45, 46). Secondly, IL-2 could have a direct 

effect on intestinal epithelial cells (47) and third, IL-2 administration might have created 

an anti-inflammatory environment as evidenced by elevated IL-4 and IL-10 mRNA 
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levels in the fetal gut. All these aspects should be further elucidated by several 

experimental approaches such as an in vitro culture system where the direct effects of 

IL-2 on fetal intestinal epithelial cells under physiological and/or inflammatory 

conditions could be assessed. Similarly, a co-culture system of mucosal immune cells of 

interest and epithelial cells could elucidate whether IL-2 induced an anti-inflammatory 

response derived from the local mucosal immune cells and whether this anti-

inflammatory environment was responsible for the preserved epithelial barrier after 

LPS exposure.         

 In this study, we were unable to identify the origin of the detected Treg cells in 

the fetal gut after IL-2 administration. We speculated that IL-2 administration could 

have resulted in Treg cell activation and migration from circulation, peripheral 

lymphatic organs and gut-associated lymphoid tissues which could be responsible for 

the detected Treg cell accumulation in the fetal gut. Therefore, we investigated the Treg 

cell numbers in the spleen and mesenteric lymph node (MLN). In the MLN, Treg cells 

can be generated, exert their immunosuppressive properties and travel to the gut lamina 

propria (48). We found increased Treg cell numbers in the MLN directly at the end of 

IL-2 administration and increased gut Treg cells at 2 days after IL-2 administration 

suggesting that MLN might have contributed to Treg homing in the fetal gut. In addition 

to lymphoid organs, we postulated that Treg cells might have derived from the 

circulation and/or local expansion of resident Treg cells or differentiation of naïve CD4
+

 

T cells in the fetal gut upon IL-2 administration. These important aspects need to be 

addressed in future studies by monitoring Treg cells over time with T cell labeling and 

trafficking experiments and/or markers to characterize the origin of Treg cells. 

Additionally, it still remains unknown whether chorioamnionitis-induced Treg/Teff cell 

imbalance in the fetal gut involves natural Treg (nTreg) or induced Treg (iTreg) cells or 

both subsets (49). Previous studies in our model revealed that chorioamnionitis induced 

thymic involution and decreased Treg cells in the thymus, where the nTreg cells are 

developed. It is tempting to postulate that lower thymic output in the course of 

chorioamnionitis could have contributed to the detected lower Treg cell numbers in the 
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fetal gut (35, 50). Therefore, identification of the distinct Treg cell populations and the 

origin of their low frequency and/or function would provide more insight in the 

pathophysiology of chorioamnionitis and enable the development of novel T cell 

directed therapeutic strategies.       

 In conclusion, in chapter 3 we showed in a proof of concept study that 

prophylactic IL-2 treatment preferentially induced Treg cells, which was accompanied 

by prevention of intestinal inflammation and mucosal injury after IA exposure to LPS 

(Figure 2). Our findings indicate that expanding Treg cells and improving the intestinal 

Treg/Teff cell balance could be beneficial in the context of antenatal inflammation. 

 

Intestinal C.albicans invasion and inflammation induced by C.albicans-mediated 

chorioamnionitis 

The most frequently isolated microorganisms from the amniotic cavity of 

chorioamnionitis affected pregnancies involve bacteria, especially UP species (51). 

However, IA fungal infection and C.albicans in particular, has been recently identified 

in clinical cases of chorioamnionitis and is considered highly detrimental for fetal 

development if left untreated (52, 53). In chapter 4, we evaluated the impact of 

C.albicans infection during pregnancy on fetal gut physiology. In addition, we tested the 

potential of in utero fluconazole treatment to ameliorate adverse intestinal effects 

caused by IA C.albicans infection.      

 Our findings showed that IA exposure to C.albicans for 3 days resulted in 

penetration of C.albicans hyphae into the gut tissue which was associated with mucosal 

injury. The time dependent interaction between C.albicans and epithelial cells include 

adherence, invasion and subsequent epithelial injury (54). Yeasts of C.albicans adhere 

to epithelial cells and this interaction triggers hyphae formation. Although C.albicans 

yeasts can be recognized by receptors present at intestinal epithelial cells, they are 

unable to induce an immune response and cause injury (54). In contrast, C.albicans 

hyphae as seen in our gut tissue segments are essential for active penetration into or  
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Figure 2. Schematic representation of the protective effects of intravenous IL-2 administration on the 

fetal gut against chorioamnionitis-induced intestinal inflammation and injury as discussed in this 

thesis. 

 

 

between cells and this invasion is a prerequisite for induction of mucosal injury (55). In 

addition, our data suggested that penetration of C.albicans could have occurred via M 

cells as evidenced by the presence of hyphae C.albicans within and/or adjacent to Peyer 

Patches (56). These data provide important clinical insight since C.albicans was able to 

invade the fetal gut within a short timeframe, thereby provoking severe epithelial injury 

emphasizing the need for immediate diagnosis and appropriate therapeutic regime in 

case of C.albicans-mediated chorioamnionitis.    

 The invasion of C.albicans into the fetal gut after IA C.albicans infection was 

paralleled by C.albicans dissemination to the fetal bloodstream. This finding has clinical 

importance since Candidemia caused by intestinal Candidiasis, as in our study, is 

associated with NEC and in severe cases can lead to neonatal sepsis (57). Nevertheless, 

we cannot exclude the possibility that C.albicans dissemination to the bloodstream in 

our model could have resulted through other mucosal surfaces such as the lung. Future 

in vivo experiments are needed to explore the relative contribution of individual 
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epithelial surfaces to fetal candidemia.     

 Penetration of the fetal intestine by C.albicans at 3 days after fungal exposure 

was accompanied by increased levels of the pro-inflammatory cytokines TNF-α and IL-

17. Although we did not identify the exact cell types that were responsible for the 

increased levels of these cytokines, macrophages and Th17 cells are considered to 

mediate immune responses against C.albicans infection (54). Detection of increased IL-

17 levels following C.albicans infection is a double edged sword. On one hand, IL-17 

is considered to induce the production of β-defensins by epithelial cells which provide 

antifungal activity (58) and on the other hand, elevated levels of IL-17 have been 

associated with aggravation of C.albicans-induced inflammation and tissue injury (59). 

