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Summary

The role of viral infections in adverse pregnancy outcomes has gained

interest in recent years. Innate immune pattern recognition receptors

(PRRs) and their signalling pathways, that yield a cytokine output in

response to pathogenic stimuli, have been postulated to link infection at

the maternal–fetal interface and adverse pregnancy outcomes. The

objective of this study was to investigate the expression and functional

response of nucleic acid ligand responsive Toll-like receptors (TLR-3, 27,

28 and 29), and retinoic acid-inducible gene 1 (RIG-I)-like receptors

[RIG-I, melanoma differentiation-associated protein 5 (MDA5) and

Laboratory of Genetics and Physiology 2(LGP2)] in human term

gestation-associated tissues (placenta, choriodecidua and amnion) using

an explant model. Immunohistochemistry revealed that these PRRs were

expressed by the term placenta, choriodecidua and amnion. A statistically

significant increase in interleukin (IL)-6 and/or IL-8 production in

response to specific agonists for TLR-3 (Poly(I:C); low and high

molecular weight), TLR-7 (imiquimod), TLR-8 (ssRNA40) and RIG-I/

MDA5 (Poly(I:C)LyoVec) was observed; there was no response to a TLR-9

(ODN21798) agonist. A hierarchical clustering approach was used to

compare the response of each tissue type to the ligands studied and

revealed that the placenta and choriodecidua generate a more similar IL-8

response, while the choriodecidua and amnion generate a more similar

IL-6 response to nucleic acid ligands. These findings demonstrate that

responsiveness via TLR-3, TLR-7, TLR-8 and RIG-1/MDA5 is a broad

feature of human term gestation-associated tissues with differential

responses by tissue that might underpin adverse obstetric outcomes.

Keywords: hierarchical clustering, inflammation, pattern recognition

receptors, reproductive immunology, viral

Introduction

Cytokine production at the materno–fetal interface is a

part of normal pregnancy, and the changes that occur with

adverse obstetric outcomes might offer therapeutic targets

[1,2]. The relationship between bacterial infection and pre-

term rupture of the membranes (PROM) and preterm

birth (PTB) has been given much attention [3], but recent

years have seen the emergence of epidemiological evidence

linking viral infection and adverse pregnancy [4,5]. These

viral infections include human papillomavirus, hepatitis

virus, herpes virus and cytomegalovirus, which have been

identified in both gestational tissues and amniotic fluid,

and are linked to increased risk of chorioamnionitis and

spontaneous preterm birth [6]. Therefore, better under-

standing of the response of gestation-associated tissues to

viruses is required.

Pattern recognition receptors (PRRs) are evolutionary

conserved germline-encoded receptors which recognize

pathogen-associated molecular patterns (PAMPs) from var-

ious microorganisms. Recognition of viral infections by the

innate immune response occurs via nucleic acid-responsive

Toll-like receptors (TLRs)-3, 27, 28 and 29 and retinoic
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acid-inducible gene (RIG)-I-like receptors (RLRs) RIG-I,

melanoma differentiation-associated protein 5 (MDA5)

and Laboratory of Genetics and Physiology 2 (LGP2)

[7–10]. These receptors are located intracellularly, where

they are best positioned to encounter and respond to

viruses [11]. Clearer understanding of the expression and

function of viral responsive PRRs at the materno–fetal

interface is required for our fundamental understanding of

pregnancy immunology and for translating this to the

development of new therapeutic approaches for adverse

obstetric outcomes. There are no published studies of RLR

expression in gestation-associated tissues. For TLRs-3, 27,

28 and 29, only the placenta has been investigated with

transcripts and/or protein for all of these reported with

functional responses observed to TLR-3, TLR-7 and TLR-7/

8 but not TLR-9 agonists [12]. Therefore, we investigated

the expression and activity of nucleic acid ligand-

responsive TLRs (TLR-3, 27, 28 and 29) and RLRs

(RIG-I, MDA5 and LGP2) in human term placenta, chorio-

decidua and amnion using an explant model to mimic

more closely the cellular heterogeneity that occurs in utero.

