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SUMMARY

Preterm labor with intact membranes (PTL) is responsible for approximately 40% of all preterm
deliveries. PTL is frequently complicated by intra-amniotic inflammation (IAI), characterized
by the elevation of inflammatory mediators in the amniotic fluid. Based on the presence or
absence of microbial mvasion of the amniotic cavity (MIAC), two different clinical phenotypes
of IAI are distinguished: 1) intra-amniotic mfection, when microorganisms are present n the
amniotic fluid, and i) sterile IAI, when there are no microorganisms i the amniotic fluid. The
clinical severity of both phenotypes of IAl is underlined by therr association with adverse

neonatal outcomes.

In addition to the presence or absence of MIAC, there are also differences between the
phenotypes of IAI in terms of their intra-amniotic inflammatory status characteristics. The
clinical part of this thesis has addressed these differences in women with PTL. The first specific
aim of this clinical study was to determine the concentration of interleukin (IL)-6 in the cervical
fluid of women with PTL complicated by intra-amniotic infection and sterile Al The second
specific aim was to determine the concentration of IgGFc-binding protein (FcgammaBP) in the

amniotic and cervical fluids of women with PTL complicated by intra-amniotic infection and
sterile TAIL

Both specific aims of the clinical part of this thesis were nvestigated in the same study
population, consisting of 79 women with PTL. The presence of both phenotypes of IAI was
associated with a higher concentration of IL-6 in the cervical fluid than the absence of IAL
However, there were no differences in the concentration of IL-6 in the cervical fluid between
the phenotypes of IAl. The concentration of FcgammaBP i amniotic fluid was elevated mn the
presence of both phenotypes of intra-amniotic inflammation, being more pronounced m the
presence of mtra-amniotic infection. The concentration of FcgammaBP m the cervical fluid was

not altered by the presence of either phenotype of IAI

Animal models of IAI represent a unique tool in the research of preterm delivery, enabling the
study of aspects that cannot be evaluated in human clinical studies. Therefore, the objective of
this thesis was to develop a rat model of IAI established by ultrasound-guided intra-amniotic
administration of an inflammatory agent. The first specific aim of the experimental part of this
thesis was to perform a systematic review of literature on methods of mntra-amniotic
administration of infectious and/or inflammatory agents to develop a rodent model of

mflammation-driven preterm delivery. The second specific aim was to assess the effect of




ultrasound-guided  intra-amniotic administration of lipopolysaccharide (LPS) on the
concentration of IL-6 in the amniotic fluid ofrats. The third specific aim was to define a detailed

protocol for ultrasound-guided intra-amniotic administration of an agent in a rat.

A systematic review of the literature revealed that ntra-amniotic administration of triggering
agents was used to model intra-amniotic infection/inflammation in rodents. Intra-amniotic
administration under ultrasound guidance has been described n mice, but not in rats. Our
experiments performed on seven rat dams showed that ultrasound-guided intra-amniotic
administration ofan agent was feasible in rats. Administration of 10 pg of Escherichia coli LPS
serotype O55:B5 per gestational sac resulted in the development of IAI and did not induce labor
or fetal mortality. The processes of ultrasound- guided intra-amniotic admmistration of an agent
in a rat were summarized as a protocol to offer detailed guidelines supporting the feasibility

and reproducibility of this technique for future research.




SOUHRN

Ptedcasny porod se zachovalym vakem blan (PTL) piedstavyje piblizné 40 % vSech
piedCasnych porodi. PTL je Casto komplkovan mntraamnialnim zinétem (IAI), ktery je
charakterizovan zvySenou koncentraci zanétlivych medidtord v plodové vodé. Na zikladé
pfitomnosti mikrobidlni invaze do amnidlni dutiny (MIAC) se rozliSuji dva klinické fenotypy
IAL 1) intraamnialni infekce, kdy jsou v plodové vod¢ pfitomny mikroorganismy, a i) sterilni
IAI bez piitomnosti mikrobtt v plodové vodé. Oba fenotypy IAI jsou spojeny s horSimi

neonatalnimi vysledky, coz podtrhuje jejich klinickou zavaznost.

Oba fenotypy IAI vykazuyji kromé piitomnosti MIAC dalsi odliSnosti v charakteristikach
ntraamnidlniho zanétu. Témito rozdily se zabyva klinickd cast disertace. Prvnim specifick ym
cilem klnické casti bylo stanoveni koncentraci interleukinu (IL) - 6 v cervikalni tekutiné Zen s
PTL komplikovanym intraamnidlni infekci a sterinim IAIL Druhym specifickym cilem bylo
stanoveni IgGFc-binding proteinu (FcgammaBP) v amnidlni a cervikalni tekutiné Zen s PTL

komplikovanym intraamnidlni infekci a sterinim TAL

Oba specifické cile klinické ¢asti této disertace byly zZkoumany na stejné kohorté 79 Zen s PTL.
Ptitomnost obou fenotyptl IAI byla spojena se zvySenymi hladinami IL-6 v cervikalni tekuting.
Mezi jednotlivymi fenotypy IAI vSak v koncentracich IL-6 v cervikalni tekutin€ nebyly rozdily.
Koncentrace FcgammaBP v plodové vodé byla zvySena u obou fenotypti IAI, vyraznéji v
pfipadé¢ mtraamnidlni mfekce. Hladiny FcgammaBP v cervikdlni tekutiné nebyly ovlivnény

pfitomnosti Zadného z fenotypti 1AL

Animalni modely TAI pfedstavyji jedine¢ny nastroj k vyzkumu pted¢asného porodu. Umoziuji
studovat aspekty predCasného porodu, které nelze vyhodnotit v klinickych studich u hdi.
Experimentalnim cilem této prace bylo vyvinout model IAI u potkana pomoci intraamnidIni

aplikace induktorti zanétu pod ultrazvukovou kontrolou.

Prvnim specifickym cilem experimentdlni ¢asti bylo vypracovat systematicky ptehled
literatury zaméfeny na metody intraamnidlni aplikaci induktord infekce a zanétu za ucelem
vytvofeni zanétem indukovaného modelu predcasného porodu u hlodavcd. Druhym
specifickym cilem bylo posoudit u¢inek ultrazvukem navigované intraamnidlni aplikace
lipopolysacharidu (LPS) na hladinu IL-6 v plodové vodé u potkantl. A tfetim specifickym cilem
bylo vytvofit protokol pro ultrazvukem navigované intraamnidlni podani induktortit zanétu u

potkana.




Systematicky ptehled literatury ukazal, ze se ntraamnialni podavani induktord k modelovani
mtraamnidlni infekce ¢i zan€tu u hlodave pouziva. Ultrazvukem navigované intraamnidIni
podani bylo popsano pouze u mysi, ale ne u potkana. Nase studie provadénd na sedmi samicich
ukazala, 7ze mtraamnialni aplikace navigovana ultrazvukem je proveditelna u potkana. Podani
10 pyg E. coli LPS sérotypu O55: B5 intraamnidlné vedlo k rozvoji IAI a nebylo spojeno s
pfed¢asnym porodem a ani s vy$§i umrtnosti plodd. Ultrazvukem navigovand intraamnidIni
aplikace induktorti zanétu u potkana byla podrobné popsana v protokolu, ktery podporuje
proveditelnost a reprodukovatelnost této techniky pro budouci vyzkum.




1. INTRODUCTION

1.1 PRETERM DELIVERY

Preterm delivery is defined by the World Health Organization (WHO) as delivery occurring
before 37 weeks of gestation [1,2]. It is a heterogeneous entity resulting from various maternal

and/or fetal disorders and is a leading cause of nfant morbidity and mortality [3].

The precise prevalence of preterm delivery worldwide is unknown because of the lack of data
on preterm delivery in many countries [4,5]. However, based on available sources from more
than 180 countries, the estimated global rate of preterm delivery is approximately 11%, with
almost 15 million babies born preterm annually [3,6]. The rate varies widely between countries,
with the highest rates reported in Africa, South Asia [6,7]. In European countries and other
developed countries, the rate of preterm delivery is between 6% and 9% [8,9]. This
heterogeneity can be explained by differences in race/ethnicity, female education, poverty level,

increasing maternal age, or the number of smoking individuals [10].

It is estimated, that more than 1 million children under 5 years ofage die due to preterm delivery
and associated complications per year [11]. In addition, those who survive are at a greater risk
of a range of short- and long-term morbidities. In general, 75% of all perinatal deaths and more

than 50% of all postnatal morbidities are related to preterm delivery [6].

Adverse neonatal outcomes are inversely related to gestational age at delivery [12-14]. With
respect to the fact that gestational age is a crucial determiner of neonatal outcome, preterm

delivery is stratified into the following categories:

i)  Extremely preterm delivery occurs before 28 weeks of gestation and accounts for 5% of
all preterm deliveries.

i)  Very preterm delivery occurs between 28 and 31 weeks of gestation and accounts for
10% of all preterm deliveries.

ili) Moderate preterm delivery occurs between 32 and 34 weeks of gestation and accounts for
10%—-15% of all preterm deliveries.

iv) Late preterm delivery occurs between 34 and 36 weeks of gestation and accounts for

60%—75% of all preterm deliveries [12].

One-third of preterm deliveries represent iatrogenic preterm delivery, when the delivery is

medically indicated due to maternal and/or fetal complications, such as preeclampsia and fetal
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growth restriction [15-17]. The remaining two-thirds of preterm deliveries represent
spontaneous preterm deliveries [15,17,18]. Spontaneous preterm delivery and labor at term
involve three basic clinical events—increased uterine contractility, cervical dilatation, and
rupture of the fetal membranes [19]. All these events constitute the “common pathway” of
labor, which is physiologically activated during labor at term. In the case of spontaneous
preterm delivery, pathological processes activate one or more components of the common

pathway [15,17,19].

Based on the evolving clinical presentation, two basic phenotypes of spontaneous preterm

delivery can be distinguished:

1)  Preterm labor with intact membranes (PTL) is defined as regular uterine contractions
accompanied by cervical ripening and accounts for 40%—45% of all preterm deliveries.

il) Preterm prelabor rupture of membranes (PPROM) is characterized by the spontaneous
rupture of fetal membranes prior to the onset of uterine contractions and accounts for
30%—-35% of all preterm deliveries [20].




1.2 PRETERM LABOR WITH INTACT MEMBRANES

1.2.1 Definition of preterm labor with intact membranes

PTL is defined as regular uterine contractions accompanied by cervical ripening before the

gestational age of 37 weeks [15,21,22].

1.2.2 Pathophysiology of preterm labor with intact membranes

Increased uterine contractility and cervical ripening are the dominant clinical events n PTL
[15]. The transformation of the quiescent myometrium into a contractile state is associated with
the shift between anti-inflammatory and pro-inflammatory pathways and increased synthesis of
contraction-associated proteins, such as oxytocin and prostaglandin receptors and the gap
junction protein connexin 43 [19]. Cervical ripening is mediated by changes i the structure of
extracellular matrix proteins. The loss of collagen cross-linking and an increase in

glycosaminoglycans decrease the tensile strength of the cervix and enable cervical dilatation

[19,23].

However, the underlying causes and processes of these pathways are not completely
understood. Based on the current knowledge, PTL is a heterogeneous entity attributable to
multiple pathological conditions and processes [17,19,24].

The main pathogenic processes leading to PTL include the following: 1) infection and
exaggerated inflammatory response, i) decidual hemorrhage and vascular disease, iii)
disruption of maternal-fetal tolerance, iv) uterine overdistention, and v) premature activation of

the maternal or fetal hypothalamic-pituitary-adrenal axis related to stress [15,19].

1.2.2.1 Infection and exaggerated inflammatory response

Inflammation is a highly coordinated process that protects organisms from various infectious
and non-infectious stimuli [25]. When properly controlled, inflammation is beneficial;
however, when dysregulated, it is harmful [26]. Increased production of chemokines, cytokines
(such as interleukin [IL]-1b, IL-6, and tumor necrosis factor-alpha [TNF-a]), prostaglandins,
and proteases (such as extracellular matrix metalloproteinases) [19,27-29] is a powerful

activator of the common pathway of parturition [28,29].




Infection and inflammation are the leading causes of PTL, with a prevalence of approximately

30%—40% [30,31], and will be discussed in detail in Section 1.3.

1.2.2.2  Decidual hemorrhage and vascular disease

Vaginal bleeding from decidual hemorrhage i the first and second trimesters is associated with
an increased risk of PTL [32,33]. Thrombin generated during decidual hemorrhage stimulates
myometrial contractility [34]. The generation of thrombin also appears to mitiate functional

progesterone withdrawal by inhibiting the expression of progesterone receptors in decidual cells
[35].

The failure of physiological transformation of the spiral arteries in the myometrial and decidual
segments of the placental bed is a frequent finding in cases of PTL [36]. However, it is unclear
why some women with these vascular lesions develop preeclampsia and other women develop
PTL [19]. Placental lesions, alone or n combination with other pathological processes, such as
placental ischemia associated with fetal stress and intrauterine mnfection, may lead to the

development of PTL [36].

1.2.2.3 Disruption of maternal-fetal tolerance

The fetus can be regarded as the most successful semi-allograft. Therefore, maternal immune
tolerance of the fetus is essential for successful pregnancy [37,38]. A subset of women with
PTL experience maternal anti-fetal cellular and antbody-mediated rejection similar to graft-
versus-host disease and alloimmune reactions [39]. Maternal anti-fetal rejection is associated
with maternal T-cell mfiltration of the chorioamniotic membranes and chorionic plate and
increased concentration of C-X-C motif chemokine ligands 9 and 10 in the amniotic fluid
[40,41]. In addition, the systemic nflammatory response i fetuses born to mothers with

evidence of maternal anti-fetal rejection has been described [42].

1.2.2.4 Uterine overdistention

Uterine overdistention due to multiple gestation, polyhydramnios, and other causes is a well-
described risk factor for PTL [19]. The mechanisms by which uterine stretch can promote the
development of PTL are complex. Extensive stretching of the myometrium induces production

of inflammatory cytokines (such as IL-1p, TNF-q, IL-8, and IL-6) and prostaglandins in both

10



non-primate animal models and human maternal tissue explants [43]. Uterine overdistention
also induces the formation of gap junctions [44], upregulation of oxytocin receptors [45], and
production of myosin light chain kinase [46], which are critical events preceding uterine

contractions and cervical dilation.

1.2.2.5 Premature activation of the maternal or fetal hypothalamic-pituitary-adrenal axis

related to stress

Maternal stress has been identified as a risk factor for PTL [47-49]. The risk of PTL increases
with the severity of stressful stimuli, ranging from heavy workload to anxiety and depression
[50]. Both maternal and fetal stress signals may activate the hypothalamic-pituitary-adrenal
axis, triggering a cascade of endocrinological, immunological, and vascular reactions [51].
Stress signals increase the production of maternal and fetal cortisol, which in turn can stimulate
production of corticotropin-releasing hormone in the placenta [51]. When it is released into the
maternal and fetal circulation, it enhances prostaglandin production by the amnion, chorion,
and decidua [52]. The increase in prostaglandin levels ultimately results i parturition via
increased expression of genital tract proteases (such as matrix metalloproteinases) and

enhanced myometrial contractility [53].

1.2.3 Outcomes of children born preterm

PTL is responsible for 40%—45% of all preterm deliveries and makes a significant contribution
to neonatal and childhood morbidity and mortality. Adverse consequences are inversely related
to gestational age at delivery [12-14]. Thus, extremely preterm infants have the highest
mortality rate, and surviving infants have the greatest risk of severe impairment. Nevertheless,
the outcome is also modified by other factors, such as the underlying pathology that causes
preterm delivery [54]. Complications of preterm infants are divided mto short-term
complications, which occur during the neonatal period, and long-term sequelae, which occur

among patients who survive.

1.2.3.1 Short-term complications

Short-term complications arise from the anatomical and functional mmmaturity of neonates born

preterm. The most common short-term complications include hypothermia, respiratory distress
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syndrome (RDS), bronchopulmonary dysplasia (BPD), intraventricular hemorrhage (IVH),
retinopathy of prematurity (ROP), sepsis, and necrotizing enterocolitis [13,55].

Because of their relatively large body surface and inability to produce enough heat, preterm
mfants have a high risk of hypothermia. Rapid heat loss occurs immediately after birth in the
delivery room and on admission to the neonatal intensive care unit (NICU) [56]. In preterm
mfants, hypothermia is associated with an increased risk of mortality, IVH, respiratory
morbidities, and metabolic disorders such as hypoglycemia and acidosis [56-58]. Specific
preventive measures (such as placement into a plastic bag or body wrap) are needed to avoid

heat loss during transfer to the NICU and into the incubator [59,60].

RDS is a condition of pulmonary insufficiency caused by a deficit of alveolar surfactant along
with structural immaturity of the lungs [61]. It represents frequent short-term complications,
with an incidence of over 90% among extremely preterm infants. The incidence of RDS
decreases with the increasing gestational age at delivery, but it occurs in a significant number

of late preterm infants [62,63].

BPD is a late respiratory complication that commonly occurs in preterm infants. It is defined
as oxygen requirement at 28 postnatal days or 36 weeks of postmenstrual age [64,65]. The
etiology of BPD is multifactorial and mvolves disruption of ung development and mnjury due
to mechanical ventilation, oxygen toxicity, and infection [66-68]. Currently, BPD is the leading
cause of chronic lung disease in infants and contributes to pulmonary abnormalities in

adulthood [69].

IVH occurs most frequently in infants born before 32 weeks of gestation. The bleeding
originates from the germinal matrix, an abundantly vascularized layer in the subependymal and
subventricular regions ofthe brain [70]. The risk of bleeding results from the structural fragility
of the germinal matrix and cerebral blood flow instability in preterm infants [71,72]. The
severity of hemorrhage is based on the extent of bleeding. IVH can be clinically silent, saltatory,
or catastrophic [73].

ROP is a common cause of potentially preventable childhood blindness [55]. It is a process of
abnormal neovascularization m the retima of preterm infants due to hyperoxia and retinal
ischemia causing visual impairment [55,74]. The incidence and severity of ROP increase with
decreasing gestational age and birth weight and are rarely identified after 32 weeks of

gestational age [75]. The incidence of visual impairment due to ROP has decreased

12



considerably since the 1990s as a result of improved screening for ROP and advances in

treatment, including laser photocoagulation [76].

Neonatal sepsis is amajor cause of neonatal mortality and morbidity in preterm infants [77-79].
It is classified as early-onset sepsis (EOS) that occurs within the first 72 hours of life, and late-
onset sepsis (LOS) that occurs at a later time point. EOS is caused by vertical transmission of
mfection in utero or during vaginal delivery from bacteria colonizing the maternal lower genital
tract [80]. LOS can be acquired either by maternal vertical transmission, resulting i initial
neonatal colonization that evolves into later infection, or by horizontal transmission from
environmental sources. EOS and LOS occur in approximately 2% and 10%-40% of infants
with very low birth weight, respectively [62,79,81-83]. In preterm mfants, the spectrum of
symptoms of neonatal sepsis ranges from nonspecific subtle findings to fulminant septic shock

with cardiovascular dysfunction, RDS, and multiorgan failure [84,85].

Taken together, the presence of short-term complications increases the risk of death and the

likelihood of long-term complications among survivors [55].

1.2.3.2 Long-term complications

The long-term sequelae in preterm infants include abnormal neurodevelopmental outcomes,

pulmonary dysfunction, visual impairment, and chronic disease in adulthood [14,86,87].

Long-term neurodevelopmental disability is a major cause of morbidity among survivors. It
includes impaired cognitive skills, behavioral and psychological problems, loss of vision and
hearing, motor deficits, and cerebral palsy [88,89].

Moreover, preterm adults appear to have increased msulin resistance [90,91] and blood pressure
[92,93] and a decreased reproductive rate [94] compared to full-term adults. Preterm birth is
associated with an increased risk of death m adulthood due to cardiovascular disease, diabetes,

and chronic lung disease [77,95].

Collectively, long-term disabilities of preterm survivors commonly result i functional
limitations and require additional healthcare and educational services [96]. Longitudinal data
have shown that preterm delivery is associated with a lower likelihood of completing university
education and a lower net salary in a stepwise manner [97,98]. Reducing the occurrence of

preterm delivery can considerably reduce the burden on the society worldwide [97-99].
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1.2.4 Prediction of delivery among women with symptoms of preterm labor with intact

me mbranes

Premature uterine contractions, the main symptom of PTL, are a frequent cause of hospital
admission. This creates a clinical dilemma because only one-third of women admitted to the
hospital with premature uterine contractions will deliver within the following 7 days and some
of them will not deliver until term [100-102]. Nevertheless, prediction of delivery within 7 days
is extremely important because it allows the application of appropriate measures such as
hospital admission, in utero transfer, and antenatal management, primarily including induction
of fetal lung maturation [103]. Moreover, proper identification of women with a low risk of

preterm delivery avoids unnecessary interventions.

Cervical length measured by transvaginal sonography in women with uterine activity has been
shown to be a strong predictor of preterm delivery [102,104]. A short cervix measuring 15 mm
or less in symptomatic women is associated with a high risk of delivery within 7 days [102,104].

In contrast, a long cervix measuring 30 mm or more has a high negative predictive value [105].

The unsatisfactory predictive value of cervical length mnterval between 15 and 30 mm can be
improved by incorporating biomarkers, such as fetal fibronectin (fFN), phosphorylated mnsulin-
like growth factor binding protein-1 (PIGFBP-1), and placental alpha-macroglobulin-1 in the
cervical/vaginal fluid [103,106-108]. The advantage of qualitative fFN and PIGFBP-1 tests is
their high negative predictive value [109,110].
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1.3 INTRA-AMNIOTIC INFLAMMATORY AND INFECTION-RELATED

COMPLICATIONS IN PRETERM LABOR WITH INTACT MEMBRANES

1.3.1 Microbial invasion of the amniotic cavity

Under normal circumstances, the ammiotic fluid is sterile [111]. The presence of
microorganisms in the amniotic fluid is considered a pathological finding, referred to as
microbial invasion of the amniotic cavity (MIAC) [112]. Microorganisms can enter the
amniotic cavity by i) ascension from the vagina and the cervix, i) hematogenous spread through
the placenta, i) retrograde dissemmation from the peritoneal cavity through the fallopian tubes,

and 1v) iatrogenic moculation during invasive intrauterine procedures [15].

The most common pathway is the ascending route of the lower genital tract. This theory is
supported by the fact that the microorganisms frequently found in the amniotic cavity are
normally present in the lower genital tract [113], and that these microorganisms are capable of
crossing intact membranes [114]. Moreover, women with vaginal dysmicrobia in the form of
bacterial vagmnosis are at an increased risk of PTL [115,116]. According to the ascendent theory,
microorganisms from the lower genital tract pass through the endocervical canal, invade the
decidua and chorioamnion, cross intact membranes, and enter the amniotic cavity [117]. Prior
to MIAC, this pathway is considered to have localized decidual mnfection close to the uterine

cervix or widespread propagation of bacteria within the chorioamnionic membranes [117-119].

The frequency of MIAC m women with PTL ranges from 16% to 40% depending on the

gestational age at sampling, population, and detection techniques. Low gestational age is
typically associated with a higher frequency of MIAC [31,113,117,120,121].

The most common bacteria found in the amniotic fluid of women with PTL are genital
mycoplasmas, specifically Ureaplasma spp. and Mycoplasma hominis. Other bacteria such as
Fusobacterium spp., Sneatia spp., Streptococcus spp., Gardnerella vaginalis, Haemophilus
influenzae, and Escherichia coli, can also be mvolved in MIAC in PTL pregnancies. A
substantial portion of PTL findings are polymicrobial [112,122].

15



1.3.2 Intra-amniotic inflammation

Intra-amniotic inflammation (IAI) is characterized by the elevation of many mnflammatory
cytokines, chemokines, antimicrobial peptides, and lipids in the amniotic fluid. Based on the

presence or absence of MIAC, two different clinical phenotypes of TAI are distinguished.
i Intra-amniotic infection, when microorganisms are present in the amniotic fluid.

1.  Sterile IAI, when the amniotic fluid is free of microorganisms.

1.3.2.1 Intra-amniotic infection

Intra-amniotic  infection complicates approximately 11% of PTL pregnancies. The
microorganisms present in the amniotic fluid activate mflammatory host responses that involve
the production of cytokines and chemokines [19]. The effect is dependent on the type of

microorganism and the bacterial load [123-125].

Microbes activate the mnate immune system through the engagement of pattern recognition
receptors (PRRs). Toll-like receptors (TLRs) are essential PRRs that can recognize specific
components of microorganisms called pathogen-associated molecular patterns (PAMPs) [126].
To date, 10 TLRs (TLR-1-10) have been identified in humans [127]. Individual types of TLRs
recognize specific microbial components. TLR-2 and TLR-4 are crucial for the recognition of
the most frequent microorganisms involved in MIAC. TLR-2 detects products of gram-positive
bacteria and genital mycoplasmas [126,128,129], while TLR-4 is an essential receptor for
recognition of lipopolysaccharide (LPS), a bacterial endotoxin of gram-negative bacteria
[126,130]. TLRs are expressed in dendritic cells, monocytes/macrophages, and in a wide range
of epithelial cells, including the cells of the decidua and fetal membranes [130,131]. Ligation
of TLRs leads to the downstream molecular chain of events that results in the activation of
nuclear factor kappa B (NF-kB), a transcription factor that regulates many pro-infllmmatory
and labor-associated genes [132,133]. NF-kB directly binds to the promoters of genes that cause
uterine contractility and genes encoding pro-inflammatory cytokies, including TNF-a, IL-1[,
IL-6, and IL-8 [133]. It has been demonstrated that both IL-1B and TNF-a stimulate NF-«xB
activity, causing a positive feedback loop, resulting in amplification of cytokine production in

the amniotic fluid [134,135].