Future experiments are needed to unravel the exact role of Th17 pathway in fetal 

mucosal immunity against IA C.albicans infection.    

 In this study, we further explored the potential of in utero fluconazole treatment 

to attenuate the adverse intestinal effects induced by IA C.albicans infection. 

Intrauterine fluconazole treatment appears to be clinically relevant in chorioamnionitis, 

as fluconazole treatment reduced the number of fetal deaths (60), prevented systemic 

inflammation (61) and ameliorated intestinal injury. The latter is causally linked to NEC 

pathology emphasizing our previous findings which associate antenatal inflammation 

and postnatal NEC development (3). In addition, although fluconazole treatment was 

unable to completely eliminate C.albicans infection, C.albicans colonization, epithelial 

injury and bloodstream infection were attenuated after administration of fluconazole. 

These findings suggested that alleviation of mucosal injury following fluconazole 

treatment most likely contributed to the lower rate of C.albicans dissemination to the 

fetal bloodstream.        

 In conclusion, in chapter 4 we showed that IA C.albicans infection resulted in 

gut inflammation and injury. These adverse intestinal effects were accompanied by 

systemic inflammation and candidemia. Intra-amniotic fluconazole treatment in the 

same animal model was previously shown to be insufficient to diminish C.albicans from 

the amniotic fluid and only able to temporarily decrease lung and skin inflammation 
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(60). These previous data and the findings described in chapter 4 indicated that 

fluconazole holds therapeutic promise, but alternative therapeutic strategies should be 

explored to achieve the maximum therapeutic potential of fluconazole in the context of 

C.albicans-induced chorioamnionitis. 

 

The impact of fetal hypoxia-ischemia on the fetal gut 

Perinatal HI is a risk factor for intestinal complications due to mesenteric 

hypoperfusion. The most common GI clinical features associated with perinatal HI 

include vomiting, altered gut motility, intestinal perforation (62) and NEC (5). 

Currently, there is limited experimental evidence available to explain the 

histopathological features of the fetal gut and the postnatal intestinal negative sequelae 

induced by global HI. In chapter 5, we evaluated the effects of global HI, induced by 

umbilical cord occlusion (UCO), on the fetal gut. In addition, we assessed the protective 

effects of intravenous administration of MSCs against HI-induced intestinal injury. 

 At 7 days after UCO, influx of neutrophils was not accompanied by signs of 

epithelial injury, which is considered to occur rapidly after intestinal HI (63). We 

concluded that although the fetal gut was able to recover from epithelial damage within 

7 days after umbilical cord occlusion (UCO), the ongoing inflammatory processes most 

likely contributed to the pathological changes detected after UCO and described in 

chapter 5. Future studies are needed to establish the exact time-line and dynamics of 

fetal gut injury and recovery after global HI. Nevertheless, these findings have clinical 

relevance as the overt infiltration of neutrophils in conjunction with the increased levels 

of pro-inflammatory cytokines at 7 days after global HI might contribute to loss of 

paracellular barrier integrity facilitating bacteria translocation from the lumen to the gut 

tissue after birth (64). These results explain the current feeding guidelines in the clinic 

where enteral feeding is initiated approximately at 7 days after birth and is gradually 

advanced in asphyxiated newborns. In addition, the persistent inflammatory processes 

in combination with structural changes at 7 days after HI might explain the inability of 
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the asphyxiated babies to tolerate full enteral feeds and the clinical experience of one 

week without enteral feedings.       

 In addition to mucosal changes, our data demonstrated that intestinal 

inflammation was associated with structural intestinal changes as shown by the overt 

muscle thickening after UCO. We speculated that gut inflammation contributed to 

muscle hyperplasia (65, 66). In addition to pro-inflammatory cytokines, secretion of 

growth factor could be responsible for the detected muscle thickness. In the present 

study we did not further explore the selective contribution of these factors (cytokines 

and/or growth factors) which will form the basis for further research. Although alteration 

of muscle thickness has been linked to several GI diseases in which muscle contractility 

is impaired, assessment of peristaltic movements of the fetal gut after HI would provide 

valuable information to better understand the current association between perinatal 

asphyxia and postnatal intestinal dysmotility.     

 In addition to muscle layers, intestinal function requires the contribution of the 

enteric nervous system. Our data demonstrated that global HI induces distortion of 

enteric glia cells. This finding has clinical importance as a similar pattern of structural 

changes in enteric glial cells has been observed in NEC infants (67). In addition to 

structural modifications, we also detected upregulation of synaptophysin and serotonin 

after HI. These alterations have been associated with intestinal inflammatory diseases 

and impaired GI motor function (68-70). Although these changes provide strong 

evidence of a dysregulated enteric network following HI, future studies are warranted 

to assess fetal intestinal motility after the insult. For this purpose, in vivo evaluation of 

intestinal motor function postnatally after global HI would link the current findings of 

gut histopathology with the clinical observations of food intolerance in neonates who 

suffered from perinatal asphyxia.       

 In chapter 5 we further tested the potential therapeutic effects of intravenous 

mesenchymal stem cell (MSC) administration following global HI. We chose to 

administer MSCs intravenously for the following reasons: first, it has been shown that 

intravenous administration yields better MSC engraftment in the fetal gut compared to 
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intraperitoneal administration (71) and second, intravenous administration of MSCs 

could have provided beneficial effects in other organs affected by global HI such as the 

brain. Our results demonstrated that intravenous administration of MSCs did not 

alleviate the adverse intestinal effects induced by global HI. Interestingly, the same 

treatment regime was previously shown to protect the fetal ovine brain against global 

HI-induced structural changes and cerebral dysfunction (72).   

 In conclusion, in chapter 5 we provided evidence that global HI induces 

intestinal inflammation which was accompanied by muscle hyperplasia, structural 

distortion of enteric glial cells and altered neurotransmission. Further studies should 

optimize a cell-based treatment regime which would collectively protect the fetal brain 

and gut. Such an approach should consider the timing, dose, frequency and route of 

MSC administration. 
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Implications and future perspectives 

In this thesis we used our translational ovine models to study the mechanisms 

that underlie the pathological changes of the fetal gut after the onset of chorioamnionitis 

and fetal HI. In addition, we examined potential therapeutic interventions to prevent 

the detrimental intestinal effects induced by these pathologies. This acquired knowledge 

has provided valuable information for our understanding concerning fetal intestinal 

immune responses and induction of injury, which opens new avenues to treat and/or 

prevent the inflamed and compromised premature gut.    

