Placenta 85 (2019) 15-23

Contents lists available at ScienceDirect =
PLACENTA
Placenta
journal homepage: www.elsevier.com/locate/placenta o B

Placental and intra-amniotic inflammation are associated with altered fetal
immune responses at birth

Check for
updates

Lisa F. Stinson”, Matthew S. Payne, Jeffrey A. Keelan

Division of Obstetrics and Gynaecology, The University of Western Australia, Perth, WA, Australia

ARTICLE INFO ABSTRACT

Introduction: High-grade placental inflammation is associated with preterm birth and poor neonatal outcomes.
Recent reports suggest that low-grade placental inflammation is common in uncomplicated pregnancies. The
relationship between placental inflammation and innate immune anti-microbial responses is unknown. In this
study we sought to identify any association between placental inflammation and fetal immune responses.
Methods: Cord blood samples collected from late preterm and full-term Caesarean section deliveries (n = 44)
were exposed to various immune challenges (resiquimod, LPS, PGN, poly (I:C), cGAMP, and 5’ppp-dsRNA) and
production of inflammatory mediators (G-CSF, IFN-y, IL-1f, IL-6, IL-8, IL-10, and TNF-a) was measured by
multiplex assay. Hospital histology reports were used to assess the extent of inflammation in the placenta.
Results: Almost half (47.7%) of placentae examined here showed histological evidence of inflammation.
Resiquimod, LPS, and PGN elicited strong inflammatory responses in neonatal cord blood, while poly (I:C),
cGAMP, and 5’ppp-dsRNA elicited weaker responses. Fetuses with evidence of chorioamnionitis and fetal in-
flammatory reaction in their placentae had significantly increased immune responses to cGAMP and 5’ppp-
dsRNA (ligands for STING and RIG-I, respectively) and significantly decreased immune responses to poly (I:C) (a
TLR3 agonist). Interestingly, STING, RIG-I, and TLR3 are all involved in viral response pathways, suggesting that
fetuses exposed to chorioamnionitis or fetal inflammatory reaction might respond differently to viruses post-
natally.

Conclusion: Our data suggest that low-level placental inflammation is associated with altered innate cytokine
responses at birth.
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1. Introduction cases of hCAM, although a significant proportion are apparently sterile.

VUE is characterised by infiltration of maternal lymphocytes into the

Placental inflammation is typically associated with infection, pre-
term birth, and poor neonatal outcomes [1]. Placental inflammation
can be broadly categorised according to the site and extent of histo-
pathological inflammation [2-7]. Placental inflammation includes de-
ciduitis (DEC), subchorionitis, chorionitis, chorioamnionitis (CAM),
chorionic vasculitis, umbilical vasculitis, funisitis, and villitis (including
villitis of unknown aetiology; VUE). Different inflammatory lesions
within the placenta are associated with different pathologies, aetiolo-
gies, and clinical outcomes. The three major chronic inflammatory le-
sions of the placenta are CAM, VUE, and DEC [8]. CAM, most com-
monly diagnosed histologically after delivery (hCAM), is a significant
cause of preterm birth, and is characterised by maternal neutrophil and
CD8™" T-cell infiltration of the placental membranes [3]. Bacterial and
fungal infections of the amniotic cavity are frequently identified in

chorionic villi, and can be associated with destruction of the villous
architecture by macrophages [7]. VUE is less common in placentae
delivered preterm. DEC is characterised by the presence of lymphocytes
or plasma cells in the decidua basalis. Both infectious and sterile im-
mune mechanisms have been implicated in this condition.

While placental inflammation has been extensively studied in the
context of fetal and pregnancy pathologies, such as preterm birth and
intra-uterine growth restriction, the prevalence and significance of in-
flammation in placentae from uncomplicated pregnancies has received
less attention [9-12]. A recent study by Romero et al. revealed that
placental inflammation is common in healthy, full-term pregnancies.
These authors examined placentae from 944 uncomplicated full-term
pregnancies for histological evidence of inflammation and found that
42.3% of these had acute inflammatory lesions, while 29.9% had
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Table 1
Details of immune stimulation.