A hierarchical clustering approach, as described previously

for cytokine data [13], was implemented to compare more

clearly the response between different tissues and ligands. It

is our hypothesis that nucleic acid ligands will induce an

inflammatory response in gestation-associated tissues and

that utilization of hierarchical clustering to examine cyto-

kine production by the placenta, choriodecidua and amn-

ion in response to these PAMPs will highlight distinct

differences in their responsiveness not revealed in previous

studies.

Materials and methods

Samples

Placenta and fetal membrane samples were collected from

healthy term newborns (> 37 weeks of gestation) deliv-

ered by elective caesarean section (ECS) at Singleton Hos-

pital, Swansea, UK. Written consent was obtained from all

study participants following recruitment at the antenatal

day assessment unit. Ethical approval for this study

was given by Wales Research Ethics Committee 6 (REC

no. 11/WA/0040).

Explant cultures

Placenta. Placental explant cultures were prepared as

described previously [12]. The decidua basalis overlaying

the maternal side of the placenta was removed and 1-cm3

pieces of placental tissue were extracted from various sites

across the placenta, avoiding the fetal membranes, and

placed into sterile calcium and magnesium-free phosphate-

buffered saline (PBS; Life Technologies, Paisley, UK). Tissue

was washed repeatedly with PBS to remove contaminating

blood. Tissue was then minced into smaller pieces and

washed further. Pieces of tissue (1-mm3 pieces to a total of

0�2 g) were transferred into the appropriate number of

wells of a standard 12-well tissue culture plate (Greiner

Bio-one, Frickenhausen, Germany) containing 1 ml Ultra-

CULTURETM medium (Lonza, Visp, Switzerland), supple-

mented with 2 mM GlutaMAXTM (Life Technologies) and

2 mM penicillin, streptomycin and fungisone (PSF; Life

Technologies).

Membranes. Membranes were detached from the placenta.

Choriodecidua and amnion were separated from each

other by blunt dissection and placed individually and

washed repeatedly in sterile Ca21/Mg21-free phosphate-

buffered saline (Life Technologies) to remove blood.

Explants were cut with an 8-mm biopsy punch (Stiefel,

Research Triangle Park, NC, USA): two discs of choriodeci-

dua placed into 0�5ml advanced RPMI supplemented with

2 mM glutamax, 2 mM PSF, 5 mM 2-mercaptoethanol (2-

ME; all Life Technologies), 2% fetal bovine serum (FBS;

Hyclone, Logan, UT, USA) and 5 mM 2-mercaptoethanol;

and four discs of amnion placed into 0�5 ml advanced Dul-

becco’s modified Eagle’s medium (DMEM) (Life Technolo-

gies) supplemented with 2 mM glutamax, 2 mM PSF and

2% FBS.

Explant cultures were exposed to different stimuli; an

unstimulated control was always included. Optimal levels

of all agonists were determined by dose–course studies

on gestation-associated tissues explants and the following

final concentrations were used: Poly(I:C)LMW (TLR-3,

25 lg/ml), Poly(I:C)HMW (TLR-3, 25 lg/ml), imiquimod

(TLR-7, 1 lg/ml) ssRNA40 (TLR-8, 1 lg/ml), Poly(I:C)LyoVec

(RIG-I/MDA5, 1 lg/ml) (all from Invivogen, San Diego, CA,

USA), ODN21798 control or ODN21798 (TLR-9, 1 mM; both

Miltenyi Biotec, Bisley, UK). All treatments were performed in

duplicate. Cultures were incubated for 24 h at 378C in 5%

CO2. Tissue-free supernatants were collected by centrifuga-

tion for 7 min at 48C, 515 g and stored at 2208C for analy-

sis using cytokine-specific enzyme-linked immunosorbent

assays (ELISAs).