The presence of intra-amniotic infection in PTL is associated with a shorter latency period and

a lower gestational age at delivery than the absence of IAI in PTL [30,136].
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Moreover, in 30% of cases of intra-amniotic infection, the bacteria can be identified even in the
fetal circulation [125,137]. This condition might trigger systemic inflaimmation in the fetal
compartment, which is called fetal inflammatory response syndrome (FIRS) [138]. Fetuses with
FIRS exhibit a higher rate of severe neonatal morbidity, such as neonatal sepsis, pneumonia,
IVH, and RDS [138]. Moreover, fetal microbial invasion and FIRS can progress to multiple
organ dysfunction, septic shock, and possibly death in the absence of timely delivery [111].In
addition, adverse long-term neurodevelopmental outcomes and higher rates of cerebral palsy

were observed in children born to women with PTL complicated by intra-amniotic mnfection

[139-141].

1.3.2.2 Sterile intra-amniotic inflammation

Sterile IAI complicates 26% of pregnancies with PTL. Thus, sterile IAI is more common than
mtra-amniotic infection [142]. Despite intensive research, the development of sterile IAI n PTL
is not completely clear [142,143]. In the absence of bacteria in the amniotic fluid, the following
conditions might lead to sterile IAI: i) damage of fetal membranes, leading to the release of
endogenous molecules (damage-associated molecular patterns [DAMPs]), called alarmins, into
the amniotic fluid, resulting in a subsequent inflammatory response through the PRR system
[142-147]; i) microbial colonization or infection of the choriodecidual space, which stimulates
the fetal membranes to produce inflammatory mediators that are released from the fetal

membranes into the amniotic fluid [148,149]; or i) a combination of these two processes.

Alarmins released after tissue damage may represent an mitiating step in the development of
sterile IAI. High mobility group box-1 (HMGB-1), a prototypical alarmin [150] that is released
in response to different kinds of cellular stress, was found to be significantly higher in women
with PTL complicated by sterile IAI [142]. Moreover, a higher concentration of HMGB-1 in
the amniotic fluid was found to be associated with a shorter amniocentesis-to-delivery interval
[142]. Other alarmins, such as protein S100B and heat shock proteins, are increasingly

expressed in the amniotic fluid of women with PTL [144,151]. This increase in alarmins could

be the earliest event in the cascade leading to sterile IAI and pro-labor response [152].

The theory of choriodecidual space infection as a source of sterile IAI is supported by several
pieces of evidence. Andrews et al. cultivated chorioamniotic membranes collected from women
with PTL who delivered via cesarean section. In this study, the presence of microbes in the

chorioamnion was associated with increased levels of IL-6 in the amniotic fluid, despite the
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amniotic fluid culture revealing negative findings [153]. Similar results were reported by
Jacobsson et al. [148]. The detection of microbes in membranes and MIAC determination was
based on a combination of specific polymerase chain reaction (PCR) for genital mycoplasmas
and cultivation. The amniotic fluid IL-6 and IL-8 levels were elevated in PTL patients with

bacteria in the chorioamniotic membranes without MIAC [148]

The sterile IAI can be characterized by a milder intra-amniotic mflammatory response,
measured by concentrations of ammiotic fluid IL-6 than intra-amniotic infection [142].
Surprisingly, sterile IAI has a similar rate of adverse pregnancy and neonatal outcomes to intra -

amniotic infection [142]. These facts highlight the clinical seriousness of sterile IAI in PTL

pregnancies.

1.3.3 Diagnostic approaches

Intra-amniotic infection and sterile IAI complicating PTL are subclinical in most cases without
any specific clinical presentation [154,155]. With the respect to their significance, it is crucial

to precisely diagnose these intra-amniotic inflammatory complications.

1.3.3.1 Assessment of amniotic fluid

The “gold standard” for the diagnosis of intra-amniotic infection and sterile IAI is based on the
examination of the amniotic fluid collected by transabdominal amniocentesis [156,157]. It
enables the assessment of intra-amniotic levels of multiple mediators and is the only approach

for MIAC detection.

1.3.3.1.1 Diagnostic determination of microbial invasion of the amniotic cavity

Cultivation ofthe amniotic fluid was considered the “gold standard” for the diagnosis of MIAC
for decades. However, many microbes ivolved in MIAC are difficult or impossible to
cultivate. Therefore, the adoption of non-cultivation, PCR-based techniques to diagnose MIAC
is necessary [113,122,158]. These methods include specific PCR focusing on targeted bacteria
and non-specific PCR focusing on the detection of the 16S rRNA gene.

Specific PCR is frequently used to diagnose genital mycoplasmas [122]. This technique also

enables quantification of the microbial load in the amniotic fluid [124].
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Other bacteria in the amniotic fluid can be identified by non-specific PCR, focusing on the 16S
rRNA gene. This method detects conserved regions, which are ubiquitous i all bacteria [122].
Sequencing of the amplified variable region and sequence comparison to a reference sequence

from a database enables the identification of specific microbes [122].

1.3.3.1.2. Diagnosis of intra-amniotic inflammation

Several markers, including white blood cell count (WBC) and levels of glucose, lactate,
cytokines, chemokines, antimicrobial peptides, and lipids in the ammiotic fluid, have been
proposed to be useful in the identification of IAI [159-165]. Currently, the evaluation of IL-6
levels in the amniotic fluid is considered the gold standard for the diagnosis of IAL It has been
shown that IL-6 is superior to other standard amniotic fluid markers, such as WBC and glucose,

but not inferior to modern proteomic markers [166].

A IL-6 level of 2600 pg/mL mn the amniotic fluid, when measured by enzyme-linked
immunoassay (ELISA), has been broadly accepted as a cut-off value for IAI [31,167,168].
However, the use of ELISA i clinical medicine is very limited because it takes hours to obtain

results, and the results are not rapidly available for clinical management.

Therefore, there is an urgent need to introduce point-of-care tests for IL-6 assessment in the
amniotic fluid i clinical practice. A point-of-care test using a lateral flow-based immunoassay
offers results within 20 min [169]. For this test performed on a Milenia Quickline IL-6 analyzer
(Milenia Biotec, Bad Nauheim, Germany), a cut-off value of 745 pg/mL for IAI was proposed
by Romero et al. [169]. Another alternative is an automated electrochemiluminescence
immunoassay method developed for use in large-volume clinical biochemistry laboratories and
measuring IL-6 concentrations in body fluids i less than 20 min. The cut-off value of 3000
pg/mL for IAI using this method with the immune-analyzer Cobas €602, which is a part of the
Cobas 8000 platform (Roche Diagnostics, Basel, Switzerland), was determined by our team
[170].

1.3.3.2  Assessment of other body fluids

Despite the fact that amniocentesis in women with PTL is associated with a low complication
rate [171,172], some clinicians might be reluctant to broadly apply ammniocentesis in PTL
management due to the invasive nature of this procedure. As amniocentesis requires expertise,

the accessibility of this procedure can also be limited. Furthermore, this procedure may cause
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a certain amount of discomfort in some women. Thus, all these aspects support the introduction
of non-invasive testing as an alternative strategy that enables an easy, available, and rapid
diagnosis. The potential directions of non-invasive testing for intra-amniotic inflammatory

complications include the evaluation of maternal blood, vagnal fluid, and cervical fluid.

Several studies have reported increased maternal blood IL-6, C-reactive protein (CRP), and
procalcitonin levels in association with intra-amniotic inflammatory complications in women
with PTL [173,174]. However, mtra-amniotic inflammatory complications elicit a much
weaker inflammatory response in the maternal plasma than in the amniotic fluid of women with
PTL. As they are non-specific, the inflammatory biomarkers in the maternal plasma cannot be

considered an exclusive reflection of the inflammatory status of the ammiotic cavity and,
therefore, have limited clinical value [173-175].

The diagnostic indices of the vaginal fluid in the detection of intra-amniotic nflammatory
complications of PTL have been investigated in several studies [176-178]. The most frequently
assessed biomarker was IL-6; however, the findings were contradictory [179]. The
concentration of cytokines in the vagmnal fluid might be determined by the local vaginal
microbiome rather than by the intra-amniotic environment. Therefore, neither vaginal fluid

component serves as an appropriate source of potential biomarkers.

The cervical fluid, collected from the cervix of women with PTL, is a unique mixture of cervical
and uterine origin. Given the close anatomical proximity between the cervix and fetal
membranes, the composition of cervical fluid might reflect the microbial and inflammatory
status of intra-amniotic and choriodecidual space [180]. Several cervical fluid biomarkers,
including IL-6, IL-8, IL-18, IL-17, and monocyte chemotactic protein-1 (MCP-1), have been
reported to be elevated in women with PTL associated with mtra-amniotic nflammatory
complications [181-184]. The presence of MIAC was related to the elevation of IL-6 [182,185],
IL-8 [182,183,186], IL-18 [184], and MCP-1 [187] in the cervical fluid, whereas IAl was
associated with elevated IL-6 [182], and IL-8 [182] in the cervical fhuid.

1.3.4 Antibiotic use in preterm labor with intact membranes

Given the frequency and importance of intra-amniotic infection/inflammation, antibiotics is a
logical treatment method for women with PTL. Several studies, performed approximately 20
years ago, have tested the effectiveness and safety of antibiotics; however, they failed to show

any beneficial effects of antibiotic treatment in an unselected cohort of women with PTL [188-
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192]. Moreover, a 7-year follow-up study showed that prescription of erythromycin for women
with PTL was associated with an increase in functional impairment among their children [193].
The failure of antibiotic treatment in PTL, including unfavorable outcomes in children, could
reflect the vast heterogeneity in its etiology and pathophysiology. Thus, it is unlikely that one
strategy would be suitable for the treatment of all women with PTL [194].

To address this issue, tailored management seems to be an appropriate approach. Recent
evidence has shown that in carefully selected patients with PTL and proven mtra-amniotic
mfection/inflammation, broad-spectrum antbiotic treatment can successfully eradicate
mfection and nflammation and prolong pregnancy [195,196]. These data highlight the urgent
need to better understand the processes underlying mtra-amniotic infammatory complications.
The reliable detection of these complications in women with PTL, including the proper
differentiation between intra-amniotic infection and sterile IAl is an essential prerequisite for

this goal.

1.3.5 Significance of intra-amniotic infection and sterile intra-amniotic inflammation in

preterm labor with intact membranes

The main difference between the phenotypes of IAI is the presence or absence of MIAC.
Nevertheless, distinct characteristics of the mflammatory response are also expressed between
these phenotypes. Levels of amniotic fluid IL-6 are significantly higher in mntra-amniotic
infections than in sterile IAI [142]. In addition, women with intra-amniotic infection had higher
concentrations of several nflammatory-related proteins than those with sterile IAI [197]. These
data demonstrate a much stronger inflammatory response in the amniotic fluid of women with
mtra-amniotic infection than i that of women with sterile IAI. With respect to the fact that the
confirmation/exclusion of MIAC in common clinical practice requires more than 24 hours,

additional markers enabling early differentiation between mtra-amniotic mfection and sterile
[AI might be of value.

These observations provide evidence that the inflammatory response, characterized by elevated
WBC and levels of gluicose and IL-6 in the amniotic fluid, differs between mtra-amniotic
mfection and sterile IAI in PTL [142,197]. However, there is a lack of knowledge on whether
the concentrations of other inflammatory mediators in amniotic and other body fluids vary
between women with PTL and presence of intra-amniotic infection and those with PTL and

sterile TAI
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Therefore, the clinical part of'this thesis has focused on the differences in concentrations of two
thoroughly selected nflammatory mediators in the amniotic fluid and the cervical fluid between
women with PTL and intra-amniotic infection and those with PTL and sterile IAIL
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1.4. ANIMAL MODELS OF PRETERM DELIVERY

There is a substantial lack of knowledge m the field of preterm delivery. However, many aspects
cannot be addressed in human studies. Therefore, animal models play an essential role in
preterm delivery [198]. Currently, there is no ideal animal model for simulating all pathways
of human preterm delivery. Thus, various animal species have been used in research, all of them
with specific ability to mimic processes in clinical cases of human preterm delivery and with

important differences in terms of reproductive biology [199].

1.3.6 Reproductive biology of animal models of preterm delivery

1.3.6.1 Anatomical background

There are important anatomical differences between animal models and humans. The rodent
uterus is a bicornuate with multiple fetuses arranged in a “beads-on-a-string” pattern. The
placentas of rodents and humans are both anatomically classified as discoid and hemochorial.
However, the placental histological structure and fetal-maternal interface differ between
rodents and humans [200,201]. The major difference is the presence of the labyrinth zone in
rodent placentas (an alternative to the villous architecture of the human placenta), which

functions as a maternofetal exchange layer [200,201].

The uterine cavity of sheep is similar to that of humans. However, the shape of'the sheep uterus
is bicornuate, and it allows the maintenance of one or two fetuses per gestation [202]. The sheep
placenta is cotyledonary with numerous attachment sites of the fetal cotyledons and maternal
caruncles, unlike the large discoid placenta that occurs n humans. However, the human
placenta is structurally divided mnto cotyledons too, and the villous tree of the sheep cotyledon
is similar to that of the human placenta [203].

The reproductive biology of non-human primates is the most similar to that of humans in terms
of uterine anatomy and litter size [204]. Non-human primates represent a near-ideal choice to
study preterm delivery; however, ethical reasons and high cost limit the wider use of this animal
model [198].
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1.3.6.2 Gestational period

The difference in gestational period between species are extensive and significantly modify the
utilization of animal models. The gestational period of rodents is very short, with mice
delivering at 19-20 days post-conception (dpc) and rats delivering at 21-22 dpc [198]. This
brief gestational period is challenging for researchers because all procedures must be carefully

planned. In contrast, it shortens the study period and enables fast acquisition of results.

The gestation period in sheep is 145—-147 days [198]. This fact enables longtudinal sampling
and analysis of the effects of chronic fetal exposure to mflammatory and infectious agents,

drugs, and surgical interventions [203].

Among non-human primates, rhesus monkeys are the most frequently used species in preterm

delivery research [205,206]. The gestational period of rhesus monkeys is 160—174 days [207].

1.3.6.3 Mechanisms of parturition

Unlike the situation in humans, systemic withdrawal of progesterone precedes labor in many
animal species. In lower mammalian species (such as mouse, rat, and rabbit), term parturition
occurs after mvolution of the corpus luteum and a subsequent fall in circulating progesterone
[208]. In mice, progesterone receptor antagonists (mifepristone) reliably cause preterm delivery
within 24 hours [209]. A similar phenomenon occurs in the rat model, where preterm delivery
is initiated after administration of mifepristone [210] or after ovariectomy and estrogen

supplementation [211].

In sheep, fetal cortisol production increases at the end of gestation. Increased fetal cortisol
levels modify steroidogenesis i the sheep placenta, resulting in increased estrogen
concentrations and decreased progesterone output. This leads to parturition [212]. In a sheep
model, administration of cortisol or glucocorticoids induces preterm delivery [213]. In contrast,
systemic progesterone withdrawal does not seem essential for the occurrence of parturition in

non-human primates [198].

1.3.7 Preterm delivery animal models associated with inflammation and infection

Investigators have focused on creating models of infection or inflammation-induced preterm

delivery to mimic processes frequently observed m human preterm delivery. Numerous
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mfectious and infammatory agents have been used to create models for different animals,

including the following:

1) Inactivated and live microorganisms. E. coli, Ureaplasma parvum, and Fusobacterium

spp. [214-217]

i) PAMPs: LPS and lipoteichoic acid, a constituent of the cell wall of gram-positive
bacteria [218-221]

iii) DAMPs: HMGB-1 [222]
iv) Cytokines and immune proteins: IL-1 and TNF-a [223]

The animal species used to model preterm delivery associated with inflammation/infection are
rat, mouse, rabbit, sheep, and rhesus monkey. Currently, rodents (rats and mice) are the most
frequently used animals because they are easy to house and treat. In addition, they are relatively

mexpensive [198].

1.3.7.1 Routes of administration to create animal model of preterm delivery associated with

inflammation and infection

Animal models of preterm delivery associated with inflammation and infection can be classified
as systemic or localized [198].

1.3.7.1.1  Systemic administration

The systemic model is induced by mtraperitoneal or mtravenous administration of triggering
agents. Because itraperitoneal or intravenous administration is relatively easy to accomplish
n most species, systemic models are widely used to model preterm delivery associated with
mnflammation and mfection. Intraperitoneal admistration of LPS to mice causes systemic
activation of the immune system, with a dramatic increase in maternal serum cytokines and a
high rate of preterm delivery among animals. A large proportion of fetal deaths have been
observed i this model, with some pups consequently reabsorbed [218,224].

Systemic illnesses (such as pyelonephritis or sepsis) can cause preterm delivery in humans, but
this form of preterm delivery is rare. Most women with preterm delivery do not present with
generalized symptoms (such as fever) and do not have a significant increase in WBC and CRP

levels [175,225]. Therefore, systemic admnistration might not provide sufficient insight mnto
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the pathways that occur in most women with preterm delivery associated with inflammation

and infection.

1.3.7.1.2  Localized administration

Localized models, which include intrauterine, intra-cervical, and intra-amniotic administration
ofagents, are a better representation of the regional nature of human preterm delivery associated

with inflammation and infection [198].

Intrauterine administration involves direct administration of a triggering agent into the
choriodecidual space between the gestational sacs. This approach is frequently used mn rodents.
It mduces a high rate of preterm delivery, similar to that induced by mtraperitoneal
administration, in this subgroup of animals. In addition, the pup mortality rates are comparable
between both approaches [226]. In rhesus monkeys, the administration of Streptococcus group
B mnto catheters placed in the choriodecidual space caused an increase in uterine contractility
and preterm delivery [227]. However, in sheep, LPS administered into the choriodecidual space
of the uterus did not cause an increase in uterine contractility and preterm delivery [228]. The
rodent and non-human primate models of intrauterine infection/inflammation might mimic
processes observed clinically in cases of immmune responses occurring in the choriodecidual

space of women with preterm delivery [198].

Intra-cervical administration may be comparable to the ascendent theory of the development of
intra-amniotic infection in women, when microorganisms from the lower genital tract enter the
chorioamnion and amniotic cavity. Endoscope-assisted intra-cervical administration of LPS
and E. coli m mice successfully induced preterm delivery associated with infection and
mnflammation [229]. A similar approach failed to induce preterm delivery in rats [230]. Intra-
cervical admmistration is difficult to achieve because the cervix in rodents is small. A trained
operator is required to ensure that the nflammatory agent is not misplaced intraperitoneally

[198].

The ntra-amniotic administration of triggering agents constitutes a direct method of 1Al
induction. This represents a clinically relevant issue as both forms of IAl are frequently
observed in human cases of preterm delivery [142,143]. Given the specific anatomy of the
rodent uterus with multiple small gestational sacs, intra-amniotic administration may be
technically challenging. In contrast, the ntra-amniotic administration route is commonly used

in sheep [228,231] and Rhesus monkey models [206,227].
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Developing an animal model of IAl is an issue addressed in this thesis. In our view, intra-
amniotic administration of a triggering agent is an optimal route for the induction of precisely
defined IAI. Rodents are the most available, easy to house, and treat animal models [198]. As
a low volume of the amniotic fluid in mice limits the availability of a sufficient amount for
analysis [232], we consider rats as a better option to create a rodent animal model of TAI Intra-
amniotic administration can be performed via laparotomy or under ultrasound guidance [233].
However, laparotomy might represent a stress stimulus with an endocrine response that
nfluences the function of many organs [216]. Therefore, a rat model with ultrasound-guided

mtra-amniotic administration of a triggering agent was chosen i this study.
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2. OBJECTIVES OF THE THESIS

The objectives of this thesis were divided into two basic components. The first part, based on
clnical studies in pregnant women with PTL, addresses the differences between the two
phenotypes of AL The second part, which was experimental, focuses on the establishment of

an animal model of IAI as a unique and wrreplaceable tool in the research of preterm delivery.

2.1 CLINICAL OBJECTIVES

The clinical objective of this thesis was to determine the levels of selected inflammatory
mediators in the amniotic fluid and the cervical fluid of women with PTL with respect to the

presence of both phenotypes of [Al—intra-amniotic infection and sterile TAL
There were two specific aims of the clinical part:

I-A. To determine the concentration of IL-6 in the cervical fluid of women with PTL

complicated by intra-amniotic infection and sterile TAI

I-B. To determine the concentration of IgGFc-binding protein (FcgammaBP) in the amniotic
fluid and the cervical fluid of women with PTL complicated by intra-amniotic infection
and sterile TAI

2.2 EXPERIMENTAL OBJECTIVES

The experimental objective of this thesis was to develop a rat model of IAI established by

ultrasound-guided intra-amniotic administration of an inflammatory agent.
There were three specific aims of the experimental part:

[I-A. To perform a systematic review of available methods of intra-amniotic administration
of infectious and/or mflammatory agents to create a rodent model of mflammation-

driven preterm delivery

II-B. To assess the effect of ultrasound-guided intra-amniotic administration of LPS on the

concentration of IL-6 in the amniotic fluid in rats

II-C. To develop a step-by-step protocol for ultrasound-guided mntra-amniotic administration

of an agent in a rat to support the reproducibility and feasibility of this approach
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3. SET OF PATIENTS, METHODS AND STATISTICAL ANALYSIS

3.1 CLINICAL OBJECTIVES

The specific aims of'the clinical part of the thesis were derived from the same cohort of patients.
Most of the methodology was identical for both aims, and the statistical analysis was based on
the same approach. Therefore, the clinical objectives have been described together, with an

emphasis on items specific to a particular aim.

3.1.1 Setof patients

This retrospective cohort included pregnant women who were admitted to the Department of
Obstetrics and Gynecology at the University Hospital Hradec Kralove in the Czech Republic
between March 2017 and May 2020.

The inclusion criteria were as follows: 1) singleton pregnancy, 2) maternal age > 18 years, 3)
gestational age between 22+0 and 36+6 weeks, 4) PTL, and 5) the performance of

transabdominal amniocentesis at the time of admission to determine IAI.

The exclusion criteria were as follows: 1) pregnancy-related and other medical complications
such as fetal growth restriction, gestational or pre-gestational diabetes, gestational or chronic
hypertension, and preeclampsia; 2) structural or chromosomal fetal abnormalities; 3) signs of
fetal hypoxia; and 4) significant vagmnal bleeding.

Gestational age was determined by first-trimester fetal biometry. PTL was diagnosed as the
presence of regular uterine contractions (at least two contractions every 10 minutes) and
cervical length, measured using transvaginal ultrasound, shorter than 15 mm or within the 15—
30 mm range with a positive PartoSure test (Parsagen Diagnostics Inc., Boston, MA, USA)
result [106].

3.1.2 Methods

3.1.2.1 Sample collection

Paired cervical fluid and amniotic fluid samples were collected at the time of admission from

all women included in this study prior to the admmistration of antibiotics, tocolytics, and/or
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corticosteroids. Each cervical fluid sample was obtained by placing a Dacron polyester swab in
the cervical canal for 20 seconds to achieve saturation. Once collected, the polyester swab was
inserted into a polypropylene tube containing 1.5 mL of phosphate-buffered saline; the tube
was then shaken for 20 min. Onremoval of the polyester swab, the tube was centrifuged at 300
X g for 15 min at room temperature. The supernatant was divided into aliquots and stored at
—80°C until further analysis.

Ultrasonography-guided transabdominal amniocentesis was performed after cervical fluid
sampling. Approximately 2-3 mL of the ammiotic fluid was aspirated, and the amniotic fluid
was immediately divided mnto polypropylene tubes. The amniotic fluid samples were used for
the following: 1) the assessment of amniotic fluid IL-6; i) PCR analysis of Ureaplasma spp.,
Mycoplasma hominis, and Chlamydia trachomatis; i) sequencing of the 16S rRNA gene; )

aerobic and anaerobic cultivation; v) stored at —80°C until further analysis.

3.1.2.2 Sample assessment

3.1.2.2.1 Assessment of interleukin-6 in the amniotic fluid

The concentration of IL-6 in the amniotic fluid (fresh samples) was assessed using an automated
electrochemiluminescence immunoassay method. IL-6 concentrations were measured using an
mmuno-analyzer Cobas €602, which is part of the Cobas 8000 platform (Roche Diagnostics,
Basel, Switzerland) [234]. The basic measuring range was 1.5-5,000 pg/mL, which could be
extended to 50,000 pg/mL with a 10-fold dilution ofthe sample. The coefficients of variation

for the inter-assay and intra-assay precisions were <10%.

3.1.2.2.2  Detection of Ureaplasma spp., Mycoplasma hominis, and Chlamydia trachomatis

in the amniotic fluid

DNA was isolated from the amniotic fluid using the QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. Real-time PCR was conducted on a
Rotor-Gene 6000 instrument (Qiagen) wusing the commercial AmpliSens® C.
trachomatis/Ureaplasma/M. hominis-FRT kit (Federal State Institution of Science, Central
Research Institute of Epidemiology, Moscow, Russia) to detect the DNA from Ureaplasma
spp., M. hominis, and C. trachomatis in the same PCR tube (multiplex format). We included a
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PCR run for beta-actin, a housekeeping gene that served asthe control, to examine the presence

of PCR mhibitors.

3.1.2.2.3  Non-cultivation detection of other bacteria in the amniotic fluid

Bacterial DNA was identified by PCR targeting the 16S rRNA gene with the following primers:
5'-CCAGACTCCTACGGGAGGCAG-3" (V3 region) and 5'-ACATTTCACAACAC-
GAGCTGACGA-3' (V6 region) [235,236]. Each reaction contained 3 pL of target DNA, 500
nM forward and reverse primers, and Q5 High-Fidelity DNA polymerase (NEB, Ipswich, MA,
USA) in atotal volume of 25 puL. Amplification was performed using a 2720 Thermal Cycler
(Applied Biosystems, Foster City, CA, USA). The products were visualized on an agarose gel.
Positive reactions yielded 950-bp products that were subsequently analyzed by sequencing. The
16S rDNA PCR products were purified and subjected to sequencing using the abovementioned
primers and the BigDye Termmator kit v.3.1 (Thermo Fisher Scientific). The bacteria were then

identified via searches for the obtained sequences using BLAST® and SepsiTest™ BLAST.

3.1.2.2.4  Aerobic and anaerobic cultures of amniotic fluid

The amniotic fluid samples were cultured on Columbia agar with sheep’s blood, Gardnerella
vaginalis selective medium, MacConkey agar, a Neisseria-selective medium (modified Thayer-
Martin medium), Sabouraud agar, or Schaedler anaerobe agar. The plates were cultured for 6
days and checked daily. The species were identified by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry using MALDI Biotyper software
(Bruker Daltonics, Bremen, Germany).