 In this thesis, we demonstrated the protective effects of prophylactic 

administration of IL-2 against chorioamnionitis-induced adverse intestinal outcomes. 

The IA microbial infection was simulated by IA administration of E.coli-derived LPS. 

Although LPS is commonly used to facilitate an inflammatory response through TLR-

4 activation, does not mimic the variability and adaptability of living bacteria such as 

UP, which can activate TLR-1, 2 and 6, easily adapt to the environment and can invade 

the fetal tissues (73-76). Therefore, future research should focus on evaluating the 

protective effects of such an intervention when chorioamnionitis is induced by living 

bacteria including UP. In addition, future studies should consider multiple 

microorganisms in the induction of chorioamnionitis (77, 78). The differential 

interactions between the various microbiomes that colonize the uterine cavity in the 

course of chorioamnionitis can shape the amniotic environment thereby defining the 

magnitude of chorioamnionitis-induced adverse intestinal outcomes (79). Nevertheless, 

we provided evidence that targeting Treg cells can protect the fetal gut in the context of 

chorioamnionitis. In this study, we decided to augment intestinal Treg cells before the 

onset of antenatal inflammation. The therapeutic potential of Treg cell enrichment 

should be evaluated after chorioamnionitis, which more appropriately reflects the 

clinical scenario. In these experiments, alternative routes of increasing Treg cells should 

be explored which can include, but not limited to dietary interventions.  

 We revealed that within 3 days after IA exposure to C.albicans, the fungus 

invaded the fetal intestine, induced intestinal injury and resulted in blood infection. It 
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is conceivable that the virulence of each individual microorganism in combination with 

duration and timing of fetal exposure to IA infection defines the final intestinal outcome 

after exposure to antenatal inflammation (79, 80). The rapid gut penetration of 

C.albicans in conjunction with mucosal injury emphasizes the need to discover new 

biomarkers for chorioamnionitis to enable interference on time, and limit the 

progression of IA infection. Culture and molecular techniques to identify potential 

microorganisms in the amniotic fluid during pregnancy would enable diagnosis of 

chorioamnionitis however, amniocentesis is generally avoided due to risk of abortion. 

Although there have been some attempts to detect biomarkers specific for 

chorioamnionitis in the maternal circulation, they have not been proven reliable to be 

translated into the clinic (81). Recent research, however, has identified increased DNA 

methylation levels in specific differentially methylated regions in cord blood of neonates 

that were diagnosed with chorioamnionitis (82). Future experiments are needed to 

investigate additional fetal epigenetic modifications induced by chorioamnionitis and 

assess whether these changes could potential be detected in the maternal circulation 

during pregnancy.       

 We showed that chorioamnionitis results in intestinal immaturity and mucosal 

injury, which are both risk factors for postnatal intestinal complications. The immature 

enterocyte might contain low numbers of nutrient transporters along the villus-crypts 

axis which can lead to decreased nutrient uptake postnatally (83). The uptake of 

macromolecules through the epithelial barrier such as immunoglobulins, growth factor 

and antigens is an essential process during fetal and neonatal intestinal development 

(83). In addition to impaired gut development, the detected epithelial injury and loss of 

paracellular integrity after chorioamnionitis might lead to bacterial translocation leading 

to neonatal sepsis and predisposing the fetus to NEC development (84, 85). 

Nevertheless, how the intestinal inflammatory response to chorioamnionitis contributes 

to NEC development remains the subject of ongoing research (86, 87). It should be 

stressed that NEC is a multifactorial disease with limited understanding on its etiology 

(87). Currently, the interaction between nutrition, gut ecology and the intestinal 
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inflammatory response to gut microbiota are some factors that are considered to 

contribute to NEC development (88, 89). Future studies are needed to provide 

mechanistic explanations concerning the relationship between chorioamnionitis-

induced intestinal pathological changes in utero and postnatal functional intestinal 

impairments and/or NEC development. In this experimental setting, tests for intestinal 

motility and permeability should be implemented to evaluate gut function in premature 

animals. In addition, stressful stimuli that the preterm neonate is exposed to should be 

considered. These exposures include antenatal treatments such as maternal 

corticosteroids, which are commonly given to women who are at high risk to deliver 

preterm and postnatal exposures such as mechanical ventilation and antibiotics which 

can influence the fetal inflammatory response to chorioamnionitis (80, 90, 91). 

 In conclusion, by using our preclinical animal models of chorioamnionitis and 

global HI we demonstrated that these prenatal events induce intestinal inflammation in 

conjunction with mucosal injury and impaired gut and ENS development which can 

adversely affect the fetal gut postnatally. We have provided evidence of potential 

interventions to protect the fetal gut against the detrimental intestinal effects associated 

with antenatal inflammation. The results presented in this thesis facilitate the design of 

future studies where therapeutic strategies for gut-associated complications after 

chorioamnionitis and fetal HI will be tested. This translational research can offer a great 

opportunity towards improving and/or preventing neonatal morbidity following 

chorioamnionitis and fetal HI. 
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Summary 

Chorioamnionitis and fetal hypoxia-ischemia (HI) are two antenatal 

pathological conditions which are associated with increased risk of postnatal intestinal 

morbidity. Inflammation is considered as an essential component in the induction of 

organ injury after chorioamnionitis and fetal HI. Therefore, the studies described in 

this dissertation aimed to provide insight in the inflammatory responses and subsequent 

developmental processes in the fetal gut induced by chorioamnionitis or fetal HI. In 

addition, we focused on exploring potential therapeutic interventions in utero to prevent 

intestinal inflammation and injury associated with these two pathological conditions. For 

these purposes, we used the well characterized translational ovine models as the 

development of the fetal ovine intestine is comparable to human.   