Placenta 85 (2019) 15-23

Concentration

Brief description

Stimulant Abbreviation
Unstimulated RPMI 1640 control US-R

Resiquimod R848
Lipopolysaccharide LPS (from E. coli)
Peptidoglycan PGN (from S. aureus)
Polyinosinic—polycytidylic acid Poly (I:C)
Unstimulated LyoVec control US-L

Cyclic guanosine monophosphate-adenosine monophosphate ~ ¢cGAMP

5’ triphosphate double-stranded RNA 5’ppp-dsRNA

RPMI 1640 media only

10mM in RPMI 1640

100 ng/ml in RPMI 1640
10 ug/ml in RPMI 1640
100 pg/ml in RPMI 1640
LyoVec transfection reagent
only

20 pug/ml in LyoVec
2ng/ml in LyoVec

Vehicle control used to compare to R848, PLS, PGN,
and poly (I:C).

TLR7/TLR8 agonist

TLR4 agonist

TLR2 & NOD1/2 agonist

TLR3 agonist

Vehicle control used to compare to cGAMP and 5ppp-
dsRNA

STING agonist

RIG-I agonist

chronic inflammatory lesions [13]. Interestingly, most of these cases
were mild, with severe inflammation present in only 3.4% of cases.
These data suggest that low-level placental inflammation is common in
uncomplicated, full-term pregnancies. The consequence of exposure to
low-level placental inflammation with respect to innate immune re-
sponses is unclear.

The neonatal immune system is biased against Thl immune re-
sponses [14-16], and has a comparatively naive adaptive immune
system [17,18]. However, neonates are able to mount a strong in-
flammatory innate immune response. Several studies have now shown
that activation of Toll-like receptors (TLRs) produce an exaggerated
cytokine response in neonatal cord blood compared to adult blood
[14,19]. Further, other pattern recognition receptors (PRRs), including
nucleotide oligomerization domain (NOD)-like receptors, retinoic acid
inducible gene-I (RIG-I)-like receptors (RLRs), and stimulator of inter-
feron genes (STING), have been shown produce a heightened cytokine
response in neonatal compared to adult blood [20]. Previous studies
have shown that in-utero events can alter post-natal immune responses
[21,22]. Additionally, intrauterine infection and CAM have been cor-
related with immune-related disorders, including an increased risk of
asthma and atopic disease [23-25]. We therefore hypothesised that
exposure to placental inflammation would alter innate immune anti-
microbial defences.

2. Methods
2.1. Patient recruitment and ethics

Patients giving birth by elective Caesarean section between 34 and
42 weeks gestation (n = 44) at King Edward Memorial Hospital,
Subiaco, Western Australia, were invited participate in this study. Cord
blood and placental samples were taken at birth with the approval of
the Human Research Ethics Committee of the Western Australian
Department of Health's Women and Newborns Health Service
(2015212 EW). Inclusion criteria were: singleton pregnancies,
Caesarean section deliveries, and a gestational age of >34"° weeks.
Exclusion criteria were: onset of labor, antibiotic or antimycotic use
throughout the pregnancy, antenatal steroid administration, vaginal
progesterone administration, fetal genetic abnormalities, and recrea-
tional drug abuse. Participants answered a detailed questionnaire re-
garding their health, diet and lifestyle during this pregnancy. Clinical
data was also collected, including gestational age, maternal age, parity,
infant sex, indications for Caesarean section (Supplementary Table 1),
and previous obstetric history. Maternal and fetal characteristics are
summarised in Supplementary Table 2.

2.2. Collection of cord blood

Umbilical cord blood was collected by obstetric surgeons prior to
delivery of the placenta. After birth, the cord was clamped and cut. The
clamp was removed and cord blood was allowed to drip into a sterile
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collecting pot, then immediately handed off to the study investigator.
Approximately 4ml of cord blood was then poured into a BD
Vacutainer® heparinized blood collection tube and gently mixed by
inverting 8-10 times. All cord blood samples were processed within
20 min of collection.