3.1.2.2.5 Assessment of interleukin-6 in the cervical fluid (specific aim I-A)

The concentration of IL-6 in the cervical fluid (samples with one freezing/thawing cycle) was
assessed using the automated -electrochemiluminescence immunoassay method. IL-6
concentrations were measured using immuno-analyzer Cobas €602, which is part of the Cobas
8000 platform (Roche Diagnostics, Basel, Switzerland) [234]. The basic measuring range was
1.5-5,000 pg/mL, which could be extended to 50,000 pg/mL with a 10-fold dilution of the

sample. The coefficients of variation for inter-assay and intra-assay precisions were both <10%.
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3.1.2.2.6  Assessment of FcgammaBP in the amniotic fluid and the cervical fluid (Specific aim
I-B)

The concentrations of FcgammaBP were assessed in the amniotic fluid and the cervical fluid
(samples with one freezing/thawing cycle) using an ELISA, the Human FCGBP ELISA Kit
(LifeSpan BioSciences, Inc., Seattle, WA, USA), according to the manufacturer’s instructions.
The amniotic fluid and cervical fluid samples were diluted 10-fold and 50-fold, respectively.
The sensitivity of the kit was 0.117 ng/mL. The absorbance values were read at 450 nm using
a Multiskan RC ELISA reader (Thermo Fisher Scientific, Waltham, MA, USA).

3.1.3 Clinical definitions

3.1.3.1 Microbial invasion of the amniotic cavity

MIAC was determined based on a positive PCR result for Ureaplasma spp., M. hominis, C.
trachomatis, or a combination of these species or positivity for the 16S rRNA gene, findings of

aerobic/anaerobic culture of the amniotic fluid, or a combination of these parameters.

3.1.3.2 Intra-amniotic inflammation

IAI was defined as an IL-6 concentration of >3000 pg/mL in the amniotic fluid [237].

3.1.3.3 Intra-amniotic infection

Intra-amniotic infection was defined by both MIAC and IAL

3.1.3.4 Sterile intra-amniotic inflammation

Sterile IAI was defined as the presence of IAI without concomitant MIAC.

3.1.3.5 Negative amniotic fluid

Negative amniotic fluid was defined as the absence of MIAC and AL
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3.1.4 Statistical analyses
The normality of the data was tested using the Anderson-Darling test.

The women’s demographic and clinical characteristics were compared using a nonparametric
Mann-Whitney U test for continuous variables and Fisher’s exact test for categorical variables

and are presented as median values (interquartile range [IQR]) and as number (%), respectively.

Because the concentrations of all studied mflammatory mediators were not normally
distributed, the nonparametric Kruskal-Wallis and Mann-Whitney U tests were used for the
analyses, as appropriate, and the results are presented as median values (IQR). Spearman partial
correlation was performed to adjust the results for gestational age at sampling. Spearman
correlation was used to assess the relationship between the concentrations of the evaluated
nflammatory mediators in the ammniotic fluid or the cervical fluid and gestational age at
sampling. Receiver operating characteristic (ROC) curves were constructed to assess the
predictive values of selected inflammatory mediators in the amniotic fluid and the cervical fluid

for the presence of intra-amniotic infection.

All p-values were obtained using two-tailed tests. Differences were considered significant at p
< 0.05. All statistical analyses were performed using the IBM SPSS Statistics for Mac OS
version 27.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism version 9 for Mac OS X
(GraphPad Software, San Diego, CA, USA).
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3.2 EXPERIMENTAL OBJECTIVES

3.2.1 Specific aim II-A

3.2.1.1 Search strategy

This systematic review was conducted in accordance with PRISMA guidelines [238]. We
searched for studies that employ intra-amniotic administration of infectious or inflammatory
agents to establish a rodent model of inflammation-driven preterm delivery. The search was
conducted in two electronic databases (PubMed and Scopus) on February 2, 2019. The
following search terms and synonyms were used, adapted according to each database: (animal
OR animals OR rat OR rats OR mouse OR mice OR hamster OR hamsters OR rodent OR
rodents) AND (preterm birth OR preterm delivery OR preterm labor OR preterm labour) AND
(intra-amniotic OR intraamniotic OR intraamniale OR ultrasound-guided OR IA OR injection
OR application OR administration). Search for unpublished studies was not performed. All
identified citations were downloaded into the Rayyan web app tool for systematic reviews
[239], and duplicates were excluded. Using the Rayyan app, the titles and abstracts of unique
citations were screened independently by two reviewers, and potentially relevant studies were
selected for full-text reading, and those that fulfilled the selection criteria were included in the

review.

3.2.1.2 Selection criteria for studies

Type of studies: Studies that used a rodent model of inflammation-driven preterm delivery
mitiated by intra-amniotic administration ofinfectious or mflammatory agents were considered

eligble. Primary experimental case-control studies were included.

Type of outcomes: preterm delivery, intra-amniotic infection, sterile IAI, intra-uterine

(histological chorioamnionitis) inflammation, and inflammatory complications.

3.2.1.3 Exclusion criteria for studies

Studies were excluded if any of the following applied: 1) human or in vitro studies, 2) animal
models other than rodents, 3) models of preterm delivery other than inflammation-driven
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preterm delivery, 4) routes of admmistration of infectious or infammatory agents other than
administration into the gestational sac, and 6) rodent models to study other conditions or

diseases without relation to preterm delivery.

3.2.1.4 Data extraction

The following data were extracted from each article included i this review: author, year of
publication, study methodology, information about the study animals and ther type (number,
species, strain), information about the timing of intervention, description of technique of intra-
amniotic administration, mformation about the mfectious or inflammatory agent used, and

outcomes of the study.

3.2.1.5 Quality assessment

For quality assessment of identified studies, the checklist of the CAMARADES group was
adjusted [240]. The criteria of quality assessment were as follows: (1) provided description of
used animals (species, strain, and origin of animal), (2) calculation of sample size (3),
description of randomized allocation to the treatment or control group; (4) description of the
mtervention (technique for intra-amniotic administration, number of gestational sacs injected),
and (5) thorough description of infectious or infammatory agent. One point was assigned per
item, and the final quality score was the sum of particular items.

3.2.2 Specific aim II-B

3.2.2.1 Experimental animals

All procedures were performed in accordance with the Act on the Protection of Animals against
Cruelty, Act No.246/1992 Coll, with the approval of the Czech Ministry of Education Youth
and Sports (No. 41058/2016-MZE-17214). The study was approved by the animal welfare body
of the Faculty of Medicine in Hradec Kralové and the Institutional Review Board of the

University Hospital Hradec Kralové.

Pregnant Wistar rats were purchased from Velaz laboratory (Prague, Czech Republic) and bred

in the animal care facility of the Faculty of Medicine in Hradec Kralové. All animals were kept
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in an environment with a steady temperature of 22°C +2°C and relative air humidity of 50% =+
10% under a circadian cycle (light:dark = 12:12 h). The animals were fed by a classical pellet
diet with water available ad libitum. The day one of gestation was defined as the morning of

the vagmnal plug.

3.2.2.2 Methods

3.2.2.2.1 Ultrasound-guided intra-amniotic administration

On embryonic day 18, pregnant Wistar rats were anesthetized by mhalation of 5% isoflurane
with 2 L/min of oxygen i the induction chamber. The animals were positioned and fixed on a
heating pad of Vevo Imaging Station (FUJIFILM VisualSonics Inc., Toronto, ON, Canada).
Anesthesia was maintained with 1.5%—2% isoflurane and 2 L/min of oxygen. Body temperature
was maintained at 37°C + 1°C and measured using arectal probe (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada). The heart and respiratory rates were monitored using electrodes
embedded in the heating pad. The fur was removed using depilatory cream. An ultrasound
transducer MX250S (15-30 MHz) of a Vevo 3100 ultrasound machine (FUJIFILM
VisualSonics Inc., Toronto, ON, Canada) was placed in the transducer holder (FUJIFILM
VisualSonics Inc., Toronto, ON, Canada). Mapping of the number and localization of pups was
performed and recorded. The ultrasound transducer was replaced by the MX400 transducer
(2046 MHz) and intra-amniotic administration of 10 yg of E. coli LPS (serotype O55:BS5,
Sigma-Aldrich, Prague, Czech Republic) m 100 uL of phosphate-buffered saline (PBS) was
performed using a 27 G x 40 mm needle (B. Braun Melsungen, Germany) with a Omnican® 50
syringe (B. Braun, Melsungen, Germany) stabilized i a holder. Controls were injected with
100 uL PBS alone. Each accessible gestational sac was injected and its localization was
recorded. Following the procedure, the animals were kept under a heat lamp for recovery and

then returned to theirr cages.

3.2.2.2.2  Sample collection

On embryonic day 19 and 24 hours after ultrasound- guided intra-amniotic administration, the
animals were anesthetized and prepared for the ultrasound examination i the same way as for
ntra-amniotic administration. Using the ultrasound transducer MC250 (15-30 MHz), the
position of the gestational sac and the vitality of the pups were assessed. The uterine horns were

then exposed using a midline abdominal incision. Prior to any manipulation ofthe uterine horns,
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the injected sacs were identified with respect to localization recorded a day before during the
administration. After identification, both uterine homns were removed from the abdominal
cavity. Using a sterile 30 G x 13 mm needle (B. Braun Melsungen, Germany), the amniotic
fluid was harvested from all sacs and stored in polypropylene tubes at -70°C until analysis.

After the procedure, the animals were sacrificed by exsanguination under anesthesia.

3.2.2.2.3  Sample assessment

The concentrations of IL-6 in the amniotic fluid samples were assessed using the Rat IL-6
Quantikine ELISA Kit (R&D Systems Inc., Mimneapolis, MN, USA), according to the
manufacturer’s instructions. The sensitivity of the kit was 36 pg/mL, and the inter-assay and
mtra-assay coeflicients were <9% and <10%, respectively. Absorbance was measured at 450

nm using a Multiskan RC ELISA reader (Thermo Fisher Scientific, Waltham, MA, USA).

3.2.2.3 Statistical analyses

The normality of the data was tested using the Anderson-Darling test. Because the IL-6 levels
in the amniotic fluid were not normally distributed, non-parametric Mann-Whitney U tests were

used for the analyses, as appropriate. All p-values were obtained using two-tailed tests.

All statistical analyses were performed using GraphPad Prism version 9 for Mac OS X
(GraphPad Software, San Diego, CA, USA). Differences were considered significant at p <
0.05.

3.2.3 Specific aim II-C

3.2.3.1 Protocol development

All steps of the entire process of ultrasound-guided intra-amniotic admmistration of an agent
performed on the experimental animals used m Specific aim II-B were recorded and

summarized in the protocol.
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4. RESULTS

4.1 CLINICAL OBJECTIVES

4.1.1 Clinical characteristics of study population

A total of 79 women with singleton pregnancies with PTL were included i the study. TAI was
found in 42% (33/79) of the women; intra-amniotic infection and sterile IAI were observed in
15% (12/79) and 27% (21/79) of the women, respectively. Demographic and clinical data are

shown in Table 1.

MIAC was revealed only in women with IAI Polymicrobial findings in the amniotic fluid were
identified in three women (Klebsiella pneumoniae + Streptococcus anginosus, n = 1;
Gardnerella vaginalis + Lactobacillus plantus, n = 1; and Ureaplasma spp. + Mycoplasma
hominis, n = 1). The remaining nine women had only one microorganism in the amniotic fluid
(Ureaplasma spp., n = 4; Haemophilus influenzae, n = 1; Lachnoanaerobaculum species, n =
1; Lactococcus lactis, n = 1; Sneathia sanguinegens, n = 1; and non-identifiable bacteria via

sequencing, n=1).
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4.1.2 Specific aim I-A

4.1.2.1 Concentrations of IL-6 in the cervical fluid according to the presence of intra-amniotic

inflammation

Concentrations of IL-6 were measurable i all samples of cervical fluid. A positive correlation

was found between the concentrations of IL-6 cervical and amniotic fluids (rho = 0.46; p <
0.0001).

Women with TAI had higher concentrations of IL-6 in the cervical fluid than those without TAI
in the crude analysis (median, 590 pg/mL; IQR, 195 - 2014 vs. without: median 149 pg/mL,
IQR 30 —569; p=0.0008; Figure 1) as well as after adjustment for gestational age at sampling
(p = 0.004).

Figure 1.

Cervical fluid interleukin-6 concentrations based on the presence or absence of intra-amniotic
inflammation.
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4.1.2.2 Concentrations of IL-6 in the cervical fluid according to the presence of intra-amniotic

infection and sterile 1Al

Differences in the concentrations of IL-6 in the cervical fluid were found among the subgroups
of women with PTL in crude analysis (intra-amniotic infection: median, 587 pg/mL; IQR, 166
— 2427, sterile TAl: median 590 pg/mL; IQR, 245 — 1495; with negative amniotic fluid, 149
pg/mL; IQR, 30 — 569; p = 0.004; Figure 2), as well as after the adjustment for gestational age
at samplng (p = 0.002).

Figure 2.

Cervical fluid interleukin-6 concentrations among the subgroup of women with intra-amniotic
infection, sterile intra-amniotic inflammation, and with negative amniotic fluid.
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Women with intra-amniotic infection and sterile IAI had higher concentrations of IL-6 than
those with negative amniotic fluid (Table 2). No differences i the concentrations of IL-6 in the

cervical fluid were found between women with intra-amniotic infection and sterile IAI (Table
2).

Table 2.

Cervical fluid IL-6 — the comparisons among the subgroups of the women with intra-amniotic
infection, with sterile intra-amniotic inflammation, and negative amniotic fluid.

Intra-amniotic infection Sterile intra-amniotic Negative
inflammation
Intra-amniotic infection r=0281 r=10,01

x adj. p=0.38 adj. p =0.004

Sterile intra-amniotic p=0.281 p=0.005
inflammation adj. p=0.38 X adj. p =0.003

Negative r=0.01 p=0.005
adj. p = 0.004 adj. p = 0.003 X

p-value: a comparison between two subgroups (a nonparametric Mann-Whitney U test)

adj. p-value: a comparison between two subgroups after the adjustment for gestational age at sampling

(a Spearman partial correlation)

Statistically significant results are marked in bold.
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4.1.3 Specific aim I-B

4.1.3.1 Concentrations of FcgammaBP in the amniotic fluid based on the phenotype of 141

Differences in the concentrations of FcgammaBP were identified among the subgroups of
women with intra-amniotic infection, sterile IAl, and negative amniotic fluid (infection: median
139.7 ng/mL, IQR 74.2-205.3; sterile: median 54.2 ng/mL, IQR: 44.8-127.0; negative: median
19.7 ng/mL, IQR: 15.9-23.6; Figure 3) in the crude analysis and after the adjustment for
gestational age at sampling (both p <0.0001).

Figure 3.

Amniotic fluid IgGFc-binding protein concentrations in the subgroups of the women with PTL
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Women with intra-amniotic infection had higher amniotic fluid FcgammaBP concentrations
than did women with sterile 1Al and with negative amniotic fluid (Table 3). Women with sterile

IAI had higher amniotic fluid FcgammaBP concentrations than those with negative ammiotic
fluid (Table 3).

Table 3.

[gGFc-binding protein in amniotic fluid from preterm labor with intact membranes: the comparisons
among the subgroups of the women with intra-amniotic infection, sterile intra-amniotic inflammation,

and negative amniotic fluid.

adj. p <0.0001

adj. p <0.0001

Intra-amniotic infection Sterile intra-amniotic Negative
inflammation
Intra-amniotic infection p=0.04 p<0.0001
X adj. p=0.02 adj. p <0.0001
Sterile intra-amniotic p=0.04 p<0.0001
inflammation adj. p=0.02 x adj. p <0.0001
Negative p <0.0001 p<0.0001

X

p-value: a comparison between two subgroups (a nonparametric Mann-Whitney U test)

adj. p-value: a comparison between two subgroups after the adjustment for gestational age at sampling
(a Spearman partial correlation)

Statistically significant results are marked in bold.

Women with intra-amniotic infection had higher concentrations of amniotic fluid FcgammaBP
than those without intra-amniotic infection (with infection: median IQR 139.7 ng/mL, IQR
74.2-205.3 vs. without infection: median 22.2 ng/mL, IQR 16.5-46.0; Figure 4a). The amniotic
fluid FcgammaBP cutoff value of 120 ng/mL. was found to be optimal in the prediction of intra-
amniotic infection with sensitivity 58% (7/12; 95% confidence mterval 32-81), specificity of
93% (62/67; 95% confidence terval 84-97), positive predictive value 58% (7/12; 95%
confidence interval 32-81), negative predictive value 89% (62/67; 95% confidence interval 81-
93), area under the receiver operating characteristic curve of 86% (p < 0.0001; Figure 4b),
positive likelihood ratio of 7.8 (95% confidence interval 3.0-20.6), negative likelihood ratio of
0.45 (95% confidence mterval 0.25-0.88), and odds ratio of 17 (95% confidence mnterval 3-64).
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Figure 4.

Amniotic fluid IgGFc-binding protein concentrations based on the presence of intra-amniotic
infection in women with PTL (a) and receiver operating characteristic curves for amniotic fluid
IgGFc-binding protein in women with PTL with intra-amniotic infection (b). The best cutoff value is
marked.
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Abbreviations: PTL, preterm labor with intact membranes; AUC, Area under the receiver operating
characteristic curve

4.1.3.2 Concentration of FcgammaBP in cervical fluid based on the phenotype of intra-

amniotic inflammation

A weak positive correlation was observed between the concentrations of FcgammaBP in
amniotic and cervical fluids (rho =0.25; p=0.02). No difference i cervical fluid FcgammaBP
concentrations was found among the subgroups (intra-amniotic infection: median 341.1 ng/mL,
IQR 95.2-614.8; sterile IAI: median 341.2 ng/mL, IQR 138.1-523.4; and negative amniotic
fluid: median 200.9 ng/mL, IQR 56,7-443.8; p = 0.18; Figure 5). There was no difference in
cervical fluid FcgammaBP concentrations between women with and without intra-amniotic
infection (with infection: median 341.1 ng/mL, IQR 95.2-614.8 vs. without infection: median
227.0 ng/mL, IQR 95.7-455.4; p = 0.45).
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Figure 5.

Cervical fluid IgGFc-binding protein concentrations in the subgroups of the women with PTL

Cervical fluid from PTL pregnancies
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4.2 EXPERIMENTAL OBJECTIVES

4.2.1 Specific aim II-A

4.2.1.1 Identification, selection, and inclusion of studies

The process of identification, selection, and inclusion ofstudies is shown in Figure 6. The nitial
search in both databases identified a total of 4673 unduplicated articles, 4554 of which were
excluded after screening titles and abstracts, and 119 potentially relevant citations were selected
for full-text reading. The high number of citations for full-text reading was selected due to the
fact that the description of used animal model was not given in many abstracts. A total of 106
studies were excluded due to reasons shown in Figure 6; finally, 13 studies that fulfilled our
selection criteria were included in the review [215,222,241-251].

Figure 6.

Flowchart of the process of identification and selection of studies
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The main characteristics of the studies are listed in Table 4. All 13 studies were published
between 2004 and 2019; 38% (5/13) of the studies were published in 2018. Sprague—Dawley
rats were used in 38% (5/13) of the studies [242,243,245,246,249]. Moreover, 62% (8/13) used
different strains of mice [215,222,241,244,247,248,250,251]. The most common mouse strain
was C57BL/6 (6/13) [222,244,247,248,250,251]. IRC mice [241] and CD-1 mice [215] were
used in one study each. No other rodent animals than rats and mice were used in the included
articles. Two distinct ways of administration of infectious or inflammatory agents into the
gestational sacs were used. Five mice studies used transabdominal ultrasound-guided intra-
amniotic administration of the agent [222,247,248,250,251]. Laparotomy with visualization of
the uterine horns followed by direct puncture of the gestational sacs was the second identified
route of admmistration of agents. Laparotomy was used in three mice studies [215,241,244]

and m all studies with rats [242,243,245,246,249].

Infectious or mflammatory agents used in the studies were classified as follows: (1) live
microorganisms, Ureaplasma parvum, (2) bacterial products, extracellular membrane vesicles;

(3) PAMPs, LPS; and (4) DAMPs, HMGB-1, S100-B, and surfactant protein A .

Ureaplasma parvum was the only live microorganism used in the included studies. Intra-
amniotic administration of 5000 colony forming units (CFU) of Ureaplasma parvum to mice

did not lead to preterm delivery [215].

Extracellular membrane vesicles from group B Streptococcus strain A909 were used in one
study. Extracellular membrane vesicles injected ata dose of 5and 10 pg per sac in mice caused

preterm delivery in 55% and 68% of cases, respectively [244].

LPS was the most common triggering agent. LPS serotype O55:B55 was used in one study
[245]. while serotype O111:B4 was utilized in seven studies [242,243,246-250]. In mice, intra-
amniotic administration of 100 ng of LPS O111:B4 per sac on 16.5 day-post-conception (dpc)
caused preterm delivery mn 80%-88% of the animals [247,248,250]. Mice delivered
approximately 20 hours (median) after the procedure [248,250]. Lower dosage of 50 ng of LPS
(O111:B4) did not cause any preterm delivery [248]. In rats, intra-amniotic LPS O111:B4 at a
dose of 4 pug and 10 pg per sac did not cause preterm delivery [242,243,246]. In addition, LPS
0O55:B55 ata dose of 10 pg per sac did not cause any preterm delivery [245]. The administration
was used for modeling encephalopathy of prematurity and neonatal ung mjury [242,243,246].

The fourth group of the triggering agents consisted of DAMPs that induced sterile IAL In one
study, HMGB-1 protein at a dose of 9 ng per sac caused preterm delivery in 57% of cases [222].
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Similarly, protein S100B at a dose of 60 ng per sac caused preterm delivery in 50% of the cases
[251]. The administration of 3 pg of surfactant protein A per sac in 15 dpc caused sterile 1Al
and preterm delivery in 82% of cases [241].
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4.2.1.2 Quality assessment

The quality assessment of the included studies is listed in Table 5. The median number of study
quality checklist items scored was 3 of 5. The animal model used in the study was described in
all articles, including the rodent strain and its origin. Only one study (8%) described the sample
size calculation. Randomized allocation to treatment group was reported 2 of 13 studies (16%).
Of included studies, all except one (92%) described in detail the mtervention technique. Proper

characterization of triggering agent was described m all included studies.

Table 5.
Report of the study quality score

Detall.ed‘ . Random allocation Detaﬂ.ed. Detailed
description of | Sample size description of ..
the used calculation to treatment or the used df.DSCI‘lp.tIOI’I of
animal model control group intervention triggering agent
Condon et al., Proc Natl
Acad Sci USA., 2004 [241] yes 1o no yes yes
Normann et al., Pediatr
Res., 2009 [215] yes no no yes yes
Jantzie et al., J Vis Exp.,
2015 [242] yes no no yes yes
Maxwell et al., Placenta,
2015 [243] yes no no yes yes
Gomez-Lopez etal, Am]J
Reprod Immunol., 2016 yes no no yes yes
[222]
Surve et al., plos Pathog.,
2016 [244] yes no no yes yes
Cookson et al., Am J
yes no no no yes

Perinatol., 2018 [245]

Dedja et al., Exp Lung Res.,
2018 [246] yes no yes yes yes

Garcia-Flores et al.,Front

Immunol., 2018 [247] yes no no yes yes

Gomez-Lopez etal., ]
Matern Fetal Neonatal yes no no yes yes
Med.,2018 [248]

Jantzie et al., Front Neurol.,

2018 [249] yes yes yes yes yes
Faro et al., Biol Reprod.,
2019 [250] yes no no yes yes
Gomez-Lopez et al.,, Biol
Reprod., 2019 [251] yes no no yes yes
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4.2.2 Specific aim 1I-B

4.2.2.1 Animal characteristics

In total, four rats were administered LPS and three rats were administered PBS. In total, 19
gestational sacs were injected in the LPS group and 17 gestational sacs were injected in the

PBS group.

Twenty-four hours after administration, all animals remained alive and had not delivered. All
fetuses, except one, were alive. The dead fetus was from an injected gestational sac in the LPS

subgroup. The amniotic fluid was not sampled from this dead fetus.

From the rats administered LPS, a sufficient volume of the amniotic fluid was obtained from
16 gestational sacs with LPS and from 33 without LPS for the analysis. From the rats
administered PBS, sampling was successful from nine gestational sacs with PBS and 32 sacs

without PBS.

4.2.2.2 Concentration of IL-6 in the amniotic fluid after intra-amniotic LPS administration

Differences in the concentration of IL-6 in the amniotic fluid were found among the subgroups
of gestational sacs (with LPS: median 538 pg/mL; IQR 192.6-843.2 pg/mL; without LPS:
median 36 pg/mL, IQR 35.6-52 pg/mL; with PBS: median 35.6 pg/mL, IQR 35.6—44.5 pg/mL;
without PBS: median 35.6 pg/mL, IQR 35.6-35.8 pg/mL; p <0.0001; Figure 8).

The concentration of IL-6 in the amniotic fluid from gestational sacs with LPS were higher than
that in the amniotic fluid from gestational sacs with PBS and those without LPS and without
PBS (Table 5). Nodifferences in the concentration of IL-6 in the amniotic fluid were identified
between gestational sacs with PBS and those gestational sacs without LPS and without PBS
(Table 5). The concentration of IL-6 in the amniotic fluid from gestational sacs without LPS
from rats administered LPS was higher than that in the amniotic fluid from gestational sacs

without PBS from rats admmistered PBS (Table 5).
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Figure 8.

Concentration of IL-6 in the amniotic fluid of rats after intra-amniotic administration of either
lipopolysaccharide or phosphate-buffered saline

Amniotic fluid IL-6 levels in rats
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Abbreviations: LPS, lipopolysaccharide; PBS, Phosphate-buffered saline
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Table 5.