 In Chapter 2, the relative contribution of selective IL-1α exposure to fetal 

mucosal surfaces (i.e. lung, gut and chorioamnion/skin) in the induction of intestinal 

inflammation and injury were investigated. Previous studies in an ovine model of 

chorioamnionitis have shown that inhibition of IL-1 signaling largely prevents 

chorioamnionitis-induced gut inflammation and damage. Nevertheless, the impact of 

IL-1α-driven immune activation of the gut or extraintestinal tissues on the outcome of 

the fetal intestine has not been investigated. For this purpose, IL-1α was selectively 

infused to different isolated fetal compartments (gut, lung and chorioamnion/skin) and 

intestinal histological changes were assessed. Our findings showed that intestinal 

inflammation was provoked by both direct IL-1α exposure to the intestinal mucosa and 

indirect IL-1α-mediated immune responses driven by the lung and chorioamnion/skin. 

In addition, mucosal damage and altered maturation of the fetal gut were exclusively 

provoked by direct IL-1α exposure. These results suggest that the local IL-1α-driven 

intestinal inflammatory response is fundamentally involved in the pathological features 

of the fetal gut in the context of chorioamnionitis. Since inflammatory changes in the 

fetal intestine can also be induced upon IL-1α exposure of the fetal lung and 

chorioamnion/skin, future therapeutic strategies should focus on targeting both 
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intestinal and extraintestinal immune responses to reduce gut morbidity after 

chorioamnionitis.        

 In Chapter 3, the potential therapeutic value of intestinal regulatory T (Treg) 

cell expansion with the cytokine IL-2 in the context of experimental chorioamnionitis 

was evaluated. Treg cells are crucial mediators of immune homeostasis in different 

organs including the intestine. Previous studies have shown that chorioamnionitis 

decreased the Treg/T effector (Teff) cell balance in the gut, which was accompanied by 

intestinal inflammation and mucosal injury. Therefore, in chapter 3 it was hypothesized 

that preferential expansion of Treg cells in the fetal gut by prophylactic IL-2 treatment 

would prevent the fetus from adverse intestinal outcomes in the course of 

chorioamnionitis. To test this hypothesis, fetal sheep were intra-amniotically exposed 

to lipopolysaccharide, with or without prophylactic intravenous IL-2 treatment. We 

found that systemic IL-2 administration resulted in an improved Treg/Teff cell ratio in 

the fetal gut. Importantly, when animals received prophylactic IL-2 treatment, 

chorioamnionitis-induced intestinal inflammation and mucosal damage were 

prevented. These findings indicate that boosting fetal Treg cells could be beneficial in 

case of chorioamnionitis-related intestinal complications.    

 In Chapter 4, the pathological intestinal changes as a consequence of Candida 

albicans (C.albicans)-mediated chorioamnionitis were studied. Although 

chorioamnionitis is commonly caused by bacterial infection of the amniotic cavity, fungi 

including C.albicans are also linked with intrauterine infection. In chapter 4 we also 

evaluated whether the antifungal drug fluconazole protected the fetal gut after 

C.albicans-induced chorioamnionitis. To address these issues, intra-amniotic (IA) 

injections with C.albicans were given to pregnant sheep before preterm delivery. In 

addition, in utero fluconazole treatment was given 2 days after the IA C.albicans 

infection. We found that IA C.albicans infection caused intestinal colonization and 

mucosal invasion with concomitant epithelial damage and inflammation of the fetal gut. 

Although fluconazole treatment decreased intestinal C.albicans colonization and 

mucosal injury, anti-fungal treatment did not attenuate intestinal inflammation. These 
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data imply that although in utero fluconazole treatment may be a therapeutic strategy in 

case of C.albicans-mediated chorioamnionitis, more comprehensive treatment 

strategies which can completely prevent C.albicans-induced intestinal inflammation and 

injury should be investigated.       

 In Chapter 5, the pathological changes that occur in the fetal gut after global HI 

were examined. Similar to chorioamnionitis, global fetal HI is associated with 

detrimental postnatal intestinal outcomes, with inflammation being a key component 

involved in the underlying pathology. Since mesenchymal stem cells (MSCs) have been 

previously used to prevent HI-induced intestinal damage of the adult intestine, we 

administered MSCs as a potential approach to attenuate the adverse effects on the fetal 

intestine as a consequence of global HI. To address our aims, fetal sheep were subjected 

to umbilical cord occlusion (UCO), with or without intravenous MSC treatment. Global 

HI induced by UCO, resulted in intestinal inflammation, muscle thickening, distortion 

of enteric glial cells and altered neurotransmission. A single dose of intravenous MSC 

treatment at 1 hour after UCO did not ameliorate these HI-induced adverse intestinal 

consequences. Since the chosen MSC treatment regimen failed to ameliorate these 

detrimental intestinal effects, future research is needed to reveal a comprehensive cell-

based therapy to protect the fetal gut after global HI.    

 In conclusion, in this dissertation evidence is provided that chorioamnionitis 

and global fetal HI induce intestinal inflammation which was associated with epithelial 

injury and impaired development of the gut and enteric nervous system (ENS). 

Although in this dissertation the postnatal consequences of these prenatal events were 

not explored, the reported pathological changes in the fetal gut are linked with neonatal 

pathologies including necrotizing enterocolitis (NEC). In addition, this thesis tested 

novel strategies for protecting the fetal gut against the detrimental intestinal 

consequences associated with antenatal inflammation and global HI. The findings 

obtained during this PhD contribute to the development of more comprehensive 

therapeutic strategies to treat and/or prevent gut-related complications following 

chorioamnionitis and fetal HI. 
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Samenvatting         

Vruchtwater infectie (Chorioamnionitis) en zuurstof tekort (hypoxie-ischemie, 

HI) rondom de geboorte) zijn twee pathologische condities die geassocieerd zijn met 

een verhoogd risico op darm ziekten. Bij beide aandoeningen speelt ontsteking een 

essentiële rol in het veroorzaken van orgaanschade. De studies beschreven in dit 

proefschrift hebben als doel inzicht te verkrijgen in de inflammatoire en 

ontwikkelingsreacties van de foetale darm na chorioamnionitis of HI. Daarnaast focust 

het onderzoek in dit proefschrift op het ontwikkelen van nieuwe therapieën rondom de 

zwangerschap om deze inflammatie/ontsteking en schade in de darm te voorkomen. 

Voor dit onderzoek hebben we gebruik gemaakt van een goed gekarakteriseerd 

translationeel schapenmodel omdat de ontwikkeling van de foetale darm van het schaap 

zeer vergelijkbaar is met die van de mens.     