Cytokine production

IL-6 and IL-8 in the tissue-free supernatants of placenta,

choriodecidua and amnion explant cultures collected after

24 h were measured using commercially available ELISA

kits (DuoSet, R&D Systems, Minneapolis, MN, USA) as

per the manufacturer’s instructions.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed,

paraffin-embedded sections (4 mm) of placenta and fetal

membranes using the Ventana ULTRA automated staining

instrument (Ventana, Tucson, AZ, USA). The Optiview

detection system (Ventana) was used without A/B blocker

or amplification (except for anti-TLR-9). Antigen retrieval
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was carried out in CC132 buffer for TLR-3, RIG-I and

MDA5 and CC124 buffer for TLR-7, TLR-8 and LGP2. Pri-

mary antibodies, rabbit polyclonal anti-TLR-3 (5 mg/ml for

24 min), rabbit polyclonal anti-TLR-7 (10 mg/ml for 36

min), rabbit polyclonal anti-TLR-8 (5 mg/ml for 32 min),

rabbit polyclonal anti-TLR-9 (10 mg/ml for 44 min), rabbit

polyclonal anti-RIG-I (10 mg/ml for 32 min), rabbit poly-

clonal anti-MDA5 (5 mg/ml for 36 min) and rabbit polyclo-

nal anti-LGP2 (5 mg/ml for 36 min) (all LifeSpan

BioSciences, Inc., Seattle, WA, USA) were incubated at

368C or, for anti-TLR-8, at room temperature. For control

slides, primary antibody was replaced with polyclonal rab-

bit immunoglobulin (Ig)G (Biolegend, San Diego, CA,

USA) at a corresponding concentration. A tissue reported

to express the receptor of interest was used for optimiza-

tion of staining and included as a positive control: tonsil

(TLR-3, TLR-8, RIG-1, MDA5, LGP2), lung (TLR-7) and

liver (TLR-9).

Data analysis

All experiments were performed a minimum of three times.

Cytokine production in untreated versus treated tissue was

evaluated by paired two-tailed Student’s t-test or repeated-

measures one-way analysis of variance (ANOVA) with Dun-

nett’s multiple comparison test. A P-value of� 0�05 was

considered significant. Statistical significance was calcu-

lated using GraphPad Prism version 6 (GraphPad Software,

Inc., San Diego, CA, USA). Heatmaps were constructed for

each cytokine using the mean values generated by ELISA,

corrected for baseline constitutive levels, with the ‘heat-

map.2’ function in the ‘gplots’ R package [14,15]. Hierarch-

ical clustering was performed using a Euclidean distance

method.

Results

Localization of TLR-3, TLR-7, TLR-8 and TLR-9 in
human non-laboured gestation associated tissues

Immunohistochemistry was used to determine which cells

within the placenta and fetal membranes expressed TLR-3,

27, 28 and 29 (Fig. 1). In the placenta, expression of all

four TLRs by trophoblast was a common feature, with

strong expression for both TLR-3 and TLR-8 in the tropho-

blast and villous stromal cells. In the fetal membranes,

amnion epithelial cells, chorionic trophoblasts and decid-

ual cells all exhibited strong expression of TLR-3 and TLR-

8. Expression of TLR-7 was localized primarily to the

chorion, with weak staining in the amnion intermittent

expression of TLR-9 was also observed.

Fig. 1. Immunolocalization of nucleic acid sensing Toll-like receptors (TLRs) in human gestation-associated tissues. Negative (isotype match) and

positive (TLR-3 and TLR-8, tonsil; TLR-7, lung; TLR-9, liver) controls are also shown. A representative example of seven is shown. Original

magnification 340.

A. H. Bryant et al.

38 VC 2017 British Society for Immunology, Clinical and Experimental Immunology, 189: 36–46



Functional response of term non-laboured gestation
associated tissue to specific TLR-3 TLR-7, TLR-8 and
TLR-9 agonists

TLR-3. Functionality of TLR-3, a receptor involved in the

recognition of dsRNA, was investigated using a synthetic

dsRNA analogue Poly(I:C) (polyinosine-polycytidylic acid;

both 25 mg/ml, n 5 9). Both a high molecular weight

(HMW, 1�5–8 kb) and a low molecular weight (LMW, 0�2–

1 kb) version of the poly(I:C) were utilized based on

reports of differences in activation efficacy determined by

molecular weight [16]. For the placenta and amnion, IL-8

production was elevated significantly upon stimulation

with both LMW and HMW Poly(I:C), whereas IL-6 was

only elevated significantly upon stimulation with LWM

Poly(I:C). For the choriodecidua, HMW and LMW

Poly(I:C) resulted in a significant increase of both IL-6 and

IL-8 (Fig. 2). HMW poly(I:C) gave a greater cytokine

Fig. 2. Toll-like receptor (TLR)-3 agonist-induced cytokine response by the term non-laboured placenta, choriodecidua and amnion. Interleukin