Comparisons of interleukin-6 concentrations in the amniotic fluid from gestational sacs of rats after
administration of either lipopolysaccharide or phosphate-buffered saline

Administration of lipopolysaccharide (LPS) Administration of phosphate-buffered saline (PBS)
Gestational sacs Gestational sacs Gestational sacs Gestational sacs
with LPS without LPS with PBS without PBS
Gestational
o a,t:";};acs x P <0.0001 P <0.0001 p <0.0001
Administration of LPS S “t”t_ 1
estational sac
< (). =(). =.
without LPS p<0.0001 X p=0.63 p=0.04
Gestational
s 1;0;‘;;“ p<0.0001 p =063 x p=036
Administration of PBS Ge‘;;t,onal —
3 {
<0. =0. =0.
without PBS p <0.0001 p=0.04 p=036 X

p-value: a comparison between two subgroups (a nonparametric Mann-Whitney U test).
Statistically significant results are marked in bold.

Abbreviations: LPS, lipopolysaccharide; PBS, Phosphate-buffered saline
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4.2.3 Specific aim II-C

The protocol with photographs is included in section Appendices (Appendix A)

4.2.3.1 Preparation

The bottle warmer was turned on in advance to warm up the ultrasound gel. The temperature
of the warmer was set to 37°C. The oxygen tank was checked to determme if there was enough
oxygen to perform the procedure. The level of isoflurane in the anesthesia vaporizer was
checked. If the level was low, isoflurane was refilled before starting the procedure. The
connection of the hose of the anesthesia system to the induction chamber and Vevo Imagine
Station was checked. The hose switch was opened to allow anesthetic gases to flow into the
induction chamber. The hose switch that led to the imagining station was closed. The heating
of the Vevo Imagine Station heating pad was turned on. The temperature of the heating pad
was set to 40°C. The infrared lamp was turned on and placed above the heating pad to mamntain
astable body temperature during anesthesia. Five pieces of tape, approximately 10 cm in length,
were prepared and used to attach the animal and rectal probe to the heating pad during the
procedure. Hair removal cream and a few pieces of cotton swabs and gauze pads were prepared

and used to remove fur. The preparation took approximately 10 minutes.

4.2.3.2 Setting Up the Vevo ultrasound machine

A Vevo 3100 ultrasound machine was turned on. The MX250S transducer (15-30 MHz) was
connected to an ultrasound machine. Different transducers were used during different stages of
the procedure. The pre-set to “mouse (large) abdominal” was chosen. The study name for data
storage in ultrasound machine was automatically set to “series 17 The series number was
changed for every animal to maintain records. The setup of the ultrasound machine required 5

minutes.

4.2.3.3 Anesthesia

The oxygen tank was turned on, and the flow rate was set to 2 L/min. Isoflurane was mitiated
at a concentration of 5%. The rat was removed from the cage and placed in an induction
chamber. The behavior of the anmimals was assessed. After anesthesia was mitiated, the

isoflurane concentration was lowered to 1.5%. The hose switch connecting the anesthesia
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vaporizer and nasal mask on the heating pad at the ultrasound station was open. The second
hose switch connecting the anesthesia vaporizer and induction chamber was closed. The rat was
carefully removed from the induction chamber and moved to the heating pad of the imaging
station. The animal was placed in the prone position on the heating pad, and the rat’s snout was
placed on the heating pad to the nasal mask. The animal was placed in this position for a few
minutes to stabilize the anesthesia. Breathing frequency and movement were carefully
monitored. The isoflurane concentration was adjusted as necessary. After stabilization, the
animal was placed in the supine position (with the face and torso facing up). The snout of the
rat was always connected to the nasal mask on the heating pad. The body temperature, heart
rate, and breathing frequency were monitored throughout the procedure. Anesthetic induction

took 5 minutes.

4.2.3.4 Fixation of the mouse and insertion of the rectal probe

The electrode gel was applied between the rat’s paws and the electrodes of the heating pad. The
rat’s paws were fixed to the electrodes of the heating pad using previously prepared tapes. A
drop of the lubricating gel was placed on the rectal probe. The probe was inserted into the
rectum of the rat to measure body temperature. The rectal probe was fixed to the heating pad

using a previously prepared tape. This part of the procedure took 5 minutes.

4.2.3.5 Fur Removal

Depilatory cream was applied to the rat’s abdomen. The cream was spread to cover the entire
area of the abdomen using a cotton swab. The cream was allowed to stand for 3 min. The fur
and cream were removed using pieces of wet gauze. The abdominal fur had to be removed

completely prior to the procedure. Fur removal took 10 minutes.

4.2.3.6 General ultrasound scan with mapping of the number and the position of the pups

The ultrasound gel was removed from the bottle heater and shaken to move the gel toward the
nozzle to avoid creating bubbles, which can distort the images. The lower part of the rat’s
abdomen was covered with the ultrasound gel, and a 1-cm thick layer was created. The
transducer was placed in a transverse orientation on the abdomen. To avoid shaking, the wrist

of the hand with the transducer was fixed. The maternal bladder was identified as an
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anechogenic round structure located at the midline of the lower abdomen. The urinary bladder
was used as a midline reference pomt for localizing and mapping gestational sacs with pups.
First, the right part of the abdomen of the animal was scanned from the bladder to the thorax.
Then, the left part of the abdomen of the animal was scanned from the bladder to the thorax.
The positions of the pups and placentas were recorded. This initial scan took approximately 10

minutes.

4.2.3.7 Ultrasound-guided intra-amniotic administration

The MX250S transducer was replaced by an MX400 transducer (20-46 MHz). The MX400
transducer, offering higher axial resolution, enables more precise needle navigation during the
procedure. The MX400 transducer was placed in the transducer holder of the Vevo Imagine
Station. A sufficient ultrasound gel layer of at least 1-cm thickness was restored below the
transducer. The syringe with the substance was placed in the syringe holder ofthe Vevo Imagine
Station. The target gestational sac was visualized on the right side of the ultrasound image. The
syringe holder was moved toward the animal body surface inside the gel layer with a 27 G X
40 mm needle perpendicular to the skin until the needle tip could be visualized on the left side
of the ultrasound image. When the tip of the needle was visible on the ultrasound image,
puncture was performed. The thick rat skin made the passage of the needle difficult. Therefore,
the puncture had to be slow to allow the tip of the needle to spontancously slide through the
skin tissue and membranes of the gestational sac. The agent was injected when the tip of the
needle was inside the gestational sac. Successful application was confirmed by visualization of
the fluid jet. The needle was then slowly pulled out. The procedure was repeated to inject all
accessible gestational sacs in the animal. A new sharp needle was used for each new
administration to ensure the successful passage of the needle through the skin. Intra-amniotic

administration required approximately 30 minutes.

4.2.3.8 End of the procedure

The entire layer of the ultrasound gel was removed from the animal’s abdomen with gauze
pads. The abdomen was completely dried before the animal was moved into the cage. The rectal
probe was removed, and the paws were released. The isoflurane vaporizer was turned off. The

animal was placed in a cage, where it was kept under a heat lamp and watched until recovery
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from anesthesia. The ultrasound machine and equipment were turned off. All instruments were

cleaned. This part of the procedure took 10 minutes.
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S. DISCUSSION

5.1 CLINICAL OBJECTIVES

5.1.1 Specific aim I-A

The principal findings of the specific aim I-A, evaluated in women with PTL, were as follows:
1) intra-amniotic infection and sterile IAI were found in 15% and 27% of the women,
respectively; 1) cervical fluid IL-6 concentration was positively correlated with amniotic fluid
IL-6 concentration; ii) women with intra-amniotic infection and sterile IAI had a higher
concentration of IL-6 in the cervical fluid than those without IAI; and iv) no differences in the
concentration of IL-6 in the cervical fluid were found between women with intra-amniotic

mnfection and those with sterile 1AL

The presence of sterile IAI has been described so far in pregnancies complicated by preterm
delivery [142,143,222,251-259], PPROM [143,145,260-263], and a short cervix [264]. In
pregnancies with PTL, the rate of sterile IAl is approximately two-fold more frequent than the
rate of intra-amniotic infection [142]. However, the frequency of both phenotypes of IAl in
PTL decreases with advancing gestational age [142]. The results of this study regarding the
frequency of both clinical phenotypes of IAI are in line with the results of a pioneering study
by Dr. Romero on sterile IAI in PTL, in which sterile IAI and intra-amniotic infection were

found in 26% and 11% of women, respectively [142].

In this study, the concentration of IL-6 was measured in cervical fluid samples obtained from
women with PTL. Previous studies have reported a positive correlation between the
concentration of IL-6 in the cervical fluid and the amniotic fluid [148,182,185,265]. In addition,
there is evidence that an increased concentration of IL-6 in the cervical fluid in women with
PTL is related to the following: 1) a higher risk of preterm delivery [182,265-270]; i) increased
concentration of IL-6 in the amniotic fluid [182,185]; i) a higher risk of TAI [182,185]; wv)
microbial mnvasion of the chorioamniotic membranes [148]; v) MIAC [182,185]; vi) the

presence of histological [185]; and clinical [271] chorioamnionitis.

In this study, we confirmed the results reported in previous studies [182,185] that m PTL
pregnancies, [Al is associated with higher cervical fluid concentrations of IL-6 than in those
without Al To extend the knowledge of this field, women with PTL were further divided into

59



three subgroups: intra-amniotic infection, sterile IAI, and without IAI. As expected, women
with both clinical phenotypes of IAI had higher concentrations of IL-6 in the cervical fluid than
those without IAI. However, no difference in the cervical fluid IL-6 concentration was found
between women with intra-amniotic infection and sterile 1Al These observations show that an
nflammatory and/or infectious environment in the cervical compartment is present in both
clinical phenotypes of IAl. Given the tight anatomical proximity between the cervix and fetal
membranes, we hypothesize that the composition of the cervical fluid might reflect the
microbial and inflammatory status of the choriodecidual space. This hypothesis is driven by the
fact that the presence of bacteria in the chorioamnion is associated with an elevation of IL-6
concentration in the cervical fluid [148]. In addition, the presence of microorganisms in the
chorioamnion is also related to higher concentrations of IL-6 in the amniotic fluid, irrespective
of the presence or absence of microorganisms in the amniotic fluid [148,153]. These facts
collectively suggest that presence of microorganisms in the chorioamniotic membranes closely

related to the elevation of the concentration of IL-6 in both cervical and amniotic fluids.

Therefore, the elevation of IL-6 concentration i the cervical fluid n women with PTL with
sterile 1Al can be explained by the possible presence of microorganisms in the chorioamnion
and/or nflammation in the choriodecidual space. This observation supports the hypothesis that
these conditions represent one of the mechanisms playing pivotal roles, apart or in combination
with the release of alarmins from necrotic cells or cells undergoing cellular stress, on the

development of a sterile intra-amniotic environment in women with PTL.

This study has several strengths. First, the presence of MIAC was assessed using a combination
of culture and non-culture methods (specific PCR for Ureaplasma spp., M. hominis, and C.
trachomatis and non-specific evaluation of the 16S rRNA gene). This comprehensive approach
allowed us to precisely identify a subset of women with sterile IAl. Second, paired amniotic
and cervical fluid samples were obtained at the time of admission before the administration of

corticosteroids, tocolytics, and antibiotics.

This study also has limitations. First, number of women with intra-amniotic infection and sterile
IAI n this study (n = 12 and n = 21, respectively) was relatively small. Second, the
concentration of IL-6 in the amniotic fluid was assessed in fresh samples; however, the
concentration of IL-6 in the cervical fluid was measured in the samples that underwent one
freezing/thawing cycle. Third, the cervical fluid microbiota and microbiome were not assessed

in this study.

60



5.1.2 Specific aim I-B

The principal findings of the specific aim I-B, evaluated in women with PTL, were as follows:
i) FcgammaBP was identified as a constituent of amniotic and cervical fluids, i) the
concentration of FcgammaBP in amniotic fluid was elevated in the presence of both phenotypes
of IAI, being higher in the presence of intra-amniotic infection, i) FcgammaBP i the amniotic
fluid might be a marker of intra-amniotic infection in women with PTL, and iv) the
concentration of FcgammaBP i the cervical fluid was not altered by the presence of either

phenotype of AL

FcgammaBP is arelatively unknown protein, with limited reports in relation to conditions such
as bowel nflammatory disease, autoimmune disease, or thyroid gland tumors [272-274],
however, it also represents one of the proteins identified in the amniotic fluid using proteomics
[275-278]. FcgammaBP was discovered more than 30 years ago as a specific site for the
fragment of crystallizable (Fc) region of the immmunoglobulin (Ig) G antibody n the small
mtestinal and colonic epithelia [279]. This specific site differed from previously recognized
receptors in the Fc region of IgG [279]. The specific site for the Fc region of IgG was later
termed FcgammaBP and identified as a protein primarily localized in the mucosal granules of
the small intestinal and colonic epithelia that are secreted into the intestinal lumen Based on the
current knowledge, FcgammaBP is considered a protein that provides immunological
protection to the intestinal tissue and facilitates the mteraction between the intestinal mucus and
potentially harmful stimuli (such as microorganisms and alarmins) with the ultimate goal of
protecting the mucosal surface [272,279,280]. However, its exact biological function has yet to
be fully elucidated.

The production of FcgammaBP has been described to occur in the intestinal epithelial cells,
placenta, and thyroid tissue [272,274]. However, its expression has not been observed in the
brain, heart, kidney, liver, lung, and skeletal muscles [272]. Interestingly, the ability to produce
FcgammaBP was confirmed only in humans and monkeys, it has not been confirmed in mice,

rats, rabbits, dogs, bovines, and porcines [272].

FcgammaBP has been found in low concentrations n human serum from healthy individuals
[273]. However, its serum concentrations were elevated in the presence of autoimmune diseases
such as Crohn’s disease, ulcerative colitis, rheumatoid arthritis, systemic lupus erythematosus,
and progressive systemic sclerosis [273]. The presence of FcgammaBP has been further proven
n the amniotic fluid, urmne, saliva, and cerebrospinal fluid [275,278]. Lu et al. found the

presence of FcgammaBP in the amniotic fluid in the second trimester of uncomplicated
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pregnancies [275]. In addition, FcgammaBP was shown to be among the most abundant
(35/1624) proteins found in the amniotic fluid [275]. Our group described the presence of
FcgammaBP in the amniotic fluid in pregnancies complicated by PPROM and PTL [276,277].
The finding of this study that FcgammaBP is a constituent of the amniotic fluid in PTL

pregnancies is in line with the abovementioned findings.

Previously, the concentration of FcgammaBP i the amniotic fluid was shown to be higher in
women with PPROM with MIAC and acute histological chorioamnionitis than in those without
these complications [276]. Interestingly, no differences in the amniotic fluid concentration of
FcgammaBP between the presence and absence of the abovementioned complications were

identified in women with PTL, where amniotic fluid was obtained from the forewaters at the
end of the first stage of labor [277].

In this study, we found an elevated amniotic fluid concentration of FcgammaBP in the presence
of both phenotypes of IAl Interestingly, the concentrations of FcgammaBP mn amniotic fluid
were higher in the presence of intra-amniotic infection than in the presence of sterile IAI. The
results from this study show that both infectious and non-infectious stimuli might trigger the

production of FcgammaBP.

In this study, the concentration of FcgammaBP was measured in paired amniotic and cervical
fluid samples. Interestingly, the FcgammaBP concentrations were higher in the cervical fluid
samples than in the amniotic fluid samples, despite the fact that cervical fluid samples obtained
with a swab were diluted in 1.5 mL of the buffer. These observations suggest that epithelial
cells and/or mmune cells in the endocervical canal are able to produce FcgammaBP. This
finding supports the key role of the cervix during pregnancy, which is immunological protection

against the ascension of microorganisms from the vagina and the cervix toward the upper
genital tract [281-284].

Cervical fluid sampling can be clinically relevant given the non-invasive nature of this
procedure. However, only a weak positive correlation between the concentration of
FcgammaBP i the ammiotic fluid and the cervical fluid was found in PTL. Due to intact
membranes i pregnancies with PTL, the protem composition of a cervical fluid sample may
reflect the situation in the cervical compartment rather than that in the intra-amniotic cavity.
The study shows that FcgammaBP m the cervical fluid is not a useful marker for the diagnosis

of intra-amniotic complications in women with PTL.
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Confirmation of intra-amniotic infection is a challenge for clinicians. The necessity to rule in
or rule out the presence of microorganisms in amniotic fluid makes the diagnosis of intra-
amniotic infection time-consuming and more expensive when the techniques used to identify
either non-culturable or difficult-to-culture microorganisms are employed. Therefore, from a
clinical point of view, there is an urgent need to discover a single marker of intra-amniotic
mfection that has reliable sensitivity and specificity. In this study, FcgammaBP in the amniotic

fluid was identified as a potential marker of intra-amniotic infection in PTL pregnancies.

The strength of this study is the relatively large cohort of paired amniotic and cervical fluid
samples. Second, fluid samples were collected from a well-defined phenotype of PTL. Fnally,
a thorough assessment of MIAC using a combination of culture and non-culture methods
provided an opportunity to precisely distimguish the subsets of women with mntra-amniotic

nfection and sterile 1Al

This study also has some limitations that are worth mentioning. For example, there was a small
number of women with intra-amniotic infection (n =12). To confirm whether the concentration
of FcgammaBP in amniotic fluid is a reliable marker of ntra-amniotic infection, the results
need to be replicated in independent cohorts. Next, despite the FcgammaBP expression in the
placenta that was described [272], the questions of which part of the placenta is a source of
FcgammaBP and whether fetal membranes produce FcgammaBP still remain unanswered. A
body of evidence has shown that intestinal epithelial cells produce FcgammaBP [272,273], but
no data are available on whether amniotic epithelial cells can produce FcgammaBP. Given the
mmportance of the amniotic epithelium as a barrier against the ascension of microorganisms mto
the amniotic cavity [285-287], some similarities between intestinal and amniotic epithelial cells
might be identifiable such as, 1) to serve as mechanical barriers [285-289]; 2) to have spatially
expressed toll-like receptors [290,291]; and 3) to indicate that the expression of toll-like
receptors changes when inflammation is present [131,290,291]. Therefore, we hypothesize that

the amniotic epithelium might be involved in FcgammaBP production.
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5.2 EXPERIMENTAL OBJECTIVES

5.2.1 Specific aim II-A

The key findings of specific aim II-A were as follows: 1) intra-amniotic administration of
agents to model mtra-amniotic nflammation/infection associated with preterm delivery has
been used since 2004; 2) the published approaches to administer triggering agents mto the
gestational sacs include open surgery with direct puncture and transabdominal ultrasound-
guided administration; 3) four kinds of triggering agents were used: 1) live microorganisms, 1ii)
bacterial products, i) PAMPs, and iv) DAMPs; 4) LPS was the most commonly used triggering
agent; 5) Ureaplasma parvum was the only live microorganism used; and 6) HMGB-1, S100B,
and surfactant protein A were DAMPs used to model sterile TAL

The rodent model of inflammatory preterm delivery iitiated by intraperitoneal or intrauterine
administration of endotoxins is used in research for decades [199]. However, the intra-amniotic
administration of triggering agents started to be used only recently. Our search (even though
there was no time restriction) identified only the studies published after 2004, with majority of
studies published mn 2018. The possible explanations are the following: 1) a change of
researchers’ view on the importance of intra-amniotic inflammatory response in the research of
mtra-amniotic inflammation/infection associated with preterm delivery, and i) better
availability of high-frequency ultrasound devices that made the intra-amniotic administration

of triggering agents under ultrasound guidance possible.

The majority of the included studies used mini-laparotomy to establish access to the pregnant
uterus. During the procedure, a rodent was anesthetized and a short (usually 1-3 cm) midline
mcision was made i the lower abdomen. The rodent uterus is bicornuate, and the sacs with
fetuses are arranged in a “beads-on-a-string” pattern. One or both horns were exposed, and the
mndividual fetal sacs were directly punctured usually using a 31 G needle. After the procedure,
the abdominal wall was closed using sutures. Laparotomy is an invasive procedure and has
some drawbacks. Pain along with surgical stress can result in a major endocrine response
nfluencing function of many organs [292]. Laparotomy itself can cause preterm delivery

among sham controls and therefore can confound the results [216].

High-frequency ultrasound devices have recently become available for small laboratory animal
maging. This high-resolution technology enables reliable guidance of the needle passage
through an intact abdominal wall Rinaldi et al. presented the method of transabdominal
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ultrasound-guided puncture in the uterine cavity of mice [293]. Of the included studies, only
one research group took advantage of a high-frequency ultrasound device to guide the
transabdominal administration into gestational sacs of mice [222,247,248,250,251]. During the
procedure, anesthetized animals were positioned on a pad. The ultrasound probe and syringe
with an agent were stabilized by a mechanical holder. After fur removal, gestational sacs were
transabdominally punctured by 30 G needle under ultrasound guidance. This approach is less
invasive than direct puncture of gestational sacs from mini-laparotomy. However, the
ultrasound-guided approach requires both high-quality ultrasound device and a well-trained

operator.

The use of transabdominal ultrasound-guided administration has been reported only in mice but
not in rats. In our experience, thicker rat skin impedes the needle passage through their
abdominal wall. Onthe contrary, Serriere et al. showed that transabdominal ultrasound-guided
aspiration of amniotic fluid was possible even in rats [294]. Therefore, rats can be used for
modeling of intra-amniotic inflammation/infection associated with preterm delivery with

caution.

For animal modeling, intra-amniotic infection can be triggered by live microorganisms, their
components, or PAMPs. PAMPs are diverse sets of microbial molecules that share a number
of different recognizable biochemical features that trigger an immune responses [295]. Except
for one study, the included LPS studies used LPS serotype O111:B4. Intra-amniotic
administration of LPS O111:B4 to C57BL/6 mice caused preterm delivery in 80%-88% of the
cases. The remaining mice delivered at term [247,248,250]. In studies with intraperitoneal and
intrauterine administrations, almost all animals delivered preterm [226,296]. It is likely that the
mtensity of IAI triggered by the intra-amniotic administration of LPS was not strong enough to
cause preterm delivery in all animals. However, the exposed pups suffered from severe
mortality regardless of preterm or term delivery. The advantage of the intra-amniotic
administration of LPS is the absence of signs of systematic involvement and changes in body
temperature in pregnant mice [248]. This scenario mimics a clinical situation i pregnant

women.

The mtra-amniotic admmistration of LPS to Sprague-Dawley rats did not cause preterm
delivery among animals in five included studies regardless of the dose or serotype of LPS used.
This might suggest that Sprague—Dawley rats were not as sensitive to LPS as C57BL/6 mice.
On the contrary, intra-amniotic administration of LPS i Sprague—Dawley rats caused

histologic chorioamnionitis [242,243,245,246,249].

65



Genital mycoplasmas are the most frequent microorganisms diagnosed in the amniotic cavity
of women with preterm delivery [124,297]. Therefore, their use to model intra-amniotic
infection is more clinically relevant than LPS-based studies. In addition to their effect on
triggering intra-amniotic infection, ureaplasmas can play a role in the development of
bronchopulmonary dysplasia in preterm newborns [298,299]. Interestingly, in a study by
Norman et al., intra-amniotic administration of live Ureaplasma parvum did not cause preterm
delivery in the CD-1 mouse model [215]. The absence of preterm delivery induction by
Ureaplasma parvum i this study can be the consequence of bypassing the process of ascending
mfection due to direct intra-amniotic admmistration. Other possible explanation is that the
serovar of Ureaplasma parvum used i this study lacked the capacity to induce preterm
delivery. However, exposed pups suffered from mild postnatal inflammation and worsened
oxygen-induced lung mjury, which demonstrate the significance of intra-amniotic infection

[215].

Three kinds of DAMPs were used for the induction of sterile IAI in the included studies;
namely, HMGB-1, S100B, and surfactant protein A [222,241,251]. HMGB-1 and S100B were
elevated in the amniotic fluid of women with sterile IAI [142,144,147]. In C57BL/6 mice, intra-
amniotic administration of HMGB-1 and S100B caused a similar rate of preterm delivery
(approximately 50%). Interestingly, intraperitoneal administration of HMGB-1 to C57BL/6
mice did not cause preterm delivery [222]. These findings provide evidence that DAMPs can
induce preterm delivery associated with sterile IAI and probably mimic similar situation among

humans.

The main limitation of this systematic review is its focus on rodent models, although other
animals (such as sheep) have been used for intra-amniotic administration of triggering agents
to simulate intra-amniotic inflammation/infection associated with preterm delivery [199]. The
intra-amniotic admmistration of triggering agents to rodents is relatively new compared with
other well-established animal models. An additional limitation is that we only used two
databases for the mitial search and excluded the articles published n other languages than
English. Finally, there is heterogeneity of the outcomes of mcluded studies as well as in the

used strains of mice and rats.
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5.2.2 Specific aim II-B

The principal findings of the specific aim II-B were as follows: 1) ultrasound-guided intra-
amniotic administration of an agent was feasible in rats; i) ultrasound-guided intra-amniotic
administration of 10 pg of E. coli LPS serotype O55:B5 induced a marked elevation in the
concentration of IL-6 in the amniotic fluid of rats; iii); the concentration of IL-6 in the amniotic
fluid was elevated in gestational sacs treated with LPS; iv) intra-amniotic admmistration of 10
pg of E. coli LPS serotype O55:B5 did not induce labor within 24 hours; and v) after LPS

administration, 95% of fetuses remained alive.

Animal models represent a unique tool in the research of preterm delivery, enabling us to
mprove our understanding of the underlying mechanisms associated with intra-amniotic
mnflammatory and infection-related complications. Here, we have reported the development of

anovel, minimally invasive rat model of IAI based on ultrasound-guided LPS administration.

Ultrasound-guided injections of triggering agents have only been recently used to develop a
model of inflammation/infection associated with preterm delivery in small laboratory animals
[233,293]. This approach has become possible because of the high-frequency ultrasound
devices specifically designed for use in small laboratory animals. Owing to their minimal
invasiveness, ultrasound-guided injection is advantageous over the classical open surgery
approach [233]. Ultrasound-guided mntra-amniotic administration of triggering agents to create
a model of Al in mice is currently used by one research group [222,248,250,251]. Serriere et
al. showed that transabdominal ultrasound-guided aspiration of the amniotic fluid was also
possible m rats [294]. However, to the best of our knowledge, our study is the first to use
ultrasound-guided ntra-amniotic administration of a triggering agent to develop a model of IAI

n rats.