 In hoofdstuk 2, hebben wij de relatieve bijdrage van selectieve IL-1α 

blootstelling aan verschillende mucosale foetale weefsels (long, darm en 

chorionamnion/huid) in relatie tot de inductie van intestinale inflammatie en schade 

bestudeerd. Eerder onderzoek heeft laten zien dat het remmen van IL-1 grotendeels 

de nadelige veranderingen in de darm als gevolg van chorioamnionitis voorkomt. 

Echter, de gevolgen van IL-1α-gemedieerde immuun-activatie van mucosale organen, 

waaronder de darm, long en huid, voor van de foetale darm was nog nooit eerder 

onderzocht. Om dit te onderzoeken hebben we verschillende mucosale oppervlakten 

selectief blootgesteld aan IL-1α en veranderingen in de darm histologisch geëvalueerd. 

Onze bevindingen tonen aan dat zowel directe IL-1α blootstelling, als ook indirecte IL-

1α blootstelling via de long en chorionamnion/huid, inflammatie in de darm induceert. 

Echter, mucosale schade en een verstoorde ontwikkeling van de foetale darm werd 

alleen waargenomen na directe IL-1α blootstelling. Deze resultaten suggereren dat de 

lokale IL-1α gemedieerde inflammatoire respons fundamenteel betrokken is bij de 

pathologische veranderingen in de foetale darm in het kader van chorioamnionitis. 

Gezien het feit dat ontsteking in de foetale darm ook geïnduceerd kan worden via IL-
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1α blootstelling aan de long en chorioamnion/huid zullen toekomstige therapeutische 

strategieën zich moeten richten op zowel de intestinale als extra-intestinale immuun 

reacties om darm-gerelateerde morbiditeit na chorioamnionitis te voorkomen. 

 In hoofdstuk 3, hebben we in het kader van chorioamnionitis, de 

therapeutische potentie van het verhogen van het aantal regulatoire T (Treg) cellen door 

IL-2 in de foetale darm bestudeerd. Treg cellen zijn belangrijk in het reguleren van 

immuun homeostase in verschillende organen waaronder de darm. Eerder onderzoek 

heeft aangetoond dat chorioamnionitis de Treg/T effector (Teff) cel balans in de darm 

verlaagde, hetgeen gepaard ging met darmontsteking en darmschade. In dit hoofdstuk 

hebben we onderzocht of verhoging van de Treg/Teff cel balans door het profylactisch 

toedienen van IL-2 de chorioamnionitis-geïnduceerde pathologische veranderingen in 

de foetale darm kan voorkomen. In dit onderzoek werd IL-2 (of een zoutoplossing voor 

controle dieren) intraveneus toegediend aan foetale schapen. Vervolgens werd een 

intra-uteriene ontstekingsreactie opgewekt door lipopolysaccharide aan het vruchtwater 

toe te dienen. Intraveneuze IL-2 toediening resulteerde conform onze hypothese in een 

verbeterde Treg/Teff cel ratio in de foetale darm. De toename van deze Treg/Teff cel 

ratio ging gepaard met een remming van de ontstekingsreactie in de darm en het 

remmen/voorkomen van darm schade in chorioamnionitis dieren. Deze bevindingen 

tonen aan dat het boosten van de foetale Treg cellen therapeutisch zeer interessant is 

in het kader van chorioamnionitis-geïnduceerde darmziekten.   

 In hoofdstuk 4, hebben we de veranderingen in de foetale darm als gevolg van 

C.albicans-geïnduceerde chorioamnionitis bestudeerd. Hoewel chorioamnionitis 

meestal veroorzaakt wordt door een bacteriële infectie van de amnionholte, worden 

schimmels zoals C.albicans ook geassocieerd met intra-uteriene infecties. Ook hebben 

we onderzocht of het gebruik van het antimycotisch middel Fluconazol de foetale darm 

beschermt na C.albicans-geïnduceerde chorioamnionitis. Hiervoor hebben zwangere 

schapen intra-amniotische injecties met C.albicans gekregen in de aan of afwezigheid 

van een eenmalige intra-amniotische Fluconazol injectie. Een intra-amniotische 

C.albicans infectie resulteerde in kolonisatie van deze schimel in de darm die gepaard 
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ging met mucosale invasie door C.albicans met epitheliale schade en ontsteking. Dit 

onderzoek toont aan dat fluconazol behandeling de C.albicans kolonisatie en mucosale 

schade verminderde, maar intestinale schade werd niet voorkomen. Deze data 

impliceert dat hoewel in utero fluconazol behandeling een goede behandeling is in het 

geval van C.albicans-gemedieerde chorioamnionitis. Uitgebreider onderzoek nodig is 

naar behandelingen die ook de C.albicans-geïnduceerde inflammatie en schade van de 

foetale darm voorkomt.        

 In hoofdstuk 5, hebben we de pathologische veranderingen die optreden in de 

foetale darm na globale HI onderzocht. HI wordt net als chorioamnionitis geassocieerd 

met schadelijke postnatale intestinale gevolgen en ook hier is inflammatie essentieel in 

de onderliggende pathologische veranderingen. Gelet op het feit dat mesenchymale 

stam cellen (MSCs) de HI-geïnduceerde darmschade van de volwassen darm 

voorkomen, hebben we MSCs als mogelijke behandelingsregime gekozen om de 

nadelige gevolgen van globale HI op de foetale darm te voorkomen. In dit onderzoek 

werden foetale schapen blootgesteld aan een tijdelijke navelstrengcompressie en 

werden de dieren al dan niet behandeld door een intraveneuze toediening van MSCs. 

Globale HI veroorzaakt door navelstrengcompressie veroorzaakt intestinale 

inflammatie, verdikking van de spierlagen in de darm, verstoring van enterale gliale 

cellen en veranderdingen in neurotransmissie. Een eenmalige intraveneuze gift van 

MSCs 1 uur na navelstrengcompressie had geen effect op deze HI-geïnduceerde 

nadelige intestinale gevolgen. Gelet op het gebrek aan farmacologische effecten van de 

MSC behandeling in dit model is er verder onderzoek naar nieuwe (cell-based) 

behandelingen om de foetale darm te beschermen na globale HI. 