2.3. Immune stimulation

Innate immune phenotyping was performed using a well-estab-
lished, robust, validated, and quality-controlled protocol from Professor
Tobias Kollmann's lab (University of British Columbia, Canada)
[14,19,20,26-30]. Cord blood samples were plated out in duplicate in
200 pl aliquots onto custom made immune stimulation plates (plates
manufactured by Tobias R Kollmann, University of British Columbia).
Each well of each row was coated with one of eight nominated immune
stimuli or controls. The stimuli used were selected to cover a broad
range of immune pathways, including Gram negative bacterial infec-
tions, Gram positive bacterial infections, intracellular bacterial infec-
tions, and viral infections (Table 1). We chose four prototypic TLR
agonists to stimulate extracellular pathogenic infection: resiquimod
(R848), a powerful immune activator, was used as a toll-like receptor
(TLR) 7/8 agonist; lipopolysaccharide (LPS), a component of Gram
negative bacterial cell walls, was used as a TLR4 agonist; peptidoglycan
(PGN), the major outer membrane component of Gram positive bac-
terial cell walls, was used a TLR2 & nucleotide-binding oligomerization
domain (NOD) 1/2 agonist; polyinosinic—polycytidylic acid (Poly I:C)
was used as a TLR3 agonist to simulate viral infection. We also selected
two agonists of cytoplasmic PRRs (cPRRs) (cyclic guanosine mono-
phosphate-adenosine monophosphate (cGAMP), and 5’ triphosphate
double-stranded RNA (5ppp-dsRNA)) to simulate intracellular patho-
genic infection. cGAMP was used as a stimulator of interferon genes
(STING) agonist, while 5’ppp-dsRNA was used as a retinoic acid-in-
ducible gene I (RIG-1) agonist. These two ligand were complexed with a
transfection agent (LyoVec) to allow them to enter the cell's cytoplasmic
compartment to stimulate cPRRs. RPMI 1640 was used as a vehicle
control for R848, LPS, PGN, and poly (I:C). LyoVec was used as a ve-
hicle control for cGAMP and 5’ppp-dsRNA.

Samples were incubated in the sealed immune stimulation plates for
24 h at 37 °C and 5% CO,. After incubation, the plates were centrifuged
and the supernatant was transferred to a fresh microplate and frozen at
—80 °C until analysis.

2.4. Quantitation of immune markers

All cord blood supernatant samples were diluted 1:2 in Calibrator
Diluent RD6-52 prior to analysis. We selected seven markers to broadly
cover expected responses to our innate immune stimulation protocol.
Human granulocyte-colony stimulating factor (G-CSF), interferon
gamma (IFN-y), interleukin 1 beta (IL-1f), tumor necrosis factor alpha
(TNF-a), interleukin 6 (IL-6), interleukin 8 (IL-8) and interleukin 10 (IL-
10) were measured by multiplex assay (R&D Systems Inc., Minneapolis,
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Fig. 1. Amniotic fluid cytokine levels of patients with deciduitis (DEC, n = 3), vasculitis of unknown aetiology (VUE, n = 6), chorioamnionitis (CAM, n = 9),

inflammatory reaction of the fetal vessels (FIR, n = 11), or no inflammation (NI, n = 20). Data are mean

MN) on a MAGPIX instrument (Luminex Corp, Austin, TX) as per the
manufacturer's instructions. These factors were chosen for investigation
as they are well-characterized immune mediators, known to be pro-
duced by the placenta and detectable in cord blood, that have been
shown to be elevated in neonates with intraamniotic infection/in-
flammation [31-33]. G-CSF is a hemopoietic growth factor involved in
regulation of granulopoiesis, mobilisation of stem cells, and production
and activation of neutrophils; it also has neuroprotective properties and
ameliorates neuroinflammation in neonates. IL-13 and TNF—a are
potent pro-inflammatory cytokines with well-proven roles in driving
placental and systemic inflammation in response to pathogen exposure.
IFN-y orchestrates widespread cellular activation, proliferation and
apoptosis in response to both bacterial and viral infections via induction
of an array of interferon-regulated genes; importantly, it regulates Th1/
Th2 balance and macrophage differentiation and activation. IL-6 is a
pleiotropic immunomodulatory cytokine produced by multiple tissues
in response to infection and tissue injuries; it is a regulator of acute
phase responses, haematopoiesis, and immune cell differentiation and
activation. IL-8 (CXCL8) is a ubiquitous chemokine responsible for re-
cruitment of neutrophils, basophils and lymphocytes. IL-10 is an im-
munomodulatory cytokine produced by macrophages, lymphocytes and
many other cell types; it inhibits the proliferation and activity of Thl
cells, NK cells, and macrophages and inhibits the production of proin-
flammatory cytokines and chemokines. IL-10 can also promote some
humoral immune responses, such as enhancing class II expression on B
cells and inducing immunoglobulin production.