LPS, a component of the cell wall of gram-negative bacteria, has been used to model infection
and mflammation associated with preterm delivery in animal models for decades [204]. Gayle
et al. demonstrated a 12-fold and 5-fold increase in IL-6 levels in the amniotic fluid at 6 and 12
hours, respectively, after systemic administration of LPS to rats [300]. In our study, the intra-
amniotic injection of 10 ug of E. coli LPS serotype O55:B5 per gestational sac under ultrasound
guidance triggered a marked elevation in IL-6 levels in the amniotic fluid. Twenty-four hours
after admmistration, the concentration of IL-6 in the amniotic fluid in the gestational sacs with
LPS were 15-fold higher than that in the ammiotic fluid in the gestational sacs without LPS.

Elevated IL-6 levels were observed only in the gestational sacs with LPS. However, the
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amniotic fluid from non-injected gestational sacs in rats administered LPS, had slightly higher
IL-6 concentrations than that from non-injected gestational sacs in rats administered PBS. This
phenomenon could be explained by a potential weak leak of LPS from the injected gestational
sacs mto the choriodecidual space surrounding non-injected gestational sacs. We can only
hypothesize that the presence of LPS leak in the choriodecidual space from injected gestational
sacs might have triggered a weak imflaimmatory response with the release of IL-6 in the amniotic

fluid into non-injected sacs.

There is evidence that intra-amniotic admmistration of LPS 0.1 pg per gestational sac in mice
causes a high frequency of preterm delivery (80%) [247,248,250]. In our study, dams were not
delivered within 24 h after intra-amniotic administration of LPS despite the development of
TAL This s mn lne with other rat studies, m which intra-amniotic admmistration of LPS via
small laparotomy did not induce preterm delivery [245,246]. Moreover, intra-amniotic
administration of LPS to mice is associated with a high fetal mortality rate, which is not seen
in rat studies [245,248-250]. In our study, only 1 of the 19 fetuses from gestational sacs injected
with LPS died 24 hours after admmistration. This mtrauterine death could be attributed to IAI
induced by LPS; however, needle injury during the itra-amniotic puncture might have also
been a possible mechanism. The mmportant attribute of this model is that intra-amniotic
administration of LPS did not induce labor and 95% of fetuses remaimned alive in the
mflammatory environment. Due to its endurance and stability, it may represent a more valuable
model for research of intra-amniotic mnflammatory complications in maternal and fetal

compartments than in a similar mouse model.

The assessment of IL-6 concentrations in the amniotic fluid in an animal model represents an
approach relevant to human clinical practice. Therefore, we focused on the evaluation of this
body fluid in our rat model. To the best of our knowledge, this is the first study to investigate
IL-6 levels in the amniotic fluid of rats after ntra-amniotic administration of LPS. The possible
reason for the absence of other studies could be the fact that the acquisition of a sufficient
volume of amniotic fluid for analysis could be a challenge after ntra-amniotic injection. In our
study, the amniotic fluid volume was reduced in the injected gestational sacs, which impaired
amniotic fluid harvesting. The reduction of amniotic fluid volume could have been associated
with the development of IAI; however, based on the concurrent occurrence of this event in
gestational sacs admmistered PBS, the leakage of the amniotic fluid through the traumatized

membranes was a more probable mechanism.
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The strength of this study is that it is a minimally invasive method of intra-amniotic
administration of LPS. Nevertheless, this study also has limitations. First, an sufficient amount
of the amniotic fluid for analysis could not be obtained from all gestational sacs due to the
reduction in its volume. Second, the inflammatory responses to LPS in the maternal, placental,

and fetal compartments were not examined. Third, only one dose of LPS was administered.

5.2.3 Specific aim II-C

In specific aim II-C, the protocol of ultrasound-guided intra-amniotic admmnistration of an agent

to create a rat animal model of IAI was summarized.

The value of research can be enhanced by applying a consistent methodology that supports
reproducibility. The course of actions can be summarized step by step into protocols, which
enable us to proceed with the research without technical issues. This is especially important

when animal models are involved, where a consistent methodology facilitates adherence to
ethical standards [301].

The protocol provides complete and consistent instructions on how to develop a rat animal
model of IAl by ultrasound-guided intra-amniotic administration of an agent. The ultrasound-
guided mini-invasive approach minimizes trauma and stress in animals. The protocol describes
this technique in detail and focuses on specific technical aspects of gestational sac puncture and
the use of high-resolution ultrasound guidance. In our study, we used LPS administration;
however, other agents such as different bacteria and their products or DAMPs can be used in
the same way to trigger different phenotypes of IAl in rats. Therefore, this protocol can be a
supportive and helpful basis for the establishment of other rat models of IAL
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6. CONCLUSION

6.1 CLINICAL OBJECTIVES

In women with PTL, the presence of both phenotypes of IAl, ntra-amniotic infection and sterile
IAI, was associated with an elevated concentration of IL-6 in the cervical fluid. However, no
differences in the concentration of IL-6 in the cervical fluid were found between the two

conditions.

In women with PTL, the concentrations of FcgammaBP in amniotic fluid were elevated in the
presence of both phenotypes of TAI, being higher in the presence of intra-amniotic infection.
Therefore, FcgammaBP in the amniotic fluid can be considered a potential marker of intra-
amniotic infection in women with PTL. The concentration of FcgammaBP of the cervical fluid

was not altered by the presence of either phenotype of IAL

6.2 EXPERIMENTAL OBJECTIVES

A systematic review of the literature demonstrated that intra-amniotic administration of
triggering agents is used to model intra-amniotic infection/infllmmation i rodents. Intra-

amniotic administration under ultrasound guidance has been described in mice, but not in rats.

Our experiments showed that ultrasound-guided intra-amniotic administration of an agent was
feasible in rats. The administration of 10 ug of E. coli LPS serotype O55:B5 per gestational sac
resulted in the development of IAI and did not induce labor or fetal mortality.

Finally, a step-by-step protocol for ultrasound-guided intra-amniotic administration ofan agent

i a rat to support the reproducibility and feasibility of this approach was developed.
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8.

APPENDICES

8.1 APPENDIX A: STEP-BY-STEP PROTOCOL FORULTRASOUND-GUIDED

INTRA-AMNIOTIC ADMINISTRATION OF AN AGENT IN A RAT

1. Preparation

The bottle warmer was turned on in advance to warm up the ultrasound gel. The temperature of
the warmer was set to 37°C.

The oxygen tank was checked to determine if there was enough oxygen to perform the
procedure.

The level of isoflurane in the anesthesia vaporizer (Figures 1.1 and 1.2) was checked. If the level
was low, isoflurane was refilled before starting the procedure.

The connection of the hose of the anesthesia system to the induction chamber and Vevo Imagine
Station was checked. The hose switch (Figure 1.3) was opened to allow anesthetic gases to flow
into the induction chamber. The hose switch that led to the imagining station was closed.

The heating of the Vevo Imagine Station heating pad (Figure 1.4 and 1.5) was turned on. The
temperature of the heating pad was set to 40°C (Figure 1.6).

The infrared lamp was turned on and placed above the heating pad to maintain a stable body
temperature during anesthesia.

Five pieces of tape, approximately 10 cmin length, were prepared and used to attach the animal
and rectal probe to the heating pad during the procedure.

Hair removal cream and a few pieces of cotton swabs and gauze pads were prepared and used
to remove fur.

|

Figure 1.1 Figure 1.2
Vevo Anesthesia System. Isoflurane vaporizer of Vevo Anesthesia
System.
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Figure 1.3

Hoses with switches connecting anesthesia
system to the induction chamber and imagine
station.

Figure 1.4

Vevo Imagine Station.

OUTPUTS

HEART RATE

Visualsonics Inc.

Figure 1.5
Vevo Imagine Station heating pad.

Figure 1.6

Temperature setting of the Vevo Imagine
Station heating pad.
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2. Setting Up the Vevo ultrasound machine

— A Vevo 3100 ultrasound machine (Figure 2.1) was turned on.

— The MX250S transducer (15-30 MHz) was connected to an ultrasound machine (Figure 2.2).
Different transducers were used during different stages of the procedure.

— The pre-set to “mouse (large) abdominal” was chosen (Figure 2.3).

— The study name for data storage in ultrasound machine was automatically set to “series 1” The
series number was changed for every animal to maintain records.

Figure 2.1
Vevo 3100 ultrasound machine.

Rat (Large) Abdommnal

Figure 2.2

Connection of the transducer to the ultrasound
machine.

Figure 2.3

Transducer pre-set window of the ultrasound
machine.
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3. Anesthesia

— The oxygen tank was turned on, and the flow rate was set to 2 L/min (Figure 3.1). Isoflurane
was initiated at a concentration of 5%.

— The rat was removed from the cage and placed in an induction chamber (Figure 3.2). The
behavior of the animals was assessed. After the animal was introduced into anesthesia, the
isoflurane concentration was lowered to 1.5%.

— The hose switch connecting the anesthesia vaporizer and nasal mask on the heating pad at the
ultrasound station was open. The second hose switch connecting the anesthesia vaporizer and
induction chamber was closed.

— The rat was carefully removed from the induction chamber and moved to the heating pad of the
imaging station.

— The anmimal was placed in the prone position on the heating pad (Figure 3.3), and the rat’s snout
was placed on the heating pad to the nasal mask. The animal was placed in this position for a
few minutes to stabilize the anesthesia. Breathing frequency and movement were carefully
monitored. The isoflurane concentration was adjusted as necessary.

— After stabilization, the animal was placed in the supine position (with the face and torso facing
up [Figure 3.4]). The snout of the rat was always connected to the nasal mask on the heating
pad.

— The body temperature, heart rate, and breathing frequency were monitored throughout the
procedure.

Figure 3.1 Figure 3.2

Setting of an oxygen flow of anesthesia system. Animal placed in aninduction chamber.

Figure 3.3 Figure 3.4
Animal placed in the prone position on the Animal placed in the supine position on the
heating pad. heating pad.
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4. Fixation of the mouse and insertion of the rectal probe

— The electrode gel was applied between the rat’s paws and the electrodes of the heating pad.
— The rat’s paws were fixed to the electrodes of the heating pad using previously prepared tapes
Figures 4.1 and 4.2).

— A drop of the lubricating gel was placed on the rectal probe (Figure 4.3). The probe was inserted
into the rectum of the rat to measure body temperature. The rectal probe was fixed to the heating
pad using a previously prepared tape.

Figure 4.1 Figure 4.1

The rat's paw fixed to the electrode of the heating | Rat fixed to the heating pad.
pad.

Figure 4.1

The rectal probe for measurement of animal body
temperature during anesthesia.
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5. Fur Removal

— Depilatory cream was applied to the rat’s abdomen (Figure 5.1).

— The cream was spread to cover the entire area of the abdomen using a cotton swab (Figure 5.2).
The cream was allowed to stand for 3 min.

— The fur and cream were removed using pieces of wet gauze. The abdominal fur had to be
removed completely prior to the procedure (Figure 5.3).

Figure 5.1 Figure 5.2

Animal in the supine position on the heating pad. | Animal in the supine position on the heating
The depilatory cream is applied to the animal’s pad. The depilatory cream is spread to cover
abdomen. the entire area of the abdomen.

Figure 5.3

Animal in the supine position on the heating pad
with completely removed abdominal fur.
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6. General ultrasound scan with mapping of the number and the

position of the pups

The ultrasound gel was removed from the bottle heater and shaken to move the gel toward the
nozzle to avoid creating bubbles, which can distort the images.

The lower part of the rat’s abdomen was covered with the ultrasound gel, and a 1-cm thick layer
was created (Figure 6.1).

The transducer was placed in a transverse orientation on the abdomen. To avoid shaking, the
wrist of the hand with the transducer was fixed (Figure 6.2).

The maternal bladder was identified as an anechogenic round structure located at the midline of
the lower abdomen. The urinary bladder was used as a midline reference pomt for localizing and
mapping gestational sacs with pups (Figures 6.3 and 6.4).

First, the right part of the abdomen of the animal was scanned from the bladder to the thorax.

Then, the left part of the abdomen of the animal was scanned from the bladder to the thorax. The
positions of the pups and placentas were recorded.

1y mm

=

&

Figure 6.1

Technique used for mapping the number and
localization of gestational sacs. The wrist of the
hand with the transducer is fixed to avoid
shaking.

Figure 6.2

Ultrasound image of several gestational sacs
with placentas and pups.
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Figure 6.3

Detailed ultrasound image of rat embryo.

Figure 6.4

Example of drawn record showing the location

of each gestational sac with the placenta.
Injected sacs are marked (x).

7. Ultrasound-guided intra-amniotic administration

— The MX250S transducer was replaced by an MX400 transducer (20-46 MHz). The MX400
transducer, offering higher axial resolution, enables more precise needle navigation during the
procedure.

— The MX400 transducer was placed in the transducer holder of the Vevo Imagine Station (Figure
7.1).

— A sufficient ultrasound gel layer of at least 1-cm thickness was restored below the transducer.

— The syringe with the substance was placed in the syringe holder of the Vevo Imagine Station
(Figure 7.2).

— The target gestational sac was visualized on the right side of the ultrasound image (Figure 7.3).
The syringe holder was moved toward the animal body surface inside the gel layer with a 27 G
x 40 mm needle perpendicular to the skin until the needle tip could be visualized on the left side
of the ultrasound image.

— When the tip of the needle was visible on the ultrasound image, puncture was performed. The
thick rat skin made the passage of the needle difficult. Therefore, the puncture had to be slow to
allow the tip of the needle to spontaneously slide through the skin tissue and membranes of the
gestational sac.

— The agent was injected when the tip of the needle was inside the gestational sac (Figure 7.4).
Successful application was confirmed by visualization of the fluid jet.

— The needle was then slowly pulled out.

— The procedure was repeated to mject all accessible gestational sacs in the animal. A new shamp
needle was used for each new administration to ensure the successful passage of the needle
through the skin.

99




Figure 7.1 Figure 7.2

Ultrasound transducer placed in the transducer Syringe placed in the syringe holder of the
holder of the Vevo Imagine Station. Vevo Imagine Station.

= 2 mm
2 mm

Figure 7.3 Figure 7.4
Ultrasound image. The tip of the needle is visible | Ultrasound image. The tip of the needle is
on the left part of the ultrasound image in the inside the gestational sac.

proximity of animal skin.
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8. End of the procedure

— The entire layer of the ultrasound gel was removed from the animal’s abdomen with gauze pads.
The abdomen was completely dried before the animal was moved into the cage.

— The rectal probe was removed, and the paws were released.
— The isoflurane vaporizer was turned off.

— The animal was placed in a cage, where it was kept under a heat lamp and watched until recovery
from anesthesia.

— The ultrasound machine and equipment were turned off. All instruments were cleaned.
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ABSTRACT

Objective: To determine the concentration of interleukin-6 (IL-6) in the cervical fluid in women
with spontaneous preterm labor with intact fetal membranes (PTL) complicated by intra-amni-
otic infection (the presence of both microbial invasion of the amniotic cavity and intra-amniotic
inflammation), or sterile intra-amniotic inflammation (the presence of intra-amniotic inflamma-
tion alone).

Methods: Eighty women with singleton pregnancies complicated by PTL between gestational
ages 22 + 0 and 34 + 6 weeks were included in this retrospective cohort study. Samples of amni-
otic and cervical fluids were collected at the time of admission. Amniotic fluid samples were
obtained via transabdominal amniocentesis, and cervical fluid was obtained using a Dacron
polyester swab. Microbial invasion of the amniotic cavity was diagnosed based on the combin-
ation of culture and molecular biology methods. The concentration of IL-6 in the amniotic and
cervical fluids were measured using an automated electrochemiluminescence immunoassay
method. Intra-amniotic inflammation was defined as an amniotic fluid IL-6 concentration
>3000 pg/mL.

Results: The presence of intra-amniotic infection and sterile inflammation was identified in 15%
(12/80) and 26% (21/80) of the women, respectively. Women with intra-amniotic infection
(median: 587 pg/mL; p=.01) and with sterile intra-amniotic inflammation (median: 590 pg/mL;
p = .005) had higher concentrations of IL-6 in the cervical fluid than those without intra-amniotic
inflammation (intra-amniotic infection: median 587 pg/mL vs. without inflammation, median:
136 pg/mL; p=.01; sterile intra-amniotic inflammation, median: 590 pg/mL vs. without inflamma-
tion, p=.005). No differences were found in the concentrations of IL-6 in the cervical fluid
between women with intra-amniotic infection and sterile intra-amniotic inflammation (p =.81).
Conclusion: In pregnancies with PTL, both forms of intra-amniotic inflammation are associated
with elevated concentrations of IL-6 in the cervical fluid.
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Introduction between the environment and the maternal/fetal gen-

Spontaneous preterm labor with intact fetal mem-
branes (PTL) is responsible for approximately one-third
of all preterm deliveries [1-3]. PTL is considered one
of the major obstetric syndromes owing to: (i) having
multiple etiologies, (i) a long preclinical phase, (iii)
fetal involvement, and (iv) a complex interaction

ome [4-8]. Collectively, PTL represents a pregnancy
complication with serious medical and socio-economic
impacts [9,10].

A recent view of PTL clearly shows that the majority
of cases are complicated by the presence of intra-
amniotic inflammation, a condition characterized by
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the elevation of pro- and anti-inflammatory mediators
in the amniotic fluid [3,11-13]. Intra-amniotic inflam-
mation has two different clinical phenotypes: (i) intra-
amniotic infection, when microorganisms are present
in the amniotic fluid; or (ii) sterile intra-amniotic
inflammation, when the amniotic fluid is free of micro-
organisms [14-16).

Intra-amniotic infection and sterile intra-amniotic
inflammation complicate approximately 11% and 26%
of pregnancies with PTL, respectively [15]. The latter
form of intra-amniotic inflammation can be character-
ized by a milder intra-amniotic inflammatory response,
compared with intra-amniotic infection, by measuring
the concentration of interleukin (IL)-6 and white blood
cell count in the amniotic fluid [15]. Regardless, sterile
intra-amniotic inflammation has similar rates of acute
placental inflammatory lesions and adverse neonatal
outcomes to those of intra-amniotic infection [15].
These facts highlight the clinical seriousness of sterile
intra-amniotic inflammation in pregnancies with PTL.

Despite intensive research on sterile intra-amniotic
inflammation in PTL [12,13,15,17-24|, its development
has yet to be fully revealed. The following conditions
might lead to this intra-amniotic complication: (i) dam-
age of the fetal membranes, leading to the release of
endogenous molecules, called alarmins, into the amni-
otic fluid, resulting in a subsequent inflammatory
response through the system of pattern recognition
receptors [15,25-29]; (ii) microbial colonization/infec-
tion of the choriodecidual space, which stimulates the
fetal membranes to produce inflammatory mediators
that are released from the fetal membranes into the
amniotic fluid [30,31], or (iii) a combination of these
two processes.

There is solid evidence that intra-amniotic inflam-
mation is associated with a higher cervical inflamma-
tory response, measured by the concentration of IL-6
in the cervical fluid of PTL women [32,33].
Nevertheless, there is a shortage of information about
cervical fluid IL-6 concentrations related to both clin-
ical phenotypes of intra-amniotic inflammation.

Therefore, the main aim of this study was to deter-
mine the concentrations of interleukin-6 in the cervical
flud of women with PTL complicated by intra-
amniotic infection or sterile intra-amniotic inflammation.

Material and methods

This was a retrospective study of pregnant women
admitted to the Department of Obstetrics and
Gynecology of the University Hospital Hradec Kralove,
in Czech Republic, between March 2017 and May

2020, who met the following criteria: (i) maternal age
> 18years; (ii) singleton gestation between gestational
ages 22+ 0 and 34+ 6 weeks; and (iii) preterm labor
with intact fetal membranes; [iv) transabdominal
amniocentesis was performed for the evaluation of
inflammatory and microbial status of the amniotic cav-
ity. The exclusion criteria were as follows: (i) preg-
nancy-related and other medical complications (e.g.
fetal growth restriction, gestational or pregestational
diabetes, gestational hypertension, and preeclampsia);
(ii) congenital or chromosomal fetal abnormalities; (iii)
signs of fetal hypoxia; (iv) significant vaginal bleeding;
and (v) rupture of the fetal membranes with leakage
of amniotic fluid.

Gestational age was determined based on first-
trimester fetal biometry. PTL was defined as the pres-
ence of regular uterine contractions (at least two every
10min), along with the cervical length, measured
using transvaginal ultrasound, shorter than 15mm or
within the 15-30mm range with a positive PartoSure
test (Parsagen Diagnostics Inc, Boston, MA) [34].
Transabdominal amniocentesis and cervical fluid
sampling were performed at the time of admission,
before administration of corticosteroids, antibiotics,
or tocolytics.

All women received a course of corticosteroids
(betamethasone 14mg intramuscularly, 24h apart) and
tocolytic therapy with either intravenous atosiban
(those with a gestational age <28weeks) or nifedipine,
administered orally, for 48h. Women with proven intra-
amniotic inflammation received treatment with intra-
venous clarithromycin for seven days, unless delivery
occurred earlier. Women positive for group B
Streptococcus (GBS) in the vaginal-rectal swab or with
an unknown GBS status received intravenous benzylpe-
nicillin (clindamycin, in case of penicillin allergy) during
an active labor. Once the final result of microbial inva-
sion from the amniotic cavity via culture or molecular
biology methods was known, the attending clinician
made individualized treatments to determine the opti-
mal antibiotic therapy. Those who delivered prior to
gestational age 32+ Oweeks received a neuroprotec-
tion treatment with magnesium sulfate during labor.

This study was approved by the Institutional
Review Board Committee (June 2015; No 201408 I96L).
All participants in the study were Caucasian. Informed
consent was obtained from all participants.

Amniotic fluid sampling

Ultrasonography-guided transabdominal amniocentesis
was performed, and approximately 5mL of amniotic
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fluid was aspirated. Amniotic fluid was dispensed into
polypropylene tubes. The first tube was sent for the
assessment of IL-6 level. The second tube was trans-
ported to the microbiology laboratories for aerobic/
anaerobic cultivation of amniotic fluid. The third tube
was sent to the molecular biology laboratory for poly-
merase chain reaction (PCR) testing for Ureaplasma
spp., Mycoplasma hominis, Chlamydia trachomatis, and
16S rRNA gene.

Cervical fluid sampling

Cervical fluid samples were collected using a Dacron
polyester swab placed in the cervical canal for 20s
to achieve saturation. Upon collection, the Dacron
polyester swab was inserted into a polypropylene
tube containing 1.5mL of phosphate-buffered saline.
The tube was shaken for 20min, the Dacron swab
was removed, and the tube was centrifuged for
15min at 300 x g. The supernatant and pellets were
aliquoted and stored at —80°C until fur-
ther analysis.

Assessment of interleukin-6

The concentration of IL-6 in the amniotic fluid (fresh
samples) and cervical fluid (samples with one freez-
ing/thawing cycle) were assessed using the auto-
mated electrochemiluminescence immunoassay
method. IL-6 concentrations were measured using
immuno-analyzer Cobas €602, which is part of the
Cobas 8000 platform (Roche Diagnostics, Basel,
Switzerland) [35]. The basic measuring range was
1.5-5000 pg/mL, which could be extended to
50,000 pg/mL with a 10-fold dilution of the sample.
The coefficients of variation for inter-assay and intra-
assay precisions were <10%.

Aerobic and anaerobic culture of amniotic fluid

The amniotic fluid samples were cultured in Columbia
agar with sheep’s blood, Gardnerella vaginalis selective
medium, MacConkey agar, Neisseria-selective medium
(modified Thayer-Martin medium), Sabouraud agar,
and Schaedler anaerobe agar. The plates were cul-
tured for 6days and checked daily. The species
were identified using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry using
MALDI Biotyper  software (Bruker  Daltonics,
Bremen, Germany).
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Detection of Ureaplasma species, Mycoplasma
hominis, and Chlamydia trachomatis in the
amniotic fluid

DNA was isolated from the amniotic fluid using the
QlAamp DNA mini kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions (using the
protocol for isolating the bacterial DNA from biological
fluids). Real-time PCR was performed using the Rotor-

Gene 6000 instrument (Qiagen, Hilden, Germany)
using the commercial AmpliSens” C. trachomatis/
Ureaplasma/M.  hominis-FRT kit  (Federal State

Institution of Science, Central Research Institute of
Epidemiology, Moscow, Russia) to detect the DNA
from Ureaplasma species, M. hominis, and C. trachoma-
tis in a common PCR tube. As a control, we included a
PCR run for beta-actin, a housekeeping gene, to
exclude the presence of PCR inhibitors.

Detection of other bacteria in the amniotic fluid

Bacterial DNA was identified using PCR, targeting the
165 rRNA gene using the following primers: 5'-
CCAGACTCCTACGGGAGGCAG-3' (V3 region) and 5'-
ACATTTCACAACACGAGCTGACGA-3' (V6 region). Each
reaction contained 3 uL of the target DNA, 500 nM for-
ward and reverse primers, and Q5 High-Fidelity DNA
polymerase (New England Biolabs, Ipswich, MA, USA)
in a total volume of 25puL. Amplification was per-
formed wusing a 2720 Thermal Cycler (Applied
Biosystems, Foster City, CA, USA). The products were
visualized on an agarose gel. Positive reactions yielded
products of 950 base pairs, which were subsequently
analyzed using sequencing. The 165 PCR products
were cleaned and used for sequencing PCR using the
above-mentioned primers and the BigDye Terminator
kit, v3.1 (Thermo Fisher Scientific). The bacteria were
then typed using the sequences obtained from
BLAST" and SepsiTest™ BLAST.

Clinical definitions

Microbial invasion of the amniotic cavity was deter-
mined based on a positive PCR analysis of Ureaplasma
species, M. hominis, C. trachomatis, or a combination
of these species, or positivity for the 165 rRNA gene,
aerobic/anaerobic cultivation of the amniotic fluid, or
a combination of these parameters. Intra-amniotic
inflammation was defined as amniotic fluid IL-6 con-
centrations > 3000 pg/mL [36]. Intra-amniotic infection
was defined as the presence of both microbial inva-
sion of the amniotic cavity and intra-amniotic inflam-
mation. Sterile intra-amniotic inflammation was
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defined as the presence of intra-amniotic inflammation
without the concomitant presence of microbial inva-
sion of the amniotic cavity.