 Samengevat, in dit proefschrift wordt bewijs geleverd dat chorioamnionitis en 

globale foetale HI intestinale inflammatie veroorzaken, welke geassocieerd is met 

epitheliale schade en een verstoorde ontwikkeling van de darm. Hoewel in dit 

proefschrift de postnatale gevolgen van deze prenatale gebeurtenissen niet werden 

onderzocht, worden de gerapporteerde pathologische veranderingen in de foetale darm 

geassocieerd met neonatale aandoeningen zoals necrotizerende enterocolitis (NEC). 
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Daarnaast worden nieuwe behandelingsstrategieën getest die de foetale darm 

beschermen tegen de schadelijke gevolgen ten gevolge van antenatale inflammatie of 

globale HI. De bevindingen verkregen gedurende dit promotietraject dragen bij aan de 

ontwikkeling van nieuwe behandelingsstrategieën voor het behandelen en/of 

voorkomen van darm-gerelateerde complicaties na chorioamnionitis en/of foetale HI. 
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Valorization 

Preterm birth is the most important cause of neonatal morbidity and mortality 

in the developed world (1). The WHO estimates that each year, 15 million babies are 

born premature and approximately one million children die due to complications of 

prematurity (1, 2). For a large proportion of the surviving preterm neonates, there will 

be a lifetime of adverse health outcomes including respiratory problems, poor 

nutritional uptake, intestinal dysmotility, learning disabilities, motor and visual 

impairments (3-5). This indicates an enormous economic and social burden. Medical 

care costs have reversed relationship with the neonate’s gestational age (6). Recently, a 

report by the Institute of Medicine in the US estimated that the economic burden 

related to preterm birth was approximately 26.2 billion USD in 2005 (~ 51,600 USD 

per neonate born premature) (7). Around 33,000 USD per preterm neonate were 

utilized for medical care services, with more than 85% of those provided between 0 - 5 

years of age (7). In Europe, recent evidence from a study in Finland has shown that the 

standard costs for surviving preterm (<1000 g) neonates are ~ 100,000 EUR within 2 

years whereas for term neonates are ~ 3,000 EUR (7). Besides the costs for 

hospitalization and associated neonatal intensive care for preterm babies, premature 

birth and related complications constitute additional costs including expenses for special 

education or costs due to travelling, accommodation, neonatal care (parental time and 

related lower income from parents' perspective) (6, 7). In addition to financial 

considerations, the birth of a premature infant can affect physical, emotional and social 

status of the parents and relatives (6, 7). In particular, mothers who have given birth to 

a preterm infant are at high risk of psychological distress, anxiety and depression and 

thus, they are in need for social support (7, 8).    

 The adverse health effects of a preterm birth can be further intensified by 

chorioamnionitis and perinatal asphyxia, which constitute independent risk factors for 

postnatal pathologies (9, 10). Chorioamnionitis, defined as inflammation of the fetal 

membranes, is the most frequent cause of preterm labor. It is estimated that 

approximately 25% of the premature infants are born by a mother with 
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chorioamnionitis (11, 12). This percentage is even higher in lower gestational ages 

where approximately 60% of extremely premature (< 25 weeks of gestations) births are 

associated with chorioamnionitis (13, 14). Similar to chorioamnionitis, perinatal 

asphyxia causes fetal inflammation and is a frequent fetal/neonatal medical 

complication accounting for approximately one million deaths each year (15, 16) with 

an equal amount of survivors who are at high risk to develop lifelong physical and 

neurological disabilities. Both perinatal pathological conditions affect multiple fetal 

organs including the gut. The most serious, life threatening postnatal intestinal disease 

associated with chorioamnionitis is NEC (17, 18). In addition to chorioamnionitis, 

prematurity is an independent risk factor for NEC as it has been shown that NEC is 

inversely correlated with gestational age (19, 20). Increased incidence of NEC has also 

been linked to perinatal asphyxia (21). Given the impact of chorioamnionitis and 

perinatal asphyxia on intestinal functioning, it is crucial to unravel the underlying 

mechanisms which may explain the correlation between chorioamnionitis/perinatal 

asphyxia and intestinal pathologies. Therefore, the studies described in this dissertation 

aimed at characterizing the intestinal pathological changes induced by chorioamnionitis 

and fetal HI. In addition, we investigated the potential of antenatal therapeutic 

interventions to prevent intestinal injury caused by these pathological conditions. 

 The findings in chapter 2 extended our previous knowledge in respect to first, 

the fundamental role of IL-1α signaling in chorioamnionitis-induced adverse intestinal 

effects and second, the relative contribution of selective IL-1α exposure to fetal mucosal 

surfaces (i.e. lung, gut and chorioamnion/skin) in the induction of intestinal 

inflammation and injury in the context of experimental chorioamnionitis. We provided 

mechanistic evidence that chorioamnionitis-driven intestinal pathological changes 

primarily require direct IL-1α-mediated intestinal activation. However, extraintestinal 

IL-1α-driven immune responses (i.e. lung and chorioamnion/skin) also contributed to 

intestinal inflammation. This increased insight is essential for the design of future 

immunomodulatory therapeutic strategies where both intestinal and extraintestinal IL-

1α-driven immune responses will be targeted to protect the fetal gut after antenatal 



 Valorization 

199 
 

inflammation.         

 Using our preclinical ovine model, we explored the therapeutic potential of 

systemic administration of IL-2 to prevent chorioamnionitis-induced adverse intestinal 

outcomes. In chapter 3, the principal concept was to use the immunomodulatory 

properties of IL-2 to preferentially expand the Treg cell population which is necessary 

to control the intestinal immune responses under physiological and pathophysiological 

conditions. We revealed that IL-2, a drug that is already in clinical use, can be used to 

prevent chorioamnionitis-driven adverse intestinal outcomes. The application of IL-2 

to protect the fetal gut in the context of experimental chorioamnionitis has been filed 

as a patent in January 2015 (22). This innovative in utero approach to prevent 

gastrointestinal diseases associated with chorioamnionitis has the potential to be 

beneficial in numerous neonates who are born with chorioamnionitis each year 

worldwide. Importantly, in this study prophylactic administration of IL-2 was not 

correlated with adverse health outcomes of the fetus including immunosuppression and 

vascular leak syndrome. Considering the current beneficial effects of IL-2 on the fetal 

gut, additional studies are needed to explore the therapeutic efficiency of IL-2 after the 

onset of chorioamnionitis.      