2.5. Placental histology

Placentae and full thickness placental membranes were transported
to the hospital's histology department for routine examination by a
senior histopathology scientist. The histology reports generated were
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+

SEM. *P < 0.05 compared to the NI group.

used to classify inflammatory lesions of the placentae [4]. Standard
culture-based screening for Listeria spp., Ureaplasma spp., and Myco-
plasma spp. was also performed.

2.6. Amniotic fluid cytokine analysis

Approximately 10 ml of fluid was drawn into a syringe immediately
following amniotomy, then transferred to sterile tubes and centrifuged
at 40,000 x g at 4 °C for 6 min to pellet. Levels of IL-6, IL-10, CXCL10,
and G-CSF were measured in amniotic fluid supernatants by multiplex
assay (R&D Systems Inc., Minneapolis, MN) on a MAGPIX instrument
(Luminex Corp, Austin, TX) as per the manufacturer's instructions. All
samples were diluted 1:2 prior to analysis.

2.7. Statistical analysis

Comparisons were made between variables in placentae with VUE,
hCAM, FIR, and no inflammation (NI) using the Kruskal-Wallis test.
Differences between groups were further analysed using the Mann-
Whitney test. Presence of inflammatory reactions in the fetal blood
vessels (either cord vasculitis or inflammation of the fetal vessels in the
chorionic plate) was classified as FIR. Cytokine concentrations were
corrected for dilution (x2) then expressed as a value relative to the
appropriate control. SPSS (version 20.0, IBM SPSS) statistical software
was used for data analysis. P-values < 0.05 were considered statisti-
cally significant.

3. Results
3.1. Low grade placental inflammation is common in full-term pregnancies

Of the 44 patients enrolled in this study 21 (47.7%) showed
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histological evidence of placental inflammation. This percentage is si-
milar to that recently reported by Romero et al. for women delivering
by elective caesarean section [13]. Of those placentae positive for in-
flammation, 4 had DEC (of which we were only able to obtain cord
blood from 2), 9 had VUE, 9 had hCAM, and 12 had FIR (9 instances of
umbilical cord vasculitis, 8 instances of inflammation in the fetal ves-
sels of the chorionic plate). It is interesting to note that cases of VUE
and hCAM did not overlap in this study, suggesting separate aetiologies.
There was a high level of overlap between placentae with hCAM and
those with FIR. In most cases the inflammation was mild, with only four
cases of high grade inflammation observed (all cases of VUE). Histology
results are described in full in Table 2.

Routine hospital screening for Ureaplasma spp., Mycoplasma spp.,
and Listeria spp. was negative for all placentae; however, this is not
surprising given that the presence of these bacteria in the amniotic
cavity is normally associated with early preterm birth [34].

3.2. Histological CAM and FIR are associated with increased amniotic fluid
IL-6 levels

Amniotic fluid cytokine levels were within previously-reported
ranges in all cases (Fig. 1). Amniotic fluid IL-6 was significantly ele-
vated in pregnancies with hCAM and FIR compared to those with no
inflammation (P = 0.0475 and P = 0.0322, respectively). An amniotic
fluid IL-6 level of > 745 pg/mL is diagnostic of microbial invasion of
the amniotic cavity and intra-amniotic inflammation [35]. Patients
with hCAM in the present study had a mean amniotic fluid IL-6 level of
765.7 pg/mL, while those with FIR had a mean amniotic fluid IL-6 level
of 805.4 pg/mL. Similarly, an amniotic fluid G-CSF level of > 2000 pg/
mL is diagnostic of CAM [36]. Patients with hCAM in the present study
met this criterion, with a mean amniotic fluid G-CSF level of 2027.7 pg/
mL. Those with FIR had a mean amniotic fluid G-CSF concentration of
2184.4 pg/mL. There were no significant differences between the
groups with respect to concentrations of IL-10 (an immunoregulatory
cytokine with anti-inflammatory properties) or CXCL10 (a putative
marker of chronic chorioamnionitis arising from maternal fetal allograft
rejection [8]).