(IL)-6 and IL-8 production (ng/ml 6 standard error of the mean) by the (a,b) placenta, (c,d) and choriodecidua (e,f) amnion following

stimulation with polyinosine-polycytidylic acid [Poly(I:C)]LMW and Poly(I:C)HMW (both 25 mg/ml; n 5 9). Statistically significant differences

compared to unstimulated control are shown: *P < 0�05; **P < 0�01.
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response than LMW poly(I:C), which was significant in all

cases except for IL-6 production in the amnion.

TLR-7 and TLR-8. TLR-7 and TLR-8 functionality was

studied using imiquimod (R837) and ssRNA40/LyoVec,

each at 1 mg/ml (Fig. 3; n 5 9). Imiquimod is a small syn-

thetic anti-viral molecule in the imidazoquinoline family

specific to TLR-7, while ssRNA40/LyoVec is a single-

stranded uridine-rich oligonucleotide derived from HIV-1

complexed with the transfection reagent LyoVec and is spe-

cific for TLR-8 [17,18]. The TLR-8 agonist ssRNA40 caused

an increase in IL-6 and IL-8 in placenta, choriodecidua and

amnion, which was significant in all cases except for IL-8 in

the amnion (Fig. 3). In contrast, the TLR-7 agonist imiqui-

mod induced a significant increase in IL-8 from all three

tissues, but only from the amnion for IL-6 (Fig. 3).

Fig. 3. Toll-like receptors (TLR)-7 and TLR-8 agonist-induced cytokine response by the term non-laboured placenta, choriodecidua and amnion.

Interleukin (IL)-6 and IL-8 production (ng/ml 6 standard error of the mean) by the (a,b) placenta, (c,d) choriodecidua and (e,f) amnion

following stimulation with imiquimod (TLR-7) and ssRNA40/LyoVec (TLR-8) (both 1 mg/ml; n 5 9). Statistically significant differences

compared to unstimulated control are shown: *P < 0�05; **P < 0�01; ***P < 0�001.

A. H. Bryant et al.
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TLR-9. The function of TLR-9 was investigated using a syn-

thetic P-class oligodeoxyribonucleotide containing unme-

thylated cytosine–phosphate–guanosine (CpG) motifs

(ODN 221798) at 1 mM (Fig. 4; n 5 7). A sequence control

was also included. There was no significant effect of

ODN221798 on either cytokine in any tissue.

Localization of RIG-I, MDA5 and LGP2 in human
non-laboured gestation associated tissues

Immunohistochemistry was used to determine which cells

within the placenta and fetal membranes expressed RIG-I,

MDA5 and LGP2 (Fig. 5). In the placenta, trophoblasts

showed strong expression of all three RLRs, with expression

of MDA5 and LGP2 also in the villous stroma. In the fetal

membranes, expression of RIG-I, MDA5 and LGP2 was

observed on chorionic trophoblasts, decidual cells and

amnion epithelial cells.

Functional response of term non-laboured gestation
associated tissue to a RIG-I/MDA5 agonist

RIG-I/MDA5 functionality was determined using

Poly(I:C)/LyoVec, a complex between the transfection

Fig. 4. Toll-like receptor (TLR)-9 agonist-induced cytokine response by the term non-laboured placenta, choriodecidua and amnion. Interleukin

(IL)-6 and IL-8 production (ng/ml 6 standard error of the mean) by the (a,b) placenta, (c,d) choriodecidua and (e,f) amnion following

stimulation with ODN21798 control or ODN21798 (both 1 lM; n 5 7). No statistically significant differences were observed.
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reagent LyoVec and HMW poly(I:C) at 1 mg/ml (Fig. 6;

n 5 9). Transfected Poly(I:C) is recognized by RIG-I/

MDA5, unlike naked Poly(I:C), which is recognized by

TLR-3 [19,20]. A significant increase in both IL-6 and IL-8

was observed in response to Poly(I:C)LyoVec in all three

tissues.