 Before prophylactic IL-2 administration can be translated into the clinic, there 

are several aspects that should be considered. The results need to be tested and 

validated under the scope of regulatory affairs. Toxicology testing of IL-2 on fetal tissues 

should be conducted. All products need to be prepared in good clinical practice (GCP) 

and standard operating procedures (SOP) need to be developed. The investigational 

medical product dossier (IMPD) needs to be written and the permission of ethics 

committee on research involving human subjects needs to be approved. The idea of 

using IL-2 to prevent gastrointestinal disease caused by chorioamnionitis can be further 

commercialized by companies which can support and provide services for clinical 

implementation.        

 Besides bacteria, fungi including C.albicans have been associated with 

chorioamnionitis. Therefore, in this dissertation (Chapter 4) we investigated the adverse 



Chapter 8 

200 

 

intestinal effects of C.albicans-mediated chorioamnionitis in a translational ovine 

model. In addition we tested the therapeutic effects of the antifungal fluconazole to 

protect the fetal gut after C.albicans-induced chorioamnionitis. Our results 

demonstrated that intra-amniotic C.albicans infection causes intestinal infection, injury 

and inflammation within a short period of time (~ 3 days). These intestinal pathological 

features were associated with systemic inflammation and candidemia. These findings 

imply that in case of C.albicans-mediated chorioamnionitis the progression of the 

infection is rapid indicating that it is of significant importance to early detect and 

immediately treat the IA fungal infection to reduce morbidity. In this study, the infected 

animals were treated with fluconazole at a single time point after IA C.albicans infection 

which although resulted in decreased mucosal injury and mortality, failed to ameliorate 

C.albicans-mediated mucosal inflammation. This indicates that the applied in utero 

therapeutic strategy needs to be optimized by considering several aspects including but 

not limited to the timing, frequency and dosing of the antifungal treatment.  

 In addition to chorioamnionitis, the present dissertation (Chapter 5) addressed 

the adverse intestinal outcomes as a consequence of fetal HI. We revealed that global 

HI in fetal sheep induced intestinal inflammation which was associated with structural 

changes and impaired development of the ENS. In addition, we used an innovative 

approach to test whether the adverse effects of global HI on the fetal gut would be 

ameliorated by intravenous administration of MSCs. Our findings showed that the 

detected pathological intestinal features as a consequence of global HI were not 

attenuated by the chosen therapeutic MSC-based therapeutic strategy. We chose to 

administer MSC systemically as this remedy was previously shown to protect the fetal 

brain from inflammation, structural and functional impairment which was associated 

with reduced mobilization and invasion of T cells in the preterm brain (23). As this 

therapeutic strategy provides selective organ protection, additional investigation should 

focus on a MSC-based therapy which will collectively protect the fetal brain and gut after 

global HI. These strategies should focus on timing, route and dose of MSC 

administration.        
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 The acquired knowledge from the translational studies described in this 

dissertation are of significant interest not only for researchers but also for clinicians 

including neonatologists, gynecologists, surgeons, perinatologists and pediatricians who 

are interested in understanding the basic mechanisms underlying gastrointestinal 

diseases in the newborn. In addition, this dissertation helps to raise parent’s awareness 

of preterm neonates affected by chorioamnionitis and HI and their relationship (infant-

parent interaction). Moreover, the effects of the described innovative in utero 

therapeutic interventions can form the basis for scientists to investigate their therapeutic 

potential in depth and develop additional strategies which will collectively reduce fetal 

organ morbidity after chorioamnionitis and global HI.    

 In conclusion, the studies described in this dissertation contribute to our 

understanding concerning the effects of prenatal inflammatory stimuli (such 

chorioamnionitis and fetal HI) and intestinal complications. In addition, this 

dissertation presents potential interventions to protect the fetal gut in the context of 

chorioamnionitis. Nevertheless, additional research is required for clinical 

implementation and our translational model is suitable to test the efficacy and feasibility 

of more comprehensive therapeutic strategies to prevent and/or treat gastrointestinal 

complications after antenatal inflammation. 

 

 

 

 

 

 

 

 



Chapter 8 

202 

 

References 

1. Blencowe H, Cousens S. Addressing the challenge of neonatal mortality. Trop 

Med Int Health. 2013;18:303-312. 

2. Blencowe H, 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. 

3. Boyle EM, et al. Effects of gestational age at birth on health outcomes at 3 and 

5 years of age: population based cohort study. BMJ. 2012;344:e896. 

4. Lee AC, et al. Intrapartum-related neonatal encephalopathy incidence and 

impairment at regional and global levels for 2010 with trends from 1990. Pediatr Res. 

2013;74 Suppl 1:50-72. 

5. Moster D, Lie RT, Markestad T. Long-term medical and social consequences 

of preterm birth. N Engl J Med. 2008;359:262-273. 

6. Zupancic JAF. Preterm Birth: Causes, Consequences, and Prevention. A 

Systematic Review of Costs Associated with Preterm Birth. Behrman RE BA, editor. 

Washington (DC): National Academies Press (US); 2007. 

7. Hodek JM, von der Schulenburg JM, Mittendorf T. Measuring economic 

consequences of preterm birth - Methodological recommendations for the evaluation 

of personal burden on children and their caregivers. Health Econ Rev. 2011;1:6. 

8. Eutrope J, et al. Emotional reactions of mothers facing premature births: study 

of 100 mother-infant dyads 32 gestational weeks. PLoS One. 2014;9:e104093. 

9. Czikk MJ, McCarthy FP, Murphy KE. Chorioamnionitis: from pathogenesis to 

treatment. Clin Microbiol Infect. 2011;17:1304-1311. 

10. Aslam HM, et al. "Risk factors of birth asphyxia". Ital J Pediatr. 2014;40:94. 

11. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes. 

Science. 2014;345:760-765. 

12. Horvath B, Lakatos F, Toth C, Bodecs T, Bodis J. Silent chorioamnionitis and 

associated pregnancy outcomes: a review of clinical data gathered over a 16-year period. 

J Perinat Med. 2014;42:441-447. 

13. Romero R, Espinoza J, Chaiworapongsa T, Kalache K. Infection and 

prematurity and the role of preventive strategies. Semin Neonatol. 2002;7:259-274. 