Statistical analyses

The women’s demographic and clinical characteristics
were compared using a nonparametric Mann-Whitney
U test for continuous variables and Fisher's exact test
for categorical variables and are presented as median
values (interquartile range [IQR]) and as number (%),
respectively. The normality of the data was tested
using the Anderson-Darling test. Because the cervical
fluid IL-6 levels were not normally distributed, non-
parametric Kruskal-Wallis and Mann-Whitney U tests
were used for the analyses, as appropriate. Spearman
partial correlation was performed to adjust the results
for gestational age at sampling. Spearman correlation
was used to assess the association between the con-
centrations of IL-6 in the amniotic and cervical fluids.
Differences were considered significant at a p < .05. All
p values were obtained from two-tailed tests, and all
statistical analyses were performed using the
Statistical Package for the Social Sciences (SPSS) ver-
sion 19.0 for Mac OS X (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism version 8 for Mac 0OS X
(GraphPad Software, San Diego, CA, USA).

Results

A total of 80 women with singleton pregnancies with
PTL were included in the study. Intra-amniotic inflam-
mation was found in 41% (33/80) of the women;
intra-amniotic infection and sterile intra-amniotic
inflammation were observed in 15% (12/80) and 26%
(21/80) of the women, respectively. Demographic and
clinical data are shown in Table 1.

Microbial invasion of the amniotic cavity was
revealed only in women with intra-amniotic inflamma-
tion. Polymicrobial findings in the amniotic fluid
were identified in three women (Klebsiella pneumoniae
+ Streptococcus anginosus, n=1; Gardnerella vaginalis
+ Lactobacillus plantus, n=1; and Ureaplasma
species + Mycoplasma hominis, n=1). The remaining
nine women had only one microorganism in the amni-
otic fluid (Ureaplasma species, n=4; Haemophilus
influenzae, n =1; Lachnoanaerobaculum species, n=1;
Lactococcus lactis, n=1; Sneathia sanguinegens, n=1;
and nonidentifiable bacteria via sequencing, n=1).

Concentrations of IL-6 were measurable in all sam-
ples of cervical fluid. A positive correlation was found

between the concentrations of IL-6 cervical and amni-
otic fluids (rho = 0.47; p <.0001).

Concentrations of IL-6 in the cervical fluid
according to the presence of intra-amniotic
inflammation

Women with intra-amniotic inflammation had higher
concentrations of IL-6 in the cervical fluid than those
without intra-amniotic inflammation in the crude ana-
lysis (median, 590 pg/mL; IQR, 195-2014 vs. without:
median 136 pg/mL, IQR 30-558; p=.0007; Figure 1) as
well as after adjustment for gestational age at sam-
pling (p=.003).

Concentrations of IL-6 in the cervical fluid
according to the presence of intra-amniotic
infection and sterile intra-amniotic inflammation

Differences in the concentrations of IL-6 in the cervical
fluid were found among the subgroups of women
with PTL in crude analysis (intra-amniotic infection:
median, 587 pg/mL; IQR, 166-2427; sterile intra-amni-
otic inflammation: median 590 pg/mL; IQR, 245-1495;
without intra-amniotic inflammation: median, 136 pg/
mL; IQR, 30-558; p=.004; Figure 2), as well as after
the adjustment for gestational age at
pling (p=.001).

Women with intra-amniotic infection and sterile
intra-amniotic inflammation had higher concentrations
of IL-6 than those without intra-amniotic inflammation
(Table 2). No differences in the concentrations of IL-6
in the cervical fluid were found between women with
intra-amniotic infection and sterile intra-amniotic
inflammation (Table 2).

sam-

Discussion

The principal findings of this study, carried out on
women with PTL, are the following: (i) intra-amniotic
infection and sterile intra-amniotic inflammation were
found in 15% and 26% of the women, respectively; (ii)
cervical fluid IL-6 concentration was positively corre-
lated with amniotic fluid IL-6 concentration; (iii)
women with intra-amniotic infection and sterile intra-
amniotic inflammation had higher concentrations
of IL-6 in the cervical fluid than those without intra-
amniotic inflammation; and (iv) no differences in the
concentration of IL-6 in cervical fluid were found
between those with intra-amniotic infection and sterile
intra-amniotic inflammation.
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defined as the presence of intra-amniotic inflammation
without the concomitant presence of microbial inva-
sion of the amniotic cavity.

Statistical analyses

The women’s demographic and clinical characteristics
were compared using a nonparametric Mann-Whitney
U test for continuous variables and Fisher's exact test
for categorical variables and are presented as median
values (interquartile range [IQR]) and as number (%),
respectively. The normality of the data was tested
using the Anderson-Darling test. Because the cervical
fluid IL-6 levels were not normally distributed, non-
parametric Kruskal-Wallis and Mann-Whitney U tests
were used for the analyses, as appropriate. Spearman
partial correlation was performed to adjust the results
for gestational age at sampling. Spearman correlation
was used to assess the association between the con-
centrations of IL-6 in the amniotic and cervical fluids.
Differences were considered significant at a p < .05. All
p values were obtained from two-tailed tests, and all
statistical analyses were performed using the
Statistical Package for the Social Sciences (SPSS) ver-
sion 19.0 for Mac OS X (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism version 8 for Mac OS X
(GraphPad Software, San Diego, CA, USA).

Results

A total of 80 women with singleton pregnancies with
PTL were included in the study. Intra-amniotic inflam-
mation was found in 41% (33/80) of the women;
intra-amniotic infection and sterile intra-amniotic
inflammation were observed in 15% (12/80) and 26%
(21/80) of the women, respectively. Demographic and
clinical data are shown in Table 1.

Microbial invasion of the amniotic cavity was
revealed only in women with intra-amniotic inflamma-
tion. Polymicrobial findings in the amniotic fluid
were identified in three women (Klebsiella pneumoniae
+ Streptococcus anginosus, n = 1; Gardnerella vaginalis
+ Lactobacillus plantus, n=1; and Ureaplasma
species + Mycoplasma hominis, n=1). The remaining
nine women had only one microorganism in the amni-
otic fluid (Ureaplasma species, n=4; Haemophilus
influenzae, n=1; Lachnoanaerobaculum species, n=1;
Lactococcus lactis, n=1; Sneathia sanguinegens, n=1;
and nonidentifiable bacteria via sequencing, n =1).

Concentrations of IL-6 were measurable in all sam-
ples of cervical fluid. A positive correlation was found

between the concentrations of IL-6 cervical and amni-
otic fluids (rho = 0.47; p < .0001).

Concentrations of IL-6 in the cervical fluid
according to the presence of intra-amniotic
inflammation

Women with intra-amniotic inflammation had higher
concentrations of IL-6 in the cervical fluid than those
without intra-amniotic inflammation in the crude ana-
lysis (median, 590 pg/mL; IQR, 195-2014 vs. without:
median 136 pg/mL, IQR 30-558; p=.0007; Figure 1) as
well as after adjustment for gestational age at sam-
pling (p=.003).

Concentrations of IL-6 in the cervical fluid
according to the presence of intra-amniotic
infection and sterile intra-amniotic inflammation

Differences in the concentrations of IL-6 in the cervical
fluid were found among the subgroups of women
with PTL in crude analysis (intra-amniotic infection:
median, 587 pg/mL; IQR, 166-2427; sterile intra-amni-
otic inflammation: median 590 pg/mL; IQR, 245-1495;
without intra-amniotic inflammation: median, 136 pg/
mL; IQR, 30-558; p=.004; Figure 2), as well as after
the adjustment for gestational age at sam-
pling (p=.001).

Women with intra-amniotic infection and sterile
intra-amniotic inflammation had higher concentrations
of IL-6 than those without intra-amniotic inflammation
(Table 2). No differences in the concentrations of IL-6
in the cervical fluid were found between women with
sterile  intra-amniotic

intra-amniotic infection and

inflammation (Table 2).

Discussion

The principal findings of this study, carried out on
women with PTL, are the following: (i) intra-amniotic
infection and sterile intra-amniotic inflammation were
found in 15% and 26% of the women, respectively; (i)
cervical fluid IL-6 concentration was positively corre-
lated with amniotic fluid IL-6 concentration; (iii)
women with intra-amniotic infection and sterile intra-
amniotic inflammation had higher concentrations
of IL-6 in the cervical fluid than those without intra-
amniotic inflammation; and (iv) no differences in the
concentration of IL-6 in cervical fluid were found
between those with intra-amniotic infection and sterile
intra-amniotic inflammation.
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Table 1. Demographic and clinical characteristics of women with spontaneous preterm labor with intact membranes with intra-
amniotic infection, with sterile intra-amniotic inflammation, and without intra-amniotic inflammation.

Sterile intra- Absence of intra-
amniotic amniotic
Intra-amniotic inflammation inflammation

Characteristic infection (n=12) (n=21) (n=47) p value® p value® p value®

Maternal age [years, 27 (25-28) 26 (22-28) 28 (24-32) 56 53 A7
median (IQR)]

Primiparous [number (%)] 7 (58%) 17 (81%) 30 (64%) 12 75 14

Pre-pregnancy body mass index 275 (23.3-29.7) 23.8 (22.7-25.0) 26.0 (23.9-28.2) .22 81 .03
[kg/m?, median (IQR)]

Smoking [number (%)] 1 (8%) 4 (19%) 3 (6%) .63 1.00 .19

Gestational age at admission 27+6 26+6 31+2 .78 .04 .006
[weeks, median (IQR)] (26 +3-30 +2) (24 +2-30 +6) (29+3-32+4)

Gestational age at delivery 29+0 27 +5 3441 .49 .0004 <.0001
[weeks, median (IQR)] (27 +2-32+5) (25+1-31+4) (32+2-37+2)

Interval from amniocentesis to 2 (0-8) 2 (0-5) 18 (2-45) .81 02 .004
delivery [days, median (IQR)]

Delivery within 7 days from 9 (75%) 18 (86%) 20 (43%) .64 06 .001
amniocentesis [number (%)]

Amniotic fluid IL-6 levels at 43,431 9,464 847 (286-1,651) .02 <.0001 <.0001
admission [pg/mL, (23,597-50,000) (4,279-50,000)
median (IQR)]

CRP levels at admission [mg/L, 420 (12.7-67.8) 9.2 (6.4-17.0) 46 (21-97) 05 .0002 .003
median (IQR)]

WBC count at admission [x10° 16.3 (14.3-18.5) 16.2 (12.7-18.2) 13.0 (10.2-15.5) .70 .009 .01
L, median (IQR)]

Administration of 9 (75%) 20 (95%) 43 (91%) 13 14 1.00
corticosteroids [number (%)]

Clinical chorioamnionitis 1 (8%) 0 (0%) 0 (0%) 36 20 -
[number (%)]

Vaginal delivery [number (%)] 9 (75%) 18 (86%) 39 (83%) 64 70 74

Cesarean delivery [number (%)] 3 (25%) 3 (14%) 8 (17%) 64 68 1.00

Birth weight of the newborn 1230 (979-1913) 1180 (740-1980) 2060 (1830-2810) 73 .0007 <.0001
[grams, median (IQR)]

Apgar score < 7; 5min 3 (25%) 5 (24%) 2 (4%) 1.00 05 .03
[number (%)]

Apgar score < 7; 10 min 2 (17%) 3 (14%) 0 (0%) 100 04 .03
[number (%)]

CRP: C-reactive protein; IL: interleukin; IQR: interquartile range; WBC: white blood cells.
Continuous variables were compared using a nonparametric Mann-Whitney U test. Categorical variables were compared using the Fisher's exact test.
Continuous variables are presented as median (IQR) and categorical as number (%).

Statistically significant results are marked in bold.

*Comparison between women with intra-amniotic infection and sterile intra-amniotic inflammation.
bComparison between women with intra-amniotic infection and without intra-amniotic inflammation.
‘Comparison between women with sterile intra-amniotic inflammation and without intra-amniotic inflammation.

The presence of sterile intra-amniotic inflammation
has been described so far in pregnancies complicated
by PTL [12-15,17-24], preterm prelabor rupture of the
membranes [15,27,37-40], and a short cervix [16]. In
pregnancies with PTL, the rate of sterile intra-amniotic
inflammation is approximately two-fold more frequent
than the rate of intra-amniotic infection [14]. However,
the frequency of both forms of intra-amniotic inflam-
mation in PTL diminishes with an advancing gesta-
tional age [14]. The results of this study regarding the
frequency of both clinical phenotypes of intra-amni-
otic inflammation are in line with the results from pio-
neering Dr. Romero’s study on sterile intra-amniotic
inflammation in PTL, in which sterile intra-amniotic
inflammation and intra-amniotic infection were
revealed in 26% and 11% of the women, respect-
ively [14].

In this study, IL-6 concentrations were measured in
the cervical fluid samples obtained from women with
PTL. Previous studies have reported a positive correl-
ation between IL-6 concentration in the cervical and
amniotic fluids [30,32,33,41]. In addition, there is evi-
dence that an increased concentration of IL-6 in the
cervical fluid in women with PTL is related to: (i) a
higher risk of preterm delivery [33,41-46]; (ii) an eleva-
tion of amniotic fluid IL-6 concentration [32,33]; (iii) a
higher risk of intra-amniotic inflammation [33]; (iv)
microbial invasion of the chorioamniotic membranes
[30]; (v) microbial invasion of the amniotic fluid
[32,33]; and (vi) the presence of histological [32] and
clinical [47] chorioamnionitis.

In this study, we confirmed the results from previ-
ous studies [32,33] that in PTL pregnancies, intra-amni-
otic inflammation is associated with higher cervical
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Figure 1. Cervical fluid interleukin-6 concentrations based on the presence or absence of intra-amniotic inflammation.

fluid concentrations of IL-6 than in those without
intra-amniotic inflammation. To extend the knowledge
of this field, women with PTL were further divided
into three subgroups: intra-amniotic infection, sterile
intra-amniotic inflammation, and without intra-amni-
otic inflammation. As expected, women with both clin-
ical phenotypes of intra-amniotic inflammation had
higher concentrations of IL-6 in the cervical fluid than
those without intra-amniotic inflammation. However,
no difference in the cervical fluid IL-6 concentration
was found between women with intra-amniotic infec-
tion and sterile intra-amniotic inflammation. These
observations show that an inflammatory and/or infec-
tious environment in the cervical compartment is pre-
sent in both clinical phenotypes of intra-amniotic
inflammation. Given the tight anatomical proximity
between the cervix and fetal membranes, we

hypothesize that the composition of the cervical fluid
might reflect the microbial and inflammatory status of
the choriodecidual space. This hypothesis is driven by
the fact that the presence of bacteria in the cho-
rioamnion is associated with an elevation of IL-6 con-
centration in the cervical fluid [30]. In addition, the
presence of microorganisms in the choricamnion is
also related to higher concentrations of IL-6 in the
amniotic fluid, irrespective of the presence or absence
of microorganisms in the amniotic fluid [30,31]. Taken
together, the presence of microorganisms in cho-
rioamniotic membranes is closely related to the eleva-
tion of the concentration of IL-6 in both cervical and
amniotic fluids.

Therefore, the elevation of IL-6 concentration in the
cervical fluid in women with PTL with sterile intra-
amniotic inflammation can be explained as the result
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Figure 2. Cervical fluid interleukin-6 concentrations among the subgroup of women with intra-amniotic infection, sterile intra-

amniotic inflammation, and without intra-amniotic inflammation.

Table 2. Cervical fluid IL-6 — the comparisons among the subgroups of the women with intra-amniotic infection, with sterile
intra-amniotic inflammation, and without intra-amniotic inflammation.

With intra-amniotic infection

With Sterile intra-amniotic infl ion

tion

Without intra-amniofic i

With intra-amniotic infection
With sterile intra-amniotic inflammation
Without intra-amniotic inflammation

X
p=281; adj. p=.18
p =.01; adj. p =.003

p=81; adj. p=.18

X
p = .005; adj. p = .003

p=.01; adj. p=.003
p=.005 adj. p=.003
X

p value: a comparison between two subgroups (a nonparametric Mann-Whitney U test).

b

adj. p value: a comparison between two groups after the adj
Statistically significant results are marked in bold.

of the possible presence of microorganisms in the
chorioamnion and/or inflammation in the choriodecid-
ual space. This observation supports the hypothesis
that these conditions represent one of the mecha-
nisms playing pivotal roles, apart or in combination
with the release of alarmins from necrotic cells or cells
undergoing cellular stress, on the development of a
sterile intra-amniotic environment in women with PTL.

for gestational age at sampling (a Spearman partial correlation).

This study has several strengths. First, the presence
of microbial invasion of the amniotic cavity was
assessed using a combination of culture and non-
culture methods (specific PCR for Ureaplasma spp., M.
hominis, and C. trachomatis and nonspecific evaluation
of the 165 rRNA gene). This comprehensive approach
allowed us to precisely dissect a subset of women
with sterile intra-amniotic inflammation. Second,
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paired amniotic and cervical fluid samples were
obtained at the time of admission before the adminis-
tration of corticosteroids, tocolytics, and antibiotics.

This study also has limitations that are worth men-
tioning. First, the groups of women with intra-amniotic
infection and sterile intra-amniotic inflammation in
this study (n=12 and n=21, respectively) were rela-
tively small. Second, the amniotic fluid concentration
of IL-6 was assessed in fresh samples; however, the
concentration of IL-6 in the cervical fluid was meas-
ured in the samples that underwent one freezing/
thawing cycle. Third, the cervical fluid microbiota or
microbiome was not assessed in this study.

In conclusion, in women with PTL, the presence of
both phenotypes of intra-amniotic inflammation, ster-
ile intra-amniotic inflammation, and intra-amniotic
inflammation, was associated with elevated concentra-
tions of IL-6 in the cervical fluid.
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To determine the IgGFc-binding protein (FcgammaBP) concentration in amniotic and cervical fluids
in preterm prelabor rupture of membranes (PPROM) and preterm labor with intact membranes
(PTL) and to assess the diagnostic indices of FcgammaBP to predict intra-amniotic infection (the
presence of both microbial invasion of the amniotic cavity and intra-amniotic inflammation). In

this study, we included 170 and 79 women with PPROM and PTL, respectively. Paired cervical

and amniotic fluid samples were obtained using a Dacron polyester swab and transabdominal
amniocentesis, respectively. The FcgammaBP concentrations in the samples were assessed using

an enzyme-linked immunosorbent assay. The presence of intra-amniotic infection was associated
with elevated FcgammaBP concentrations in pregnancies with PPROM and PTL [PPROM—presence:
86 ng/mL vs. absence: 13 ng/mL, p<0.0001, area under receiver operating characteristic curve
(AUC) = 0.94; PTL—presence: 140 ng/mL vs. absence: 22 ng/mL, p<0.0001, AUC=0.86]. In cervical
fluid, the concentrations of FcgammaBP were elevated in the presence of intra-amniotic infection in
pregnancies with PPROM only (presence: 345 ng/mL vs. absence: 60 ng/mL, p<0.0001, AUC=0.93).
FcgammaBP in amniotic fluid might be a marker of intra-amniotic infection in women with both
PPROM and PTL However, in cervical fluid, itis only observed in women with PPROM.

Preterm delivery, defined as delivery before 37 weeks of gestation, is divided into two major subgroups: (i) iat-
rogenic preterm delivery and (ii) spontaneous preterm delivery'”. The latter form of preterm delivery is more
frequent and is responsible for more than two-thirds of all preterm deliveries'. Spontaneous preterm delivery
can also be divided into two clinical phenotypes: (i) preterm prelabor rupture of the membranes (PPROM) and
(ii) preterm labor with intact membranes (PTL)".

Some pregnancies can be complicated by the elevation of amniotic fluid concentrations of various inflamma-
tory mediators, such as cytokines, chemokines, and antimicrobial peptides®'!. This condition is termed intra-
amniotic inflammation and can be identified in both PPROM'*"* and PTL'*. Based on the presence or absence of
microorganisms and/or their nucleic acids in amniotic fluid, intra-amniotic inflammation can be further divided
into two clinical subtypes: (i) intra-amniotic infection and (ii) sterile intra-amniotic inflammation'*'*'*, Clinical

The Department of Obstetrics and Gynecology, University Hospital Hradec Kralove, Charles University, Faculty of
Medicine in Hradec Kralove, Sokolska 581, 500 05 Hradec Kralové, Czech Republic. ?Biomedical Research Center,
University Hospital Hradec Kralove, Hradec Kralové, Czech Republic. *Department of Clinical Immunology and
Allergy, University Hospital Hradec Kralove, Charles University, Faculty of Medicine in Hradec Kralove, Hradec
Kralové, Czech Republic. “Institute of Clinical Biochemistry and Diagnostics, University Hospital Hradec Kralove,
Charles University, Faculty of Medicine in Hradec Kralove, Hradec Kralové, Czech Republic. ‘Institute of Clinical
Microbiology, University Hospital in Hradec Kralove, Charles University, Faculty of Medicine Hradec Kralove,
Hradec Krédlové, Czech Republic. ®Department of Social Medicine, Charles University, Faculty of Medicine in
Hradec Kralove, Hradec Krdlové, Czech Republic. "Department of Obstetrics and Gynecology, Institute of Clinical
Science, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden. ®Department of Obstetrics
and Gynecology, Region Véstra Gétaland, Sahlgrenska University Hospital, Gothenburg, Sweden. *Department
of Genetics and Bioinformatics, Domain of Health Data and Digitalisation, Institute of Public Health, Oslo,
Norway. 'email: kacermar@fnhk.cz

(2021) 11:6107 |https:,','doi,org[l0‘1038[541598—021—854?3—2 natumportfolio

112



www.nature.com/scientificreports/

Maternal age [years, median (IQR)] 30 (24-33) 31(27-35) 0.19
Primiparous [number (%)] 10 (53%) 90 (60%) 0.63
Pre-pregnancy body mass index [kg/m?, median (IQR)] 22.8(209-25.2) 24.0(21.2-27.2) 0.25
Smoking [number (%)] 3(16%) 25(17%) 1.00
Interval between PPROM and amniocentesis [hours, median 3(2-8) 127 057
(IQR)]

Gestational age at admission [weeks, median (IQR)] 2943 (2740-33 +4) 344 3(3243-3543) 0.0003
Gestational age at delivery [weeks, median (IQR)] 2946 (27+3-33+4) 344 5(3340-3546) <0.0001
Latency between PPROM and delivery [hours, median (IQR)] | 60 (17-113) 45 (13-157) 0.70
38;;?&: fluid IL-6 levels at admission [pg/nL, median 30,932 (9427-50,000) 667 (329-50,000) <0.0001
CRP levels at admission [mg/L, median (IQR)] 19.2 (3.3-36.5) 5.2(2.5-8.2) 0.003
WBC count at admission [x10° L, median (IQR)] 14.9(11.2-17.6) 11.9(9.9-14.3) 0.03
Administration of corticosteroids [number (%)] 15 (79%) 89 (59%) 0.13
Vaginal de]ivery [number (%)] 13 (68%) 108 (72%) 0.79
Birth weight [grams. median (IQR)] 1460 (1090-2220) 2290 (1930-3620) <0.0001
Apgar score <7; 5 min [number (%)] 3(16%) 5(3%) 0.05
Apgar score <7; 10 min [number (%)] 2(11%) 2 (1%) 0.06

Table 1. Maternal and clinical characteristics of women with preterm prelabor rupture of membranes

based on the presence and absence of intra-amniotic infection. Continuous variables were compared using

a nonparametric Mann-Whitney U test. Categorical variables were compared using the Fisher’s exact test.
Continuous variables are presented as median (IQR) and categorical as number (%). Statistically significant
results are marked in bold. CRP: C-reactive protein; IL-6: interleukin-6; IQR: interquartile range; WBC: white
blood cells.

relevance of intra-amniotic inflammation, its association with adverse short- and long-term neonatal outcomes,
and optimal diagnostic markers, are still a matter of intense debate!®*,

The broad availability and recent advances in proteomics, an unbiased technology, bring it within the scope
of researchers working in the field of intra-amniotic inflammatory complications™ **. The ability to identify
hundreds of proteins and to quantify changes in their abundance across multiple amniotic fluid samples makes
proteomics very appealing, particularly in the discovery phase of the biomarker search process® *!, Therefore,
proteomic analysis of amniotic fluid may reveal new proteins involved in the complex pathogenesis of intra-
amniotic inflammation®* ",

IgGFc-binding protein (FcgammaBP) is one of the proteins identified in amniotic fluid using
proteomics™ %42, FcgammaBP is a relatively unknown protein, with limited reports in relation to conditions
such as bowel inflammatory disease, autoimmune disease, or thyroid gland tumors®**, Nevertheless, Fcgam-
maBP has been identified in amniotic fluid obtained from women with uncomplicated pregnancies'** as well as
from women with pregnancies complicated by PPROM* and PTL*". In pregnancies with PPROM, an elevation
of FcgammaBP concentration in amniotic fluid has been observed during microbial invasion of the amniotic
cavity and in acute histological chorioamnionitis**. However, there is a paucity of information on whether con-
centrations of FegammaBP in amniotic and cervical fluid reflect the presence of intra-amniotic inflammatory
complications in both the clinical phenotypes of spontaneous preterm delivery.

To fill this gap in the knowledge, we conducted this study with the following goals: (i) to quantify the Fcgam-
maBP concentration in amniotic fluid samples from pregnant women with PPROM and PTL based on the phe-
notype of intra-amniotic inflammation; (ii) to quantify the FcgammaBP concentration in cervical fluid samples
from pregnant women with PPROM and PTL based on the phenotype of intra-amniotic inflammation; and (iii)
to assess the predictive value of FegammaBP concentrations in amniotic and cervical fluids for intra-amniotic
infection in pregnant women with PPROM and PTL.

Results
In total, 170 and 79 women with PPROM and PTL, respectively were included in the study. Among women with
PPROM, the presence of intra-amniotic infection, sterile intra-amniotic inflammation, colonization, and nega-
tive amniotic fluid were observed in 11% (19/170), 5% (9/170), 10% (16/170), and 74% (126/170) of women,
respectively. Among women with PTL, intra-amniotic infection, sterile intra-amniotic inflammation, and nega-
tive amniotic fluid were found in 15% (12/79), 27% (21/79), and 58% (46/79) of the women, respectively. None
of the women with PTL had colonization.