Hierarchical clustering of the response to nucleic
acid-sensing TLRs/RLRs

Heatmaps were drawn to visualize and enable a clearer

comparison of the cytokine response by each of the tissues

and each of the ligands (Fig. 7). Each row represents a tis-

sue and each column represents a ligand, with light grey

representing high production levels and dark grey/black

low. Hierarchical clustering of the three tissues revealed

that for IL-6 production the choriodecidua and amnion

clustered together compared to the placenta, whereas for

IL-8 production the placenta and choriodecidua clustered

together compared to the amnion. When examining the

response of the tissues to treatment with nucleic acid

PAMPs, two primary clusters for each cytokine were evi-

dent. For IL-6, the response of TLR-3 activation by LMW

poly(I:C) clustered with TLR-8, independently of the TLR-

3/HMW poly(I:C), TLR-7 and RIG-I/MDA5. For IL-8, the

response to TLR-7/8 activation clustered independently of

TLR-3 (both LMW and HMW Poly(I:C)) and RIG-I/

MDA5.

Discussion

This study reports for the first time, to our knowledge,

expression and function of RLRs by the placenta, choriodeci-

dua and amnion. Additionally, we note distinct differences in

TLR-3, TLR-7 and TLR-8 function in these tissues com-

pared to previous studies relating to the different agonists

used. Furthermore, we provide a novel comparison of the

cytokine producing capacity of the placenta, choriodecidua

and amnion in response to nucleic acids.

Protein expression of TLRs-3, 27, 28 and 29 was

observed within placental trophoblast, amnion epithelium,

chorionic trophoblasts and the decidua. There was variabil-

ity in expression: most notably, TLR-9 showed lowest levels

of staining and TLR-7 expression was negligible within the

decidua. Immunoreactivity of TLR-3, 27 and 28 has been

reported previously in placental syncytiotrophoblasts and

cytotrophoblasts of both normotensive and pre-eclampsia

placentas [21]. Our findings confirm this and extend this

observation to the fetal membranes, where immunoreactiv-

ity was also found. Broadly, patterns of immunoreactivity

corresponded to the functional output, apart from TLR-9,

where no functional output was observed.

While a functional response to the TLR-3 ligand

poly(I:C) has been observed in both placental and fetal

membrane explants, the efficiency of TLR-3 activation has

been reported to be influenced by the size of the dsRNA

used [16,22]. Here we note TLR-3 activation by LMW

poly(I:C) induced a higher cytokine response than HMW

poly(I:C), due possibly to more efficient penetration into

the cell of smaller RNAs. This highlights the importance of

considering the size of poly(I:C) used when examining

TLR-3 function in gestational tissues, possibly offering an

explanation for why no IL-8 production was observed in

fetal membrane explants following poly(I:C) treatment [6].

While TLR-7 and TLR-8 are related phylogenetically and

both recognize ssRNAs, the cytokine response resulting

from activation of TLR-8 by both the placenta and fetal

Fig. 5. Immunolocalization of RIG-I-like receptors (RLRs) in human gestation associated tissues. Negative (isotype match) and positive (all

tonsil) controls are also displayed. A representative example of seven is shown. Original magnification 340.
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membranes is more robust than that of TLR-7, apart from

IL-8 production by the amnion. This might be related to

the greater expression of TLR-8 than TLR7, as revealed by

our immunohistochemical analysis. Previous functional

investigations of TLR-7 and TLR-8 in gestational tissues

have typically utilized dual synthetic agonists or ssRNAs

[6,12], noting both IL-6 and IL-8 production by the pla-

centa [12] and IL-8 production by the fetal membranes [6]

in response to treatment. These discrepancies probably

reflect the model of investigation used, i.e. total fetal mem-

brane explants [6] versus explants of choriodecidua and

amnion as here. Tissue processing for ex-vivo investigations

can impact upon cytokine measurements with punch biop-

sies of amnion or choriodecidua, as used here, typically

making greater amounts of cytokines than dual compart-

ment Transwells [23]. Furthermore, the activation of TLR-

7 and TLR-8 by synthetic agonists results in differences in

target cell selectivity and cytokine profile [24].