3.3. Cord blood immune response patterns differ with placental
inflammation

With the exception of IL-8, baseline expression of all cord blood
cytokines was low (Table 3), as has previously been reported elsewhere
[37,38]. All forms of immune stimulation were associated with in-
creased cord blood cytokine levels (Table 4). R848, LPS, and PGN eli-
cited a strong inflammatory response across all cytokines, while poly
(I:C), cGAMP, and 5’ppp-dsRNA elicited a weaker inflammatory re-
sponse. We did not observe any correlation between amniotic fluid
cytokine levels and baseline cord blood cytokine levels for the cytokines
which were measured in both sample sets (IL-6, IL-10, and G-CSF).

No significant differences were observed between groups after im-
mune stimulation with R848, LPS, or PGN, nor were any significant
differences seen in levels of TNF-a relative to controls (data not shown).

Cord blood derived from fetuses exposed to hCAM had significantly
lower IL-8, IL-10, IL-1P, and G-CSF responses to poly (I:C) than those
with no placental inflammation (IL-8 P = 0.0179, IL-10 P = 0.0262, IL-
1B P = 0.0268, G-CSF P = 0.00135) (Fig. 2A-D). Similarly, cord blood
taken from fetuses with FIR had significantly lower IL-8, IL-10, and G-
CSF responses to poly (I:C) than those with no placental inflammation
(IL-8 P = 0.0427, IL-10 P = 0.0262, G-CSF P = 0.0132) (Fig. 2A, B, D).
Interestingly, the FIR group differed from the CAM group in its response
to cGAMP and 5ppp-dsRNA. Stimulation with cGAMP elicited a sig-
nificantly higher IL-6, IL-8, and IL-1f3 response in fetuses with FIR than
those not exposed to inflammation (IL-6 P = 0.00695, IL-8 P = 0.0336,
IL-13 P = 0.0475) (Fig. 2A, C, F). Stimulation with 5’ppp-dsRNA eli-
cited a significantly higher IL-6 and IL-8 response in fetuses with FIR
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Table 3

Baseline levels of cytokines (pg/ml) in cord blood of patients with deciduitis (DEC, n = 2), vasculitis of unknown aetiology (VUE, n = 6), histological chorioamnionitis (hCAM, n = 9), inflammatory reaction of the fetal

vessels (FIR, n = 11), or no inflammation (NI, n = 20). Data are median = IQR.

Concentration in unstimulated LyoVec control (pg/ml)

Concentration in unstimulated RPMI 1640 control (pg/ml)