The demographics of all the women in this study and clinical data of the women with PPROM and PTL,
based on the presence and absence of intra-amniotic infection, are shown in Tables 1 and 2, respectively. The
microorganisms identified in the amniotic fluid from women with PPROM and PTL are listed in Table 3.

Amniotic fluid FcgammaBP concentrations based on the phenotype of intra-amniotic inflam-
mation. PPROM pregnancies. PPROM pregnancies with intra-amniotic infection and sterile intra-amniot-
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Maternal age [years, median (IQR)] 27(25-28) 28 (23-30) 0.86
Primiparous [number (%)] 7 (58%) 47 (70%) 0.50
Pre-pregnancy body mass index [kg/m®, median (IQR)] 27.5(23.1-30.6) 25.0 (23.0-27.9) 0.51
Smoking [number (%)] 1 (8%) 7 (10%) 1.00
Gestational age at admission [weeks, median (IQR)] 2746(26+6-31+2) 30+6(26+6-32+3) 0.17
Gestational age at delivery [weeks, median (IQR)] 2940(27+1-33+3) 3246 (29+0-36+5) 0.04
Interval from amniocentesis to delivery [days, median (IQR)] |2 (0-15) 5(1-39) 0.10
agxﬁt]mc fluid IL-6 levels at admission [pg/mL, median 143,431 (23,597-50,000) 1495 (484-4050) <0.0001
CRP levels at admission [mg/L, median (IQR)] 42.0(7.5-75.1) 6.0(2.4-11.4) 0.0007
WBC count at admission [x10° L, median (IQR)) 16.3 (14.1-19.5) 139 (10.6-16.5) 0.05
Administration of corticosteroids [number (%)] 9(75%) 57 (85%) 0.41
Vaginal delivery [number (%)] 9(75%) 55 (82%) 0.69
Birth weight of the newborn [grams, median (IQR)] 1230 (936-1958) 1940 (130-2690) 0.03
Apgar score <7; 5 min [number (%)] 3(25%) 7 (10%) 0.17
Apgar score <7; 10 min [number (%)] 2(17%) 3(5%) 0.16

Table 2. Maternal and clinical characteristics of women with spontaneous preterm labor with intact
membranes based on the presence and absence of intra-amniotic infection. Continuous variables were
compared using a nonparametric Mann-Whitney U test. Categorical variables were compared using the
Fisher’s exact test. Continuous variables are presented as median (IQR) and categorical as number (%).
Statistically significant results are marked in bold. RP: C-reactive protein; IL: interleukin; IQR: interquartile
range; WBC: white blood cells.

Ureaplasma spp. (n=18) Ureaplasma spp. (n=4)

Ureaplasma spp.+ Mycoplasma hominis (n=1) Klebsiella p iae + Strep us ang (n=1)

Ureaplasma spp.+ Gardnerella vaginalis (n=1) Gardnerella vaginalis + Lactobacillus plantum (n=1)

Ureaplasma spp.+ Streptococcus mitis (n=1) Ureaplasma spp. + Mycoplasma hominis (n=1)

Ureaplasma spp. + Escherichia coli (n=1) Haemophilus influenzae (n=1)

Ureaplasma spp.+ Fusobacterium nucleatum v Lachnoanaerobaculum spp. (n=1)

Ureaplasma spp.+ Dialister micraerophilus + Atopobium vaginae (n=1) | Lactococcus lactis (n=1)

Gardnerella vaginalis + Sneathia sanguinegens (n=1) Sneathia sanguinegens (n=1)

Haemophilus influenzae (n=4) Non-identifiable bacteria by sequencing (n=1)

Anaerococcus tetradius (n=1)

Chlamydia trachomatis (n=1)

Lactobacillus iners (n=1)

Lactobacillus jensenii (n=1)

Mycoplasma hominis (n=1)

Streptococcus anginosus (n=1)

Table 3. The microbial species identified in the amniotic fluid of women with preterm prelabor rupture of
membranes and with spontaneous preterm labor with intact membranes.

ic inflammation had higher amniotic fluid FcgammaBP concentrations than did the women with colonization
and with negative amniotic fluid (infection: median 85.6 ng/mL, IQR 37.3-146.0, sterile: median 41.3 ng/mL,
IQR 22.5-91.4, colonization: median 12.3 ng/mL, IQR 8.0-19.8, negative 12.2 ng/mL, IQR 9.0-17.8; p<0.0001;
Fig. 1a). No differences in amniotic fluid FegammaBP concentrations were found between the women with
colonization and negative amniotic fluid (Table 4).

‘Women with intra-amniotic infection had higher amniotic fluid FegammaBP than did those without intra-
amniotic infection (with infection: median IQR 85.6 ng/mL, IQR 37.3-146.0 vs. without infection: median
12.6 ng/mL, IQR 9.1-20.3; Fig. 2a). The amniotic fluid FegammaBP cutoff value of 60 ng/mL was optimal in
the prediction of intra-amniotic infection (area under the ROC curve [AUC] =0.94; p <0.0001; Fig. 2b). The
diagnostic indices of these cutoff values are in Table 5.

PTL pregnancies. Differences in the concentrations of FcgammaBP were identified among the subgroups of
women with intra-amniotic infection, sterile intra-amniotic inflammation, and negative amniotic fluid (infec-
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Amniotic fluid from PPROM pregnancies

Amniotic fluid from PTL pregnancies
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Figure 1. Amniotic fluid IgGFc-binding protein concentrations in the subgroups of the women with PPROM
(a) and with PTL (b). PPROM, preterm prelabor rupture of membranes; PTL, preterm labor with intact
membranes.
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Table 4. IgGFc-binding protein in amniotic fluid from preterm prelabor rupture of membranes: the
comparisons among the subgroups of the women with intra-amniotic infection, sterile intra-amniotic
inflammation, colonization, and negative amniotic fluid. p-value: a comparison between two subgroups

(a nonparametric Mann-Whitney U test); Adj. p-value: a comparison between two subgroups after the
adjustment for gestational age at sampling (a Spearman partial correlation). Statistically significant results are
marked in bold.

tion: median 139.7 ng/mL, IQR 74.2-205.3; sterile: median 54.2 ng/mL, IQR: 44.8-127.0; negative: median
19.7 ng/mL, IQR: 15.9-23.6; Fig. 1b) in the crude analysis and after the adjustment for gestational age at sam-
pling (both p-values <0.0001). Women with intra-amniotic infection had higher amniotic fluid FegammaBP
concentrations than did women with sterile intra-amniotic inflammation and with negative amniotic fluid
(Table 6). Women with sterile intra-amniotic inflammation had higher amniotic fluid FegammaBP concentra-
tions than those with negative amniotic fluid (Table 6).

Women with intra-amniotic infection had higher concentrations of amniotic fluid FcgammaBP than those
without intra-amniotic infection (with infection: median 139.7 ng/mL, IQR 74.2-205.3 vs. without infection:
median 22.2 ng/mL, IQR 16.5-46.0; Fig. 3a). The amniotic fluid FegammaBP cutoff value of 120 ng/mL was
found to be optimal in the prediction of intra-amniotic infection (AUC = 0.86; p < 0.0001; Fig. 3b). The diagnostic
indices of these cutoff values are in Table 5.
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Amniotic fluid from PPROM pregnancies
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Figure 2. Amniotic fluid IgGFc-binding protein concentrations based on the presence of intra-amniotic
infection in women with PPROM (a) and receiver operating characteristic curves for amniotic fluid IgGFc-
binding protein in women with PPROM with intra-amniotic infection (b). PPROM, preterm prelabor rupture of
membranes.

Preterm prelabor rupture of membranes—amniotic fluid

60 ng/mL 14/19 147/151 14/18 147/152 27.9 0.27 103
74% (95% CI 51-88) | 97% (95% C193-99) | 78% (95% CI 55-91) | 97% (95% C193-99) | (95% CI 10.2-75.9) (95% C10.13-0.57) (95% CI 33-339)
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7nz
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300 ng/mL
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Table 5. The predictive values of cut-off values of amniotic fluid IgGFcBP to identify intra-amniotic infection.
CI: confidence interval.

p=0.04 p<0.0001
adj. p=0.02 adj. p<0.0001

p<0.0001
adj. p<0.0001

Intra-amniofic infection x

p=0.04
adj. p=0.02
p<0.0001 p<0.0001

adj. p < 0.0001 adj. p<0.0001

Sterile intra-amniotic inflammation X

Negative X

Table 6. IgGFc-binding protein in amniotic fluid from preterm labor with intact membranes: the comparisons
among the subgroups of the women with intra-amniotic infection, sterile intra-amniotic inflammation, and
negative amniotic fluid. p-value: a comparison between two subgroups (a nonparametric Mann-Whitney U
test); Adj. p-value: a comparison between two subgroups after the adjustment for gestational age at sampling (a
Spearman partial correlation). Statistically significant results are marked in bold.
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Figure 3. Amniotic fluid IgGFc-binding protein concentrations based on the presence of intra-amniotic
infection in women with PTL (a) and receiver operating characteristic curves for amniotic fluid IgGFc-binding
protein in women with PTL with intra-amniotic infection (b). PTL, preterm labor with intact membranes.

Concentration of FcgammaBP in cervical fluid based on the phenotype of intra-amniotic in-
flammation. PPROM pregnancies. A positive correlation was found between the concentrations of Fegam-
maBP in amniotic and cervical fluids (p =0.34; p < 0.0001). The differences in cervical fluid FegammaBP concen-
trations were revealed among the subgroups (infection: median 345.0 ng/mL, IQR 201.9-480.0; sterile: median
56.1 ng/mL, IQR 36.5-139.3; colonization: median 130.6 ng/mL, IQR 51.4-186.9; and negative: median 55.4 ng/
mL, IQR 31.1-92.6; Fig. 4a) in the crude analysis as well as after the adjustment for gestational age at sampling
(both p<0.0001). Women with intra-amniotic infection had higher cervical fluid FegammaBP concentrations
than women with sterile intra-amniotic inflammation, colonization, and negative amniotic fluid (Table 7).

Women with intra-amniotic infection had higher cervical fluid FegammaBP than those without intra-amni-
otic infection (with infection: median 345.0 ng/mL, IQR 201.9-480.0 vs. without infection: median 59.6 ng/
mL, IQR 31.9-111.5; Fig. 5a). The cervical fluid FegammaBP cutoff value of 300 ng/mL was found to be optimal
in the prediction of intra-amniotic infection (AUC =0.93; p <0.0001; Fig. 5b). The diagnostic indices of these
cutoff values are in Table 5.

PTL pregnancies. A weak positive correlation was observed between the concentrations of FcgammaBP in
amniotic and cervical fluids (p =0.25; p=0.02). No difference in cervical fluid FegammaBP concentrations was
found among the subgroups (infection: median 341.1 ng/mL, IQR 95.2-614.8; sterile: median 341.2 ng/mL,
IQR 138.1-523.4; and negative: median 200.9 ng/mL, IQR 56,7-443.8; p=0.18; Fig. 4b). There was no difference
in cervical fluid FegammaBP concentrations between women with and without intra-amniotic infection (with
infection: median 341.1 ng/mL, IQR 95.2-614.8 vs. without infection: median 227.0 ng/mL, IQR 95.7-455.4;
p=0.45).

Discussion

Principal findings of the study. (1) FcgammaBP was identified as a constituent of amniotic and cervical
fluids from pregnancies complicated by PPROM and PTL; (2) the concentration of FcgammaBP in amniotic
fluid was elevated in the presence of both phenotypes of intra-amniotic inflammation, being more pronounced
in the presence of intra-amniotic infection in women with PTL; (3) the concentration of FegammaBP in cervi-
cal fluid was elevated in the presence of intra-amniotic infection only in women with PPROM; (4) the Fcgam-
maBP in amniotic fluid might be a marker of intra-amniotic infection in women with PPROM and PTL; and
(5) the FcgammaBP in cervical fluid might be a non-invasive marker of intra-amniotic infection in women with
PPROM.

Meaning of the study. FcgammaBP was discovered more than 30 years ago as a specific site for the frag-
ment of crystallizable (Fc) region of the immunoglobulin (Ig) G antibody in the small intestinal and colonic
epithelia®. This specific site differed from previously recognized receptors in the Fc region of IgG”. The specific
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Figure 4. Cervical fluid IgGFc-binding protein concentrations in the subgroups of the women with PPROM
(a) and with PTL (b). PPROM, preterm prelabor rupture of membranes; PTL, preterm labor with intact
membranes.

p=0.0001 p<0.0001 p<0.0001
adj. p=0.001 adj. p<0.0001 | adj. p<0.0001
p=0.0001 p=028 p=0.57

adj. p=0.001 * adj. p=0.76 adj.p=0.93
p<0.0001 p=028
adj. p=0.0001 adj.p=0.76
p<0.0001 p=057 p=0.02
adj. p <0.0001 adj. p=0.93 adj. p=0.25

Intra-amniotic infection X

Sterile intra-amniotic inflammation

p=0.02

Colonization adi.p=0.25

x

Negative x

Table 7. IgGFc-binding protein in cervical fluid from preterm prelabor rupture of membranes: the
comparisons among the subgroups of the women with intra-amniotic infection, sterile intra-amniotic
inflammation, colonization, and negative amniotic fluid. p-value: a comparison between two subgroups (a
nonparametric Mann-Whitney U test); adj. p-value: a comparison between two subgroups after the adjustment
for gestational age at sampling (a Spearman partial correlation). Statistically significant results are marked in
bold.

site for the Fc region of IgG was later termed FcgammaBP and identified as a protein primarily localized in the
mucosal granules of the small intestinal and colonic epithelia that are secreted into the intestinal lumen®, Based
on the current knowledge, FcgammaBP is considered to be a protein that provides immunologic protection of
the intestinal tissue and facilitates the interaction between the intestinal mucus and potentially harmful stimuli
(microorganisms, alarmins) with the ultimate goal of protecting the mucosal surface®* %, However, its exact
biological function has yet to be fully elucidated.

The production of FcgammaBP has been described to occur in the intestinal epithelial cells, placenta, and
thyroid tissue®>*’. However, its expression has not been observed in the brain, heart, kidney, liver, lung, and
skeletal muscles®. Interestingly, the ability to produce FegammaBP was confirmed only in humans and monkeys,
but not in mice, rats, rabbits, dogs, bovines, and porcines®.

FcgammaBP has been found in low concentrations in human serum from healthy individuals®, However, its
serum concentrations were elevated in the presence of autoimmune diseases such as Crohn’s disease, ulcerative
colitis, rheumatoid arthritis, systemic lupus erythematosus, and progressive systemic sclerosis®’. The presence of
FcgammaBP has been further proven in amniotic fluid, urine, saliva, and cerebrospinal fluid***. Liu etal. found
FegammaBP to be a constituent of amniotic fluid in the second trimester of uncomplicated pregnancies®. In
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Figure 5. Cervical fluid IgGFc-binding protein concentrations based on the presence of intra-amniotic
infection in women with PPROM (a) and receiver operating characteristic curves for cervical fluid IgGFc-
binding protein in women with PPROM with intra-amniotic infection (b). PPROM, preterm prelabor rupture of
membranes.

addition, FegammaBP was shown to be among the most abundant (35/1624) proteins found in amniotic fluid*.
Our group described the amniotic fluid presence of FcgammaBP in pregnancies complicated by PPROM and
PTL*, The observation from this study, where we found FcgammaBP as a constituent of amniotic fluid from
pregnancies with PPROM and PTL, is in line with the abovementioned findings.

Previously, concentrations of FegammaBP in amniotic fluid have been shown to be higher in women with
PPROM with microbial invasion of the amniotic cavity and acute histological chorioamnionitis than in those
without these complications™. Interestingly, no differences in the amniotic fluid concentration of FegammaBP
between the presence and absence of the abovementioned complications were identified in women with PTL,
where amniotic fluid was obtained from the forewaters at the end of the first stage of labor*”.

In this study, we found elevated amniotic fluid concentrations of FegammaBP in the presence of both phe-
notypes of intra-amniotic inflammation. Interestingly, in women with PTL, the concentrations of FcgammaBP
in amniotic fluid were higher in the presence of intra-amniotic infection than in the presence of sterile intra-
amniotic inflammation. Collectively, the results from this study clearly show that both infectious and non-
infectious stimuli might trigger the production of FegammaBP.

In this study, the concentrations of FegammaBP were measured in paired amniotic and cervical fluid samples
obtained from women with both phenotypes of spontaneous preterm delivery. Interestingly, the FcgammaBP
concentrations were higher in the cervical fluid samples than in the amniotic fluid samples, despite the fact that
cervical fluid samples obtained with a swab were diluted in 1.5 mL of the buffer. These observations suggest
that epithelial cells and/or immune cells in the endocervical canal are able to produce FcgammaBP. This finding
supports the key role of the cervix during pregnancy, which is its immunologic protection against the ascension
of microorganisms from the vagina and the cervix toward the upper genital tract® 7.

It is obvious that the protein composition of a cervical fluid sample from pregnancies with PPROM may be
substantially affected by amniotic fluid that has leaked from the amniotic cavity. Therefore, the cervical fluid
samples of PPROM pregnancies may reflect such a situation in both the intra-amniotic and cervical compart-
ments. This is a possible explanation as to why women with intra-amniotic infection had higher cervical fluid
FcgammaBP concentrations than those without intra-amniotic infection in PPROM but not in PTL pregnancies.
However, a weak positive correlation between amniotic and cervical fluid FegammaBP protein concentrations
wasalso found in PTL.

This study suggests that FegammaBP might be a new biomarker for intra-amniotic infection in both pheno-
types of spontaneous preterm delivery. This finding is clinically very relevant since confirmation of intra-amniotic
infection represents a challenge for clinicians. The necessity to rule in or rule out the presence of microorganisms
in amniotic fluid makes the diagnosis of intra-amniotic infection time-consuming and more expensive when the
techniques used to identify either non-culturable or difficult-to-culture microorganisms are employed. Therefore,
from a clinical point of view, there is an urgent need to discover a single marker of intra-amniotic infection that
has reliable sensitivity and specificity. In this study, FegammaBP in amniotic fluid was identified as a potential
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marker of intra-amniotic infection in pregnancies with PPROM and PTL. Previously, Chaemsaithong et al. has
described diagnostic indices of rapid matrix metalloproteinase (MMP)-8 and interleukin (IL)-6 point-of-care test
(two cut-off values: 745 pg/mL and 1000 pg/mL) to identify intra-amniotic infection in pregnancies with PTL*".
Comparing diagnostic indices among amniotic fluid FegammaBP, MMP-8, and IL-6 to identify intra-amniotic
infection in pregnancies with PTL, amniotic fluid FcgammaBP has the highest likelihood ratio [FcgammaBP
(cut-off value of 120 ng/mL) 7.8, MMP-8 (cut-off value of 10 ng/mL) 3.3, IL-6 (cut-off value of 745 pg/mL) 2.6,
and IL-6 (cut-off value of 1000 pg/mL) 3.0]*".

In addition, in women with PPROM, FcgammaBP in cervical fluid was also revealed as a potential marker
of intra-amniotic infection. Particularly, cervical fluid FegammaBP can be a clinically relevant marker given
the non-invasive nature of cervical fluid sampling. Moreover, its diagnostic indices are better than previously
published diagnostic indices of IL-6 in cervical fluid (AUC =0.78, the positive likelihood ratio of 4.8) in PPROM
pregnancies’'. In addition, cervical fluid sampling can be safely repeated during the latency period of pregnancy
complicated by PPROM. Therefore, FcgammaBP assessment in cervical fluid might be used to monitor the
development of secondary intra-amniotic infection during the latency interval in women with PPROM.

Strengths and limitations of the study. The strength of this study is the relatively large cohort of paired
samples of amniotic and cervical fluid. Second, the fluid samples were collected from well-defined phenotypes
of spontaneous preterm delivery (PPROM and PTL). Finally, the thorough assessment of microbial invasion of
the amniotic cavity, by a combination of culture and non-culture methods, provided an opportunity to precisely
distinguish the subsets of women with intra-amniotic infection and sterile intra-amniotic inflammation.

This study also has some limitations that are worth mentioning. For example, there was a small number of
women with intra-amniotic infection (n= 19 and n= 12). To confirm whether the concentration of FegammaBP
in amniotic fluid and cervical fluid is a reliable marker of intra-amniotic infection, the results need to be repli-
cated in independent cohorts. Next, despite the FcgammaBP expression in the placenta that was described®?, the
questions of which part of the placenta is a source of FegammaBP and whether fetal membranes produce Fcgam-
maBP still remain unanswered. A body of evidence has shown that intestinal epithelial cells produce FegammaBP
(97, 102, 103), but no data are available on whether amniotic epithelial cells can produce FegammaBP. Given the
importance of the amniotic epithelium as a barrier against the ascension of microorganisms into the amniotic
cavity’*"!, some similarities between intestinal and amniotic epithelial cells might be identifiable such as, (1) to
serve as mechanical barriers™ 7 (2) to have spatially expressed toll-like receptors’ "% and (3) to indicate that
the expression of toll-like receptors changes when inflammation is present”™ ™. Therefore, we hypothesize that
the amniotic epithelium might be involved in FegammaBP production.

Conclusion

The concentrations of FegammaBP observed in amniotic and cervical fluid were elevated in women with intra-
amniotic infection. Thus, after replication in an independent cohort, FcgammaBP in amniotic fluid might be a
potential marker of intra-amniotic infection in pregnancies with PPROM and PTL. Moreover, FegammaBP in
cervical fluid could be a marker of intra-amniotic infection in pregnancies with PPROM.

Methods

This retrospective cohort study included pregnant women who were admitted to the Department of Obstetrics
and Gynecology at the University Hospital Hradec Kralove in the Czech Republic between March 2017 and
May 2020. The inclusion criteria were the following: (1) singleton pregnancy, (2) maternal age = 18 years, (3)
gestational age between 22 +0 and 36 + 6 weeks, (4) PPROM or PTL, and (5) the performance of transabdominal
amniocentesis at the time of admission to determine intra-amniotic inflammation. In contrast, the exclusion
criteria were the following: (1) pregnancy-related and other medical complications such as fetal growth restric-
tion, gestational or pre-gestational diabetes, gestational or chronic hypertension, and preeclampsia; (2) structural
or chromosomal fetal abnormalities; (3) signs of fetal hypoxia; and (4) significant vaginal bleeding.

The gestational age was determined via the use of first-trimester fetal biometry. PPROM was diagnosed
by examining the women, using a sterile speculum, for pooling of amniotic fluid in the posterior fornix of the
vagina. In the case of clinical uncertainty in diagnosing PPROM, amniotic fluid leakage was confirmed by the
presence of insulin-like growth factor-binding proteins (Actim PROM test; Medix Biochemica, Kauniainen,
Finland) in the vaginal fluid.

PTL was diagnosed as the presence of regular uterine contractions (at least two contractions every 10 min),
along with cervical length, measured using transvaginal ultrasound, shorter than 15 mm or within the 15-30 mm
range with a positive PartoSure test (Parsagen Diagnostics Inc., Boston, MA)™.

Women with PPROM were treated with antibiotics. Those with intra-amniotic inflammation received first-
line treatment with intravenous clarithromycin for seven days. Unless delivery occurred earlier, the antibiotic
treatment was eventually modified under the condition of microbial invasion of the amniotic cavity; the women
without intra-amniotic inflammation received benzylpenicillin (clindamycin was used in women allergic to peni-
cillin). Women with PPROM below the gestational age of 35 + 0 weeks received corticosteroids (betamethasone)
to accelerate fetal lung maturation and reduce neonatal mortality and morbidity. Women with PPROM were
managed expectantly, except those with intra-amniotic infection beyond the gestational age 28 + 0 weeks wherein
labor was induced or an elective cesarean section was performed within 72 h of admission.

Women with PTL received a course of corticosteroids (betamethasone) and tocolytic therapy with either
intravenous atosiban (for gestational age < 28 weeks) or with nifedipine, which was administered orally, for
48 h. Patients with proven intra-amniotic inflammation received treatment with intravenous clarithromycin for
seven days, unless delivery occurred earlier. Antibiotic treatment was eventually modified under the condition of
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microbial invasion of the amniotic cavity. Women with PTL that were positive for group B Streptococcus (GBS),
as determined from the vaginal-rectal swab, or with an unknown GBS status received intravenous benzylpenicil-
lin (clindamycin, in case of penicillin allergy) during an active labor.

All participants in this study provided informed written consent prior to the collection of amniotic and cer-
vical fluid samples. Sample collection for this research was approved by the Institutional Review Board of the
University Hospital Hradec Kralove (July 2014; No. 201408 S07P). All experiments were performed in accordance
with relevant guidelines and regulations. All participants were Caucasian.

Cervical and amniotic fluid sampling.  Paired cervical fluid and amniotic fluid samples were collected at
the time of admission from all women included in this study, prior to the administration of antibiotics, tocolyt-
ics, and/or corticosteroids. Each cervical fluid sample was obtained by placing a Dacron polyester swab in the
cervical canal for 20 s to achieve saturation. Once collected, the polyester swab was inserted into a polypropylene
tube containing 1.5 mL of phosphate-buffered saline; the tube was then shaken for 20 min. Upon removal of the
polyester swab, the tube was centrifuged at 300xg for 15 min at room temperature. The supernatant was divided
into aliquots and stored at - 80 °C until further analysis.

Ultrasonography-guided transabdominal amniocentesis was performed after cervical fluid sampling. Approxi-
mately 2-3 mL of amniotic fluid was aspirated, and the amniotic fluid was immediately divided among poly-
propylene tubes. The samples of amniotic fluid were used for (i) the assessment of amniotic fluid interleukin
(IL)-6; (i) polymerase chain reaction (PCR) analysis of Ureaplasma species, Mycoplasma hominis, and Chlamydia
trachomatis; (iii) sequencing of the 168 rRNA gene; and (iv) aerobic and anaerobic cultivation.