Fig. 6. Retinoic acid inducible gene I/melanoma differentiation-associated protein 5 (RIG-1/MDA-5) agonist-induced cytokine response by the

term non-laboured placenta, choriodecidua and amnion. Interleukin (IL)-6 and IL-8 production (ng/ml 6 standard error of the mean) by the

(a,b) placenta, (c,d) choriodecidua and (e,f) amnion in response to polyinosine-polycytidylic acid [Poly(I:C)]LyoVec (1 mg/ml; n 5 9).

Statistically significant differences compared to unstimulated control are shown: *P < 0�05; **P < 0�01.
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We have reported previously that the human term pla-

centa does not elicit either proinflammatory [IL-6, IL-8

and tumour necrosis factor (TNF)-a] or anti-

inflammatory (IL-10) cytokines in response to an A-class

CpG ODN [12]. However, several classes (A, B, C and P) of

CpG ODN are available, with C-class combining features of

A-class and B-class, while P-class activates at a higher effi-

ciency than C-class [25,26]. Therefore, we chose to use a P-

class ODN for this study. Again, we report no functional

response by any tissues to P-class CpG ODN, despite TLR-

9 immunoreactivity within placental trophoblasts and,

more weakly, in various cells of the fetal membranes. To

the best of our knowledge, this is the first report of TLR-9

protein localization in the placenta and fetal membranes.

Limited expression of TLR-9 might offer an explanation as

to why no functional response to CpG was observed corre-

sponding to observations of expression versus function in

monocytes and natural killer cells [27]. However, measure-

ment of a wider array of cytokines/chemokines could reveal

TLR-9 functionality. Increased MCP-1 and decreased gran-

ulocyte colony-stimulating factor (G-CSF), interferon

(IFN)-g, macrophage inflammatory protein (MIP)-1a,

MIP-1b, regulated upon activation, normal T cell expressed

and secreted (RANTES) and vascular endothelial growth

factor (VEGF) in response to class-A CpG ODN by human

fetal membrane explants has been reported [28]. However,

it is likely that TLR-9 activity at the materno–fetal interface

is regulated tightly rather than non-functional to minimize

placental inflammation from endogenous signals. Hypome-

thylated fetal DNA, found in the placenta and maternal cir-

culation with circulating levels increased in pre-eclampsia

[29], can activate TLR-9 signalling in human peripheral

blood mononuclear cells (PBMCs) in vitro with elevated

IL-6 production [30]. Placental-derived mitochondrial

DNA is associated with TLR-9 activation and vascular dys-

function in pre-eclampsia [31] and TLR-9 expression is ele-

vated on circulating plasmacytoid dendritic cells (pDCs) of

pre-eclamptic versus healthy pregnant women, and is

accompanied by a lesser cytokine output in response to

TLR-9 activation [32].

The cytoplasmic RNA helicases of the RLR family play

a major role in host anti-viral defence. They detect viral

RNA ligands in the cytoplasm, triggering activation of

transcription factors and leading to production of type I

IFNs and expression of other anti-viral genes [33]. Our

knowledge of RLR expression and function in human

gestation associates tissues is relatively limited. Here we

demonstrate, for the first time, immunoreactivity for

RIG-I, MDA5 and LGP2 in the placenta and fetal mem-

branes. Both RIG-I and MDA5 were localized to the pla-

cental trophoblasts, chorionic trophoblasts, decidual

stromal cells and amnion epithelial cells. A corresponding

functional output was observed with the dual agonist for

these receptors. Further work is required to determine

the relative contribution of RIG-I and MDA5 to this

response. Recognition of dsRNAs by RIG-I and MDA5 is

reported to be length-dependent [34]. As RIG-I selec-

tively recognizes short dsRNA and MDA5 long, given

that HMW dsRNA was used in our study the response is

most probably MDA5-dependent, but further work is

required to confirm this. LGP2 shared its expression pat-

tern with RIG-I and MDA5. This is not surprising, given

that LGP2 is a negative regulator of RLR signalling [7].