14. Goldenberg RL, Hauth JC, Andrews WW. Intrauterine infection and preterm 

delivery. N Engl J Med. 2000;342:1500-1507. 

15. Black RE, et al. Global, regional, and national causes of child mortality in 2008: 

a systematic analysis. Lancet. 2010;375:1969-1987. 

16. Lawn JE, Kerber K, Enweronu-Laryea C, Cousens S. 3.6 million neonatal 

deaths--what is progressing and what is not? Semin Perinatol. 2010;34:371-386. 



 Valorization 

203 
 

17. Been JV, Lievense S, Zimmermann LJ, Kramer BW, Wolfs TG. 

Chorioamnionitis as a risk factor for necrotizing enterocolitis: a systematic review and 

meta-analysis. J Pediatr. 2013;162:236-242 e232. 

18. Coggins SA, Wynn JL, Weitkamp JH. Infectious causes of necrotizing 

enterocolitis. Clin Perinatol. 2015;42:133-154, ix. 

19. Gephart SM, McGrath JM, Effken JA, Halpern MD. Necrotizing enterocolitis 

risk: state of the science. Adv Neonatal Care. 2012;12:77-87; quiz 88-79. 

20. Derikx JP, Kramer BW, Wolfs TG. Are EGF and TLR-4 crucial to 

understanding the link between milk and NEC? Mucosal Immunol. 2015;8:979-981. 

21. Thornton KM, Dai H, Septer S, Petrikin JE. Effects of whole body therapeutic 

hypothermia on gastrointestinal morbidity and feeding tolerance in infants with hypoxic 

ischemic encephalopathy. Int J Pediatr. 2014;2014:643689. 

22. Tim Guillaume Anna Marie WOLFS BWWK, inventor Method for the 

treatment or prevention of gastrointestinal disease caused by chorioamnionitis. 

Universiteit Maastricht, Academisch Ziekenhuis Maastricht, Netherlands2015. 

23. Jellema RK, et al. Mesenchymal stem cells induce T-cell tolerance and protect 

the preterm brain after global hypoxia-ischemia. PLoS One. 2013;8:e73031. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 
 

 

 

 

List of Abbreviations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 List of Abbreviations 

207 
 

Abbreviations 

 

ANOVA  analysis of variance 

APC   antigen presenting cells  

ATP   adenosine triphosphate 

BPD   bronchopulmonary dysplasia 

BSA   bovine serum albumin 

ELISA   enzyme-linked immunosorbent assay 

ER   endoplasmic reticulum 

C   Celsius 

C.albicans  Candida Albicans 

CCL25   Chemokine (C-C motif) ligand 25 

CD   cluster of differentiation 

cDNA   complementary DNA 

CFU   colony-forming unit 

CNS   central nervous system 

d   day (s) 

DAMPs  damage-associated molecular patterns 

DAPI   4’,6’-diamino-2-phenyl indole 

DC   dendritic-cell 

DMSO   dimethylsulfoxide 

DNA   deoxyribonucleic acid 

ECG   electrocardiography 

E.coli   escherichia coli 

EEG   electroencephalography 

EGF   epidermal growth factor 

ENS   enteric nervous system 

EUR   euro 

FCS   fetal calf serum 

FIRS   fetal inflammatory response syndrome 

FITC   fluorescein isothiocyanate 

Fluc   fluconazole 

FoxP3   forkhead box P3 

FSC   forward scatter 

Fw   forward 

GA   gestational age 

GFAP   glial fibrillary acidic protein 

GI   gastrointestinal 
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GCP   good clinical practice 

H&E   hematoxylin and eosin staining 

HELLP  Hemolysis, Elevated Liver enzymes, Low Platelet count 

HI   hypoxia-ischemia 

HIE   hypoxic-ischemic encephalopathy 

HIF   hypoxia inducible factor 

H2O2   hydrogen peroxide 

Hrs   hours 

5-HT   5-hydroxytryptamine 

IA   intra-amniotic 

IBD   inflammatory bowel disease 

I-FABP  intestinal fatty acid-binding protein 

IFN   interferon 

IGF   insulin-like growth factor 

IL   interleukin 

IL-1RA  recombinant IL-1 receptor antagonist 

IMPD   investigational medical product dossier 

Instrum.  instrumentation 

i.p.   intra-peritoneal 

IU   international units 

IUGR   intrauterine growth restriction 

i.v.   intravenous 

iTreg   induced regulatory T cell 

kg   kilogram 

LPS   lipopolysaccharide 

µg   microgram 

mg/kg   milligram/kilogram 

MCP   monocyte chemoattractant protein 

MFI   mean fluorescence intensity 

MLN   mesenteric lymph node 

mL   milliliter 

MPO   myeloperoxidase 

mRNA   messenger ribonucleic acid 

MSCs   mesenchymal stem cells 

n   number 

Na+/H+  sodium/hydrogen 

N.D.   not detectable 

NEC   necrotizing enterocolitis 
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NF-κB   nuclear factor κB 

NiDAB  nickel sulfate-diaminobenzidine 

nm   nanometer 

nTreg   natural regulatory T cell 

Ocln   snout occlusion 

PAMPs  pathogen-associated molecular patterns 

PAS   periodic acid Schiff 

PBS   phosphate buffer saline 

PCR   polymerase chain reaction 

PE   phycoerythrin 

PGE2   prostaglandin E2 

PP   Peyer Patches 

PPHN   persistent pulmonary hypertension of the newborn 

PPROM  preterm premature rupture of the membranes 

qPCR   quantitative real time polymerase chain reaction 

RDS   respiratory distress syndrome 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

rRNA   ribosomal RNA 

Rv   reverse 

SD s  tandard deviation 

SEM   standard error of the mean 

SMA   superior mesenteric artery 

SOP   standard operating procedure 

SSC   side scatter 

TBS   tris buffered saline 

Teff   effector T cell 

TGF   tumour growth factor 

Th   helper T cell 

TLRs   toll like receptors 

TNF   tumour necrosis factor 

Treg   regulatory T cell 

Tris   tris(hydroxymethyl)aminomethane 

UCO   umbilical cord occlusion 

UP   Ureaplasma 

USD   United States Dollar 

VEGF   vascular endothelial growth factor 

WA   Western Australia 
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WHO   World Health Organization 

ZO-1   zonula occludens 1 
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