Cytokine

NI

FIRS

hCAM

VUE

DEC

NI

FIRS

hCAM

VUE

DEC

50.7 = 113.4
17.4 = 449

38.3 = 30.4
16.7 + 13.8
16.8 = 11.7
21.2 = 19.9

48.7 = 47.7
19.1 * 9.2

42.4 + 385
14.7 = 12.0
30.2 = 244

87.3 = 70.2
52.3 = 40.3
57.2 = 31.4
77.9 = 15.1

323 = 46.6
11.7 * 20.5
19.8 *+ 57.4

38.1 = 54.2
9.1 = 10.0

20.5 = 415

42.0 = 174.2
11.3 + 14.8

42.4 = 495
8.8 + 25.9

229 = 30.6

32.0 = 18.7
12.8 = 12.8
45.0 = 40.0
54.4 = 179

G-CSF
IFN-y
IL-1B

IL-6

36.1 = 144.8
71.8 + 463.9
4658.9 *+ 3640.7
4.0 = 46.9

11.7 = 16.4

20.6 = 177.0
21.2 = 275

23.5 = 100.6
28.7 = 75.8

31.1 = 103.1
4470.4 + 3754.3
3.8 = 6.3

9.7 + 4.7

24.3 = 101.7

30.2 = 176.8

90.4 = 378.9
1304.5 + 3453.3

0.0 £ 2.8
91 + 73

1517.2 + 2650

3.0 £ 3.7
7.8 +£ 6.8

1616.2 + 2069.1

3.3 £ 37
6.1 + 6.8

10447.4 + 9289.8
75.8 = 74.6
16.6 = 7.0

1689.2 + 3672.6

1.3 =

3525.9 + 11435.9

1.4 = 29

3567.7 = 12213.2

21

2797.6 * 1872.8

4.6 *

1L-8

4.1

+ 33

4.6

IL-10

6.2 = 12.0 7.2 * 12,4

8.8 = 13.8

16.5 = 14.3

TNF-a
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Table 4
Mean fold change in cord blood cytokine levels following 24 h incubation with
various immune stimuli.

R848 LPS PGN Poly (IiC) CGAMP  5'ppp-dsRNA

G-CSF 3265 598.7 11261  17.7 13.8 11.6

IFN-y  339.6 84.8 77.0 6.5 60.8 18.0

IL-1B 39487 20627 1157.0  25.1 225.7 163.6

IL-6 847.5 855.1 870.1 172.8 232.2 331.3

IL-8 96.9 92.4 1056  91.0 5.5 9.7

IL-10  523.4 455.3 139.7 17.2 3.1 12.2

TNF-a  3507.0 6105 748.0 10.4 178.6 103.8

than those not exposed to inflammation (IL-6 P = 0.0228, IL-8
P =0.0294) (Fig. 2A & F).

Immune responses in cord blood taken from fetuses with VUE did
not differ from those of fetuses that were not exposed to inflammation.
Fetuses whose placentae showed evidence of VUE had lower IL-10 re-
sponses to poly (I:C) than those not exposed to inflammation; however,
this did not quite reach statistical significance (P = 0.0505) (Fig. 2B).
Interestingly, fetuses with VUE had significantly higher IFN-y responses
to cGAMP than those that were exposed to CAM (P = 0.0485, Fig. 2E).

4. Discussion

We examined innate cytokine response following PRR stimulation of
whole cord blood from neonates with and without exposure to placental
inflammation. We found that infants exposed to placental inflammation
in-utero had altered cord blood innate immune responses at birth, and
that these responses varied based on the type of inflammatory lesion
present. While previous studies have characterised innate immune re-
sponses in preterm vs. full term infants [30], to our knowledge this is
the first study to examine the innate immune responses in cases of low-
level placental inflammation.

Placental inflammation is often sub-clinical (diagnosed histologi-
cally) and is known to be associated with preterm birth [1]. In this
cohort of late preterm and full term deliveries, none of which displayed
any clinical indications of intra-amniotic infection/inflammation or risk
of preterm birth, a large portion (47.7%) were found to have histolo-
gical evidence of placental inflammation. This figure is similar to that
reported by Romero et al. in a cohort of women delivering by elective
Caesarean section [13]. It is possible that many cases of low grade
placental inflammation are missed in late preterm and full term births,
as placentas from these deliveries are not routinely examined histolo-
gically. The significance of such a high rate of “silent” placental in-
flammation is unclear; however, the data presented in this paper sug-
gest that such inflammation may be associated with altered innate
immune responses in the fetus. It is interesting to note that cases of VUE
and hCAM did not overlap in this study, suggesting separate aetiologies.

It is unclear whether the inflammation seen in this cohort has a
microbiological aetiology or a sterile aetiology. Recent research has
suggested that the intra-amniotic space is, in some pregnancies, colo-
nised by bacteria prior to birth [39,40], and that this colonisation may
alter fetal immune development [41,42]. Differences in placental in-
flammation and neonatal immune responses may, therefore, be re-
flective of differences in prenatal microbial colonisation.