This negative feedback takes place on many levels, includ-

ing competition for dsRNA, interaction with the adaptor

molecule ISP-1, or direct binding of RIG-I [35]. LGP2

regulatory function of RLR within gestation-associated

tissues remains to be determined.

Fig. 7. Comparison of nucleic acid-induced cytokine production by the placenta, choriodecidua and amnion. Heatmap generated using the mean

levels of (a) interleukin (IL)-6 and (b) IL-8 production as measured by enzyme-linked immunosorbent assay (ELISA); the production level was

standardized by correction for background levels of cytokine from unstimulated tissues. Greyscale is used, with white signifying highest

production and black lowest. Hierarchical clustering was performed on both rows (by tissue) and columns (by receptor).

A. H. Bryant et al.

44 VC 2017 British Society for Immunology, Clinical and Experimental Immunology, 189: 36–46



Our investigation of the responsiveness of gestation-

associated tissues to nucleic acid PRRs, namely TLR-3, 27,

28 and 29, and RIG-I and MDA5 provides further insight

into inflammatory responses at the materno–fetal interface.

Protein expression of these PRRs and LGP2 was a broad

feature of human term gestation-associated tissues, yet

there were subtle differences in functional responses. Hier-

archical clustering enabled elucidation of these key differ-

ences between tissues and treatments to be highlighted.

This approach revealed that the placenta and choriodeci-

dua respond to nucleic acid ligands more similarly than the

amnion regarding the production of IL-8. IL-8 is a key che-

mokine in the recruitment and activation of neutrophils

[36], which have a role in anti-viral immunity [37]. Neu-

trophil infiltration of both the placenta and decidua occurs

during bacterial infection [38,39], and this might also be

the case during viral infection. In contrast, hierarchical

clustering revealed that with regard to IL-6 production, the

choriodecidua and amnion share a greater functional

similarity.

The clustering approach utilized here has highlighted

some key differences between tissues in relation to their

responsiveness to nucleic acids PAMPs, but this has limita-

tions. This is a study of heterogeneous tissue explants, so

the relative numbers of responsive cells in each of the tis-

sues will differ. This is evident by the constitutive produc-

tion of both cytokines by each tissue, and we have

corrected all comparisons for this. However, normalization

of cytokine production to total protein content prior to

baseline corrections could form the basis of future investi-

gations. Furthermore, we have applied this approach only

to the production of IL-6 and IL-8, based on the expecta-

tion that these would most probably yield responses to viral

ligands [40,41] and have been implicated in anti-viral

defence [42]. While these are key cytokines in the physiol-

ogy and pathophysiology of labour, other cytokines includ-

ing, IL-1b, IL-10 and TNF-a, have also been implicated

[2]. Therefore, an extensive examination of other pro- and

anti-inflammatory cytokines, perhaps after multiplex anal-

ysis, would provide a more detailed insight into the inflam-

matory response of gestational tissues.

While the focus of this study has been upon TLRs and

RLRs, other nucleic acid sensing innate immune receptors

have been described; namely, the cytosolic DNA sensors

(CDS), known alternatively as the absent in melanoma 2

(AIM2)-like receptors (ALRs) [43]. Several CDS have been

described, including DNA-dependent activator of IFN-

regulatory factors (DAI), leucine-rich repeat Fli-I interact-

ing protein (LRRFIPI), IFN-g-inducible protein-16

(IFI16), DEAD-box helicase 41 (DDX41), cyclic-GMP-

AMP synthase (cGAS) and AIM2. To date, little is known

about either the expression or function of these cytosolic

DNA sensors in gestational tissues apart from IFI16, which

is associated with non-necroptotic programmed cell death

of human trophoblasts following dsDNA exposure [44].

Furthermore, placenta expression of IFI16 is elevated sig-

nificantly in women with pre-eclampsia and this can be

mimicked in vitro by treating placental trophoblasts with

poly(dA:dT) [45]. This implicates IFI16 and possibly other

CDS and the DNA sensing receptors studied herein in pre-

eclampsia, and highlights the importance of understanding

the potential dysfunction of these receptors and their sig-

nalling pathways in pregnancy.
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