Amniotic fluid IL-6 concentrations. [L-6 concentrations were assessed using the immuno-analyzer
Cobas e602, a part of the Cobas 8000 platform (Roche Diagnostics, Basel, Switzerland). The measurement range
was 1.5-50,000 pg/mL. The coefficient of inter- and intra-assay precision was < 10%*,

Detection of Ureaplasma species, M. hominis, and C. trachomatis. DNA was isolated from amni-
otic fluid using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instruc-
tions. Real-time PCR was conducted on a Rotor-Gene 6000 instrument (Qiagen) using the commercial AmpliS-
ens C. trachomatis/Ureaplasma/M. hominis-FRT kit (Federal State Institution of Science, Central Research
Institute of Epidemiology, Moscow, Russia) to detect the DNA from Ureaplasma species, M. hominis, and C.
trachomatis in the same PCR tube (multiplex format). We included a PCR run for beta-actin, a housekeeping
gene that served as the control, to examine the presence of polymerase chain reaction inhibitors.

Detection of other bacteria in amniotic fluid. Bacterial DNA was identified by PCR targeting the 168
rRNA gene with the following primers: 5-CCAGACTCCTACGGGAGGCAG-3' (V3 region) and 5-ACATTT
CACAACAC-GAGCTGACGA-3" (V6 region)***. Each reaction contained 3 pL of target DNA, 500 nM for-
ward and reverse primers, and Q5 High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) in a total volume
of 25 pL. Amplification was carried out on a 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA).
The products were visualized on an agarose gel. Positive reactions yielded 950 bp products that were subse-
quently analyzed by sequencing. The 165 rDNA PCR products were purified and subjected to sequencing with
the above-mentioned primers and the BigDye Terminator kit v.3.1 (Thermo Fisher Scientific, Waltham, MA,
USA). The bacteria were then typed via searches for the obtained sequences using BLAST and SepsiTest BLAST.

Aerobic and anaerobic cultures of amniotic fluid. The amniotic fluid samples were cultured on
Columbia agar with sheep’s blood, Gardnerella vaginalis selective medium, MacConkey agar, a Neisseria-selec-
tive medium (modified Thayer-Martin medium), Sabouraud agar, or Schaedler anaerobe agar. The plates were
cultured for 6 days and checked daily. The species were identified by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry using MALDI Biotyper software (Bruker Daltonics, Bremen, Germany).

Clinical definitions. Microbial invasion of the amniotic cavity was determined based on a positive PCR
analysis of Ureaplasma species, M. hominis, C. trachomatis or a combination of these species or positivity for
the 165 rRNA gene, aerobic/anaerobic cultivation of the amniotic fluid, or a combination of these parameters.
Intra-amniotic inflammation was defined as amniotic fluid IL-6 concentrations = 3000 pg/mL*. Intra-amniotic
infection was defined by both microbial invasion of the amniotic cavity and intra-amniotic inflammation. Sterile
intra-amniotic inflammation was defined as the presence of intra-amniotic inflammation without the concomi-
tant microbial invasion of the amniotic cavity. Colonization was defined as the microbial invasion of the amniotic
cavity without intra-amniotic inflammation. Negative amniotic fluid was defined as the absence of microbial
invasion of the amniotic cavity and intra-amniotic inflammation.

Quantification of FegammaBP in amniotic and cervical fluids. The concentrations of FegammaBP
were assessed in the amniotic fluid and cervical fluid samples using an enzyme-linked immunosorbent assay
(ELISA), the Human FCGBP ELISA Kit (LifeSpan BioSciences, Inc., Seattle, WA, USA), according to the manu-
facturer’s instructions. The amniotic fluid and cervical fluid samples were diluted tenfold and 50-fold, respec-
tively. The sensitivity of the kit was 0.117 ng/mL. The absorbance values were read at450 nm on a Multiskan RC
ELISA reader (Thermo Fisher Scientific).
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Statistical analyses. The women's demographic and clinical characteristics were compared using the non-
parametric Mann-Whitney U test for continuous variables and are presented as median values (interquartile
range [IQR]). Categorical variables were compared using Fisher's exact test and are presented as a number (%).
The normality of the data was tested using the Anderson-Darling test. Because the FegammaBP concentrations
in the amniotic fluid were not normally distributed, the nonparametric Kruskal-Wallis and Mann-Whitney
U tests were performed for statistical analyses, and the results are presented as a median value (IQR). Spear-
man’s partial correlation analysis was performed to adjust the results for gestational age at sampling. Spearman’s
correlation was used to assess the relationship between the concentrations of amniotic fluid FcgammaBP and
cervical fluid FegammaBP and gestational age at sampling. Receiver operating characteristic (ROC) curves were
constructed to assess the predictive value of amniotic fluid and cervical fluid FcgammaBP for the presence of
intra-amniotic infection. Cutoff values were determined based on the highest positive likelihood ratio. Differ-
ences were considered significant at p<0.05. All p values were obtained using two-tailed tests, and all statistical
analyses were performed using GraphPad Prism, version 8.1.1. for Mac OS$ X (GraphPad Software, San Diego,
CA, USA) or the Statistical Package for Social Sciences (SPSS), version 19.0 for Mac OS X (SPSS Inc., Chicago,
IL, USA).
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ABSTRACT

Background: Rodents are the most commonly used animals in the study of spontaneous pre-
term delivery (PTD). Intra-amniotic inflammation/infection is a frequent and important cause of
PTD. Intraperitoneal and intrauterine administrations of inflammatory agents are traditional
methods to establish a rodent model of PTD associated with inflammation and infection. The
intra-amniotic administration of inflammatory or infectious triggering agents to rodents can be
useful to study not only intra-amniotic inflammatory response but also PTD associated with
intra-amniotic inflammation/infection.

Objective: This systematic review aimed mainly to assess and analyze all described methods of
intra-amniotic administration of infectious and/or inflammatory agents to create a rodent model
of intra-amniotic inflammation associated with PTD.

Methods: A literature search through two electronic databases from their earliest entries to
February 2019 was performed. The selection criteria were as follows: (1) rodents as model ani-
mals, (2) a model of intra-amniotic inflammation/infection associated with PTD, and (3) intra-
amniotic administration of triggering agents. Data extraction included specification of the study
(author and year of publication), characteristics of study animals (species, strain, and number of
animals), characteristics of intervention (timing and used technique), substance used for induc-
tion of intra-amniotic inflammation/infection, and outcome assessment.

Results: The search identified a total of 4673 articles, of which 118 were selected for full-text
reading, but only 13 studies were included in the review. Intra-amniotic administration was used
only in the articles that were published beyond 2004. Two different approaches were identified:
(1) open surgery with direct puncture of the amniotic sacs and (2) transabdominal ultrasound-
guided puncture of the gestational sacs. Live microorganisms (Ureaplasma parvum), bacterial
products (extracellular membrane vesicles), and pathogen-associated (lipopolysaccharide) and
damage-associated molecular patterns (high mobility group box-1, S100B, and surfactant protein
A) were used to simulate intra-amniotic inflammation/infection. Differences in the effect on
intra-amniotic inflammation/infection associated with PTD in the mouse model were identified
among triggering agents. Intra-amniotic application of lipopolysaccharide in the rat model
caused intra-amniotic inflammation, but it did not lead to PTD.

Conclusion: The intra-amniotic administration of the triggering agents can be used to study
intra-amniotic inflammatory response and intra-amniotic inflammation/infection in the
rodents model.
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Introduction the past few decades, despite the effort in prevention

Spontaneous preterm delivery (PTD) is the leading and treatment [3]. This failure to reduce the PTD rate

cause of perinatal morbidity and mortality [1]. Given
the immaturity of multiple organ systems, children
born prematurely are at risk of short- and long-term
complications [2]. The PTD rate has not declined in

is likely due to the knowledge gaps in our understand-
ing of PTD [3]. Even if many risk factors of PTD are
identified, the underlying biological mechanisms and
pathophysiology pathways remain elusive [4]. The lack
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of knowledge presents a major challenge that needs
to be addressed by further research in order to
improve the incidence and outcomes of PTD.

Animal models play an essential role in PTD
research, because human studies have, for under-
standable reasons, many limitations [5]. Currently,
there is no one ideal animal model for simulation of
all pathways of human PTD. Multiple mechanisms
including intra-amniotic inflammation/infection, utero-
placental ischemia or hemorrhage, uterine overdisten-
sion, stress, or other immunologically mediated
processes can initiate PTD in humans [1]. Thus, various
animal species have been used in research, all of them
with specific ability to mimic processes in clinical cases
of human PTD and with important differences in terms
of reproductive biology [6].

Currently, rodents are the most frequently used ani-
mals to model PTD (i.e. mice and rats) because they
are easy to house and treat. In addition, they are rela-
tively inexpensive [6]. Rodents may be also useful ani-
mals to model PTD associated with inflammation or
infection, which is the most common subset of PTD
and responsible for at least 25-40% of PTD cases [1].
A traditional way to create a rodent model of PTD
associated with inflammation or infection is by intra-
peritoneal or intrauterine administration of inflamma-
tory or infectious agents [5]. Their intra-amniotic
administration represents the less common way [5].
However, the direct intra-amniotic administration of
triggering agents induces intra-amniotic inflammatory
response leading to the development of either sterile
intra-amniotic inflammation or intra-amniotic infection.
This represents a clinically relevant issue as both forms
of intra-amniotic inflammation are frequently revealed
in both phenotypes of PTD - spontaneous preterm
delivery with intact membranes and preterm prelabor
rupture of the membranes [7-9].

Therefore, this systematic review aimed to assess
and analyze all methods of intra-amniotic administra-
tion of inflammatory and infectious agents to create a
rodent model of intra-amniotic inflammation/infection
associated with PTD.

Material and methods
Search strategy

This systematic review was conducted in accordance
with PRISMA guidelines (supporting information S1)
[10]. We searched for studies that employ intra-
amniotic administration of infectious or inflammatory
agents to establish a rodent model of intra-amniotic
inflammation/infection associated with PTD. The

search was conducted in two electronic databases
(PubMed and Scopus) from their earliest entries to
February 2019. The following search terms and syno-
nyms were used, adapted according to each data-
base: (animal OR animals OR rat OR rats OR mouse
OR mice OR hamster OR hamsters OR rodent OR
rodents) AND (preterm birth OR preterm delivery OR
preterm labor OR preterm labor) AND (intra-amniotic
OR intra-amniotic OR intra-amniale OR ultrasound-
guided OR ia OR injection OR application OR admin-
istration). Search for unpublished studies was not
performed. All identified citations were downloaded
into the Rayyan web application tool for systematic
reviews [11], and duplicates were excluded. Using
the Rayyan application, the titles and abstracts of
unique citations were screened independently by
two reviewers (JS, BJ), potentially relevant studies
were selected for full-text reading, and those that
fulfilled the selection criteria were included in
the review.

Selection criteria for studies

Type of studies: Studies that usec a rodent model of
intra-amniotic inflammation/infection associated with
PTD which was initiated by intra-amniotic administra-
tion of inflammatory or infectious agents were consid-
ered eligible. Primary experimental case-control
studies were included.

Type of outcomes: PTD, intra-amniotic infection,
sterile  intra-amniotic  inflammation, intra-uterine
inflammation  (histological chorioamnionitis), and
inflammatory complications.

The selection was restricted to studies published
in English.

Exclusion criteria for studies

Studies were excluded if any of the following applied:
(1) human or in vitro studies, (2) animal models other
than rodents, (3) models of PTD other than those
associated with inflammation or infection, (4) routes of
administration of infectious or inflammatory agents
other than administration into the amniotic sac (intra-
peritoneal, intrauterine, and intra-cervical administra-
tion), and (5) rodent models to study other conditions
or diseases without relation to PTD.

Data extraction

The following data were extracted from each article
included in this review: author, year of publication,

126



study methodology, information about the study ani-
mals and their type (number, species, strain), informa-
tion about the timing of intervention, description of
technique of intra-amniotic administration, information
about the infectious or inflammatory agent used, and
outcomes of the study.

Quality assessment

For quality assessment of identified studies, the check-
list of the CAMARADES group was adjusted [12]. The
criteria of quality assessment were as follows: (1) pro-
vided description of used animals (species, strain, and
origin of animal), (2) calculation of sample size (3),
description of randomized allocation to the treatment
or control group; (4) description of the intervention
(technique for intra-amniotic application, number of
amniotic sacs injected), and (5) thorough description
of infectious or inflammatory agent. One point was
assigned per item, and the final quality score was the
sum of particular items.

Results

The process of identification, selection, and inclusion
of studies is shown in Figure 1. The initial search in
both databases identified a total of 4673 unduplicated
articles, 4555 of which were excluded after screening
titles and abstracts, and 118 potentially relevant cita-
tions were selected for full-text reading. The high
number of citations for full-text reading was selected
due to the fact that the description of used animal
model was not given in many abstracts. A total of 105
studies were excluded due to reasons shown in
Figure 1; finally, 13 studies that fulfilled our selection
criteria were included in the review) [13-25].

Unique citations identified in
electronic databases:
N=4,673
Excluded after title and
—_— abstract screening :
N=4,555
Studies selected for
Holk-dext reading: Excluded and reasons:
N=118
i imistrat Ned$
Intrauterine administration N-42
Not i labor model  N=6
Intra-cervical administration N=5
In vitro study N3
inis not specified N=2
Review article N=2

Studies included in review:
N=13

Figure 1. Flowchart of the process of identification and selec-
tion of studies.
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The main characteristics of the studies are listed
in Table 1. All 13 studies were published between
2004 and 2019; 38% (5/13) of the studies were pub-
lished in 2018. Sprague-Dawley rats were used in
38% (5/13) of the studies [15,16,19,20,23]. Moreover,
62% (8/13) used different strains of mice
[13,14,17,18,21,22,24,25]. The most common mouse
strain was C57BL/6 (6/13) [17,18,21,22,24,25]. IRC
mice [13] and CD-1 mice [14] were used in one
study each. No other rodent animals than rats and
mice were used in the included articles.

Two distinct ways of administration of infectious or
inflammatory agents into the amniotic sacs were used.
Five mice studies used transabdominal ultrasound-
guided intra-amniotic administration of the agent
[17,21,22,24,25]. Laparotomy with visualization of the
uterine horns followed by direct puncture of the amni-
otic sacs was the second identified route of adminis-
tration of agents. Laparotomy was used in three
mice studies [13,14,18] and in all studies with
rats [15,16,19,20,23].

Infectious or inflammatory agents used in the stud-
ies were classified as follows: (1) live microorganisms,
Ureaplasma parvum; (2) bacterial products, extracellu-
lar membrane vesicles; (3) pathogen-associated
molecular patterns (PAMPs), lipopolysaccharide (LPS);
and (4) damage-associated molecular patterns
(DAMPs), high mobility group box-1 (HMGB-1), S100-B,
and surfactant protein A .

U. parvum was the only live microorganism used in
the included studies. Intra-amniotic application of
5000 colony forming units (CFU) of U. parvum to mice
did not lead to PTD in CD-1 mice [14].

Extracellular membrane vesicles from group B
Streptococcus strain A909 were used in one study.
Extracellular membrane vesicles injected at a dose of
5 and 10 g per sac in C57BL/6 mice caused preterm
delivery in 55% and 68% of cases, respectively [18].

LPS was the most common triggering agent. LPS
serotype O55:B55 was used in one study [19], while
serotype O111:B4 was utilized in seven studies
[15,16,20-24]. In C57BL/6 mice, intra-amniotic applica-
tion of 100ng of LPS O111:B4 per sac on 16.5day-
post-conception (dpc) caused PTD in 80%-88% of the
animals [21,22,24]. Mice delivered approximately 20 h
(median) after the procedure [22,24]. Lower dosage of
50ng of LPS (0111:B4) did not cause any preterm
delivery [22]. In Sprague-Dawley rats, intra-amniotic
LPS O111:B4 at a dose of 4ug and 10 ug per sac did
not cause PTD [15,16,20,23]. In addition, LPS O55:B55
at a dose of 10 ug per sac did not cause any PTD [19].
The  application was used for  modeling
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Comment

Neonatal mortality
rate at birth or
shortly after birth
(%)

90,70%

60%

(hours)
20 K¢
approx. 24 h°

Interval between
procedure and

Preterm
delivery rate®
8/10 (80%)
5/10 (50%)

Procedure of
administration

Ultrasound-guided
intraamniotic
application of
all sacs

Ultrasound-guided
intra-amniotic
injection Into
all sacs

Time of induction
(days post coitum)
16,5 dpc
16.5 dpc

amniotic
inflammation/
infection induction

100 ng of LPS per
sac (LPS 0111:84)

per sac

Agent for intra-

60ng of 51008

10
n=10

Total number of
animals (n)
P

Animal model

2019 C57BL/6 mice
2019 C57BL/6 mice

Year

et al. [25]

CFU: colony-forming units; dpc: days post coitum; GBS: group B Streptococcus; HMGB-1: high mobility group box-1; LPS: lipopolysaccharide; PTD: preterm delivery; S100B - S100 calcium-binding protein B; UP:

“Number of animals delivered preterm / number of used animals; (%) percentage of animals delivered preterm.
Ureaplasma parvum.

bMean + standard deviation.

Table 1. Continued.
“Median.

Faro et al. [24]
Gomez-Lopez

Study
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encephalopathy of prematurity and neonatal lung
injury [15,16,23].

The fourth group of the triggering agents consisted
of DAMPs that induced sterile intra-amniotic inflamma-
tion. In one study, HMGB1 protein at a dose of 9ng
per sac caused PTD in 57% of cases of C57BL/6 mice
[17]. Similarly, protein S100B at a dose of 60ng per
sac caused PTD in 50% of the cases of C57BL/6 mice
[25]. The application of 3pg of surfactant protein A
per sac in 15 dpc caused sterile intra-amniotic inflam-
mation and PTD in 82% of cases of IRC mice [13].

Quality assessment

The quality assessment of the included studies is listed
in Supporting Information S2. The median number of
study quality checklist items scored was 3 of 5. The
animal model used in the study was described in all
articles, including the rodent strain and its origin. Only
one study (8%) described the sample size calculation.
Randomized allocation to treatment group was
reported 2 of 13 studies (16%). Of included studies, all
except one (92%) described in detail the intervention
technique. Proper characterization of triggering agent
was described in all included studies.

Discussion

Rodent animal models are essential components
of current research on the field of PTD. Herein, we
analyzed evidence regarding the intra-amniotic admin-
istration of triggering agents in rodents to model
intra-amniotic inflammation/infection  associated
with PTD.

The key findings were as follows: (1) intra-amniotic
administration of agents to model intra-amniotic
inflammation/infection associated with PTD has been
used since 2004; (2) the published approaches to
administer triggering agents into the amniotic sacs
include open surgery with direct puncture and trans-
abdominal ultrasound-guided administration; (3) four
kinds of triggering agents were used: i) live microor-
ganisms, ii) bacterial products, iii) PAMPs, and iv)
DAMPs; (4) LPS was the most commonly used trigger-
ing agent; (5) U. parvum was the only live microorgan-
ism used; and (6) HMGB1, S100B, and surfactant
protein A were DAMPs used to model sterile intra-
amniotic inflammation.

The rodent model of inflammatory PTD initiated by
intraperitoneal or intrauterine administration of endo-
toxins is used in research for decades [6]. However,
the intra-amniotic administration of triggering agents
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started to be used only recently. Our search (even
though there was no time restriction) identified only
the studies published after 2004, with majority of
studies published in 2018. The possible explanations
are the following: (i) a change of researchers’ view on
the importance of intra-amniotic inflammatory
response in the research of intra-amniotic inflamma-
tion/infection associated with PTD, and (ii) better avail-
ability of high-frequency ultrasound devices that made
the intra-amniotic administration of triggering agents
under ultrasound guidance possible.

The majority of the included studies used mini-
laparotomy to establish access to the pregnant uterus.
During the procedure, a rodent was anesthetized and
a short (usually 1-3cm) midline incision was made in
the lower abdomen. The rodent uterus is bicornuate,
and the sacs with fetuses are arranged in a “beads-on-
a-string” pattern. One or both horns were exposed,
and the individual fetal sacs were directly punctured
usually using a 31G needle. After the procedure, the
abdominal wall was closed using sutures. Laparotomy
is an invasive procedure and has some drawbacks.
Pain along with surgical stress can result in a major
endocrine response influencing function of many
organs [26]. Laparotomy itself can cause PTD among
sham controls and therefore can confound the
results [27].

High-frequency ultrasound devices have recently
become available for small laboratory animal imaging.
This high-resolution technology enables reliable guid-
ance of the needle passage through an intact abdom-
inal wall. Rinaldi et al. presented the method of
transabdominal ultrasound-guided puncture in the
uterine cavity of mice [28]. Of the included studies,
only one research group took advantage of a high-fre-
quency ultrasound device to guide the transabdominal
administration  into  amniotic sacs of mice
[17,21,22,24,25]. During the procedure, anesthetized
animals were positioned on a pad. The ultrasound
probe and syringe with an agent were stabilized by a
mechanical holder. After fur removal, amniotic sacs
were transabdominally punctured by 30G needle
under ultrasound guidance. This approach is less inva-
sive than direct puncture of amniotic sacs from mini-
laparotomy. However, the ultrasound-guided approach
requires both high-quality ultrasound device and a
well-trained operator.

The wuse of transabdominal ultrasound-guided
administration has been reported only in mice but not
in rats. In our experience, thicker rat skin impedes the
needle passage through their abdominal wall. On the
contrary, Serriere et al. showed that transabdominal

ultrasound-guided aspiration of amniotic fluid was
possible even in rats [29]. Therefore, rats can be used
for modeling of intra-amniotic inflammation/infection
associated with PTD with caution.

In humans, intra-amniotic inflammation has two
subtypes: (i) intra-amniotic infection (an elevation of
inflammatory mediators in amniotic fluid along with
the presence of microorganisms in amniotic fluid), and
(i) sterile intra-amniotic inflammation (an elevation of
inflammatory mediators with the absence of microor-
ganisms in amniotic fluid) [7,9]. For animal modeling,
intra-amniotic infection can be triggered by live micro-
organisms, their components, or PAMPs. PAMPs are
diverse sets of microbial molecules that share a num-
ber of different recognizable biochemical features that
trigger an immune response [30]. LPS, a component of
the cell wall of gram-negative bacteria, is the most fre-
quently used PAMP to induce inflammatory delivery
among animal models. LPS has different serotypes
that activate distinct inflammatory pathways causing
various maternal and neonatal responses [31]. Except
for one study, the included LPS studies used LPS sero-

type O111:B4. Intra-amniotic administratiol g ey a2 e

0111:B4 to C57BL/6 mice caused PTD in 80%-5
the cases. The remaining mice delivered at term
[21,22,24]. In studies with intraperitoneal and
intrauterine administrations, almost all animals deliv-
ered preterm [32,33]. It is likely that the intensity of
intra-amniotic inflammation triggered by the intra-
amniotic administration of LPS was not strong enough
to cause PTD in all animals. However, the exposed
pups suffered from severe mortality regardless of pre-
term or term delivery. The advantage of the intra-
amniotic administration of LPS is the absence of signs
of systematic involvement and changes in body tem-
perature in pregnant mice [22]. This scenario mimics a
clinical situation in pregnant women.

The intra-amniotic administration of LPS to
Sprague-Dawley rats did not cause PTD among ani-
mals in five included studies regardless of the dose or
serotype of LPS wused. This might suggest that
Sprague-Dawley rats were not as sensitive to LPS as
C57BL/6 mice. On the contrary, intra-amniotic adminis-
tration of LPS in Sprague-Dawley rats caused histo-
logic chorioamnionitis [15,16,19,20,23].

Genital mycoplasmas are the most frequent micro-
organisms diagnosed in the amnictic cavity of women
with PTD [34,35]. Therefore, their use to model intra-
amniotic infection is more clinically relevant than LPS-
based studies. In addition to their effect on triggering
intra-amniotic infection, Ureaplasma spp. can play a
role in the development of bronchopulmonary
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dysplasia in preterm newborns [36,37]. Interestingly, in
a study by Norman et al., intra-amniotic administration
of live U. parvum did not cause PTD in the CD-1
mouse model [14]. The absence of PTD induction by
U. parvum in this study can be the consequence of
bypassing the process of ascending infection due to
direct intra-amniotic administration. Other possible
explanation is that the serovar of U. parvum used in
this study lacked the capacity to induce PTD.
However, exposed pups suffered from mild postnatal
inflammation and worsened oxygen-induced lung
injury, which demonstrate the significance of intra-
amniotic infection [14].

Intra-amniotic inflammation without detectable
microorganisms in the amniotic fluid is called sterile
intra-amniotic inflammation, and its rate in women
with PTD exceeds that of intra-amniotic infection [7].
In the absence of bacterial products, DAMPs are con-
sidered to trigger the inflammatory process [30]. These
molecules are usually endogenous constituents of the
cell and are released from the cell in response to cel-
lular injury [38]. The initial moment of sterile intra-
amniotic inflammation is unknown, and the process
can be started by tissue ischemia, senescence, or oxi-
dative stress [39,40]. Three kinds of DAMPs were used
in the included studies; namely, HMGB1, S100B, and
surfactant protein A [13,17,25]. HMGB1 and S100B
were elevated in the amniotic fluid of women with
sterile intra-amniotic inflammation [7,41,42]. In C57BL/
6 mice, intra-amniotic administration of HMGB1 and
S100B caused a similar rate of PTD (approximately
50%). Interestingly, intraperitoneal application of
HMGB1 to C57BL/6 mice did not cause PTD [17].
These findings provide evidence that DAMPs can
induce PTD associated with sterile intra-amniotic
inflammation and probably mimic similar situation
among humans.

The main limitation of this systematic review is its
focus on rodent models, although other animals (e.g.
sheep) have been used for intra-amniotic administra-
tion of triggering agents to simulate intra-amniotic
inflammation/infection associated with PTD [6]. The
intra-amniotic administration of triggering agents to
rodents is relatively new compared with other well-
established animal models. An additional limitation is
that we only used two databases for the initial search
and excluded the articles published in other languages
than English. Finally, there is heterogeneity of the out-
comes of included studies as well as in the used
strains of mice and rats.

In conclusion, the intra-amniotic administration of
the triggering agents can be used to study intra-
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amniotic inflammatory response and intra-amniotic
inflammation/infection in the rodents model.
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