A number of maternal and fetal characteristics could contribute to
placental inflammation. Obesity and cigarette smoking are known to
cause systemic inflammation [43,44]. In the present study the mean
pre-pregnancy BMI of participants was elevated (30.1); however, there
were no significant differences in pre-pregnancy BMI values between
groups. The incidence of maternal smoking was actually greater in the
inflammation negative group than the inflammation positive group
(13% vs 5%). Diabetes could also contribute to placental inflammation;
however, in the current study the incidence of maternal diabetes was
higher in the inflammation-negative group than in the inflammation-
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positive group (48% vs. 33%). Previous studies have demonstrated that
placental immune function is partially sex-dependent, and that the
placenta responds to maternal inflammation in a sex-specific manner,
with heightened responses in male placentae [45]. However, there was
no significant difference in the rates of male births between groups in
our study.

It is unclear whether differences in immune reactivity observed in
this cohort are caused by placental inflammation, or whether both the
immune differences and the placental inflammation are symptoms of a
common underlying cause, be it sterile or microbial.

Fetuses exposed to hCAM and FIR showed significantly reduced
immune responses to stimulation with poly (I:C). Poly (I:C) is a ligand
of TLR3 capable of activating downstream NF-kB and interferon reg-
ulatory factors 3 and 7 (IRF3/7), stimulating the production of pro-
inflammatory cytokines, interferons, and IL-10 [46]. Previous studies
have revealed that cord blood natural killer (NK) cells have deficient
TLR3 expression associated with an inability to respond to poly (I:C)
[47]. Our data indicate that this dampened response to poly (I:C) is
exaggerated in fetuses that are exposed to CAM during pregnancy. This
is indicative of a greater impairment in NK TLR3 expression, which
could result in heightened vulnerability to viral infections postnatally.
It is unsurprising that fetuses exposed to hCAM and FIR reacted simi-
larly to poly (I:C), given the overlap in cases of hCAM and FIR, and the
likelihood that these conditions share a common aetiology.

Interestingly, the FIR group differed from the hCAM group in its
response to the intracellular ligands cGAMP and 5ppp-dsRNA. Fetuses
exposed to FIR showed significantly increased immune responses to
stimulation with cGAMP and 5’ppp-dsRNA (ligands of STING and RIG-I,
respectively). The same was not true for fetuses exposed to hCAM. Both
STING and RIG-I drive downstream type 1 interferon production, NF-xB
activation, and antiviral gene transcription to control viral infections
[48,49]. There exists much cross-talk and interplay between the STING
and RIG-I pathways, so it is not surprising that their stimulation re-
sulted in similar reactions between groups in this study.

In the present study we found that fetuses exposed to hCAM and FIR
had dampened cytokine responses to stimulation with poly (I:C), and
heightened cytokine responses to stimulation with cGAMP and 5’ppp-
dsRNA. Given that TLR3 activates transcription of IRF3, and that STING
and RIG-I activate transcription of IRF3 independently of the action of
TLR3, this opposing reaction may be a compensatory mechanism.
Interestingly, these aberrant reactions were almost exclusive to fetuses
exposed to hCAM and FIR and not observed in fetuses exposed to VUE.
The significance of such a finding is unclear, but could be related to the
differences in aetiology of the placental lesions.

One limitation of this study was the use of whole blood stimulation
without matched cell enumeration. We were not able to obtain suffi-
cient sample volume to ascertain cell composition using flow cyto-
metry. Therefore, differences in PRR responses may be due to different
levels of innate immune cells in our samples. However, the measure-
ment of immune responses from whole blood provides a global picture
of antimicrobial responses. Non-cellular components of neonatal
plasma effect TLR-mediated cytokine production [50,51]. Whole blood
stimulation is therefore important for demonstrating total immune re-
sponsiveness.

5. Conclusion

Exposure to inflammation in-utero is associated with altered cyto-
kine responses to PRRs at birth. Different types of inflammatory lesions
were associated with distinct fetal innate immune response profiles.
Further work is required to determine whether it is the inflammation
itself that causes this effect, as opposed to exposure to microbial factors,
and/or whether the inflammation and altered immune responses result
from changes in the populations of circulating immune cells or their
sensitivity and responsivity to challenge.
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