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Abstract
Uterine infection and endometritis cause infertility and economic losses in the
cattle industry. The innate immune response of the endometrium is critical in
the elimination of pathogenic organisms that invade the uterus in postpartum
cows. This study investigated the response of bovine endometrium to synthetic intracellular ligands which activate innate immunity by stimulating
similar receptors to those used to recognise the presence of some viruses.
Mixed primary epithelial and stromal cell cultures were treated with 5 μg/ml
of CL097 (a TLR7/8 ligand) or 2 μg/ml of poly(dA:dT) (a DNA analogue) for
either 6 h or 24 h. Cellular responses were assessed by the mRNA expression
of 18 immune-related genes and 3 endogenous reference genes by conventional PCR followed by qRT-PCR from four replicate experiments. Bovine
endometrial cells expressed the cytosolic pattern recognition receptors (PRRs)
DDX58 (RIG-I), IFIH1 (MDA5) and LRRFIP1 which act as intracellular nucleic acid sensors. Neither ligand altered the expression of the extra-cytosolic
pattern recognition receptors (PRRs) TLR3, TLR4, TLR7 or TLR8 whereas
poly(dA:dT) treatment increased the expression of IFIH1 and DDX58.
Treated cells also responded to CL097 or poly(dA:dT) with a differential
up-regulation of genes involved in innate immune response including type I
interferon/antiviral response (MX1, IFNAR1), antimicrobial activity (MUC1,
SLPI) and cytokine activity (TNF, IL1B, IL8). Bovine endometrial cells therefore express both cytosolic and extra-cytosolic intracellular PRRs and are able
to mount an innate immune response upon stimulation with intracellular
ligands. This suggests an important role for these cells in the defence against
viruses that may be present in the uterus in postpartum cows.
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1. Introduction
Uterine infection and endometritis cause infertility and economic losses in the cattle industry. In addition to several bacteria including Escherichia coli and True-

perella pyogenes [1], viral pathogens such as bovine herpesvirus 4 (BoHV-4), a
dsDNA virus, and bovine viral diarrhoea virus (BVDV), an ssRNA virus, have
been associated with reproductive disease and infertility in cows [2] [3].
The innate immune system of the endometrium thus has an important role in
the elimination of pathogens that invade the bovine uterus [4]. Specialised immune cells including macrophages, neutrophils and dendritic cells (DCs) possess
pattern recognition receptors (PRRs) such as toll-like receptors (TLRs), nucleotide oligomerisation domain (NOD)-like receptors (NLRs), retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) and cytosolic DNA sensors (CDS).
These PRRs have an important role in recognising pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) and nucleic acids (RNA
and DNA) from bacterial and viral pathogens, leading to the activation of an innate immune response [5] [6]. Viral RNA or DNA are either recognised outside
the cytoplasm of infected cells by TLRs located in intracellular compartments
such as endosomes and endolysosomes, or within the cytoplasm by several DNA
sensors and the RLRs such as DExD/H-box helicase 58 (DDX58, also known as
RIG-I) and interferon induced with helicase C domain 1 (IFIH1, also known as
MDA5) [6] [7].
A number of natural (microbial) ligands/PAMPs and synthetic ligands have
been shown to stimulate the same PRRs in different cells. These synthetic
ligands have been used to stimulate innate and adaptive immunity against infectious organisms such as viruses and bacteria, and in the study of immune response in a variety of mammalian cells [8] [9]. The synthetic molecule CL097
is a derivative of the imidazoquinoline compounds which, similar to ssRNA,
are recognised by TLR7 and TLR8 [10]. Ligand binding to TLR7/8 activates
human dendritic cells (DCs) to differentiate and to produce pro-inflammatory
or type I IFN cytokines [11] [12]. Poly(dA:dT) is a repetitive dsDNA sequence
of poly(dA-dT)∙poly(dA-dT) which functions as a synthetic analogue of B-form
DNA. Poly(dA:dT) is recognised directly in the cytoplasm, in a cell-type specific
manner, by several DNA sensors including DNA-dependent activator of interferon-regulatory-factors (DAI) [13], leucine rich repeat (in FLII) interacting
protein 1 (LRRFIP1) [14], absent in melanoma 2 (AIM2) [15] and indirectly by
DDX58 (RIG-I) via the activity of the enzyme RNA polymerase III [16]. Activated cells respond by the production of type I IFNs and inflammatory cytokines
[17].
The epithelial and underlying stromal cells of the endometrium constitute the
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first line of defence to pathogens that invade the uterus in postpartum cows.
These cells express PRRs such as TLRs [18] and are able to mount an innate
immune response to bacteria [19] or bacterial ligands such as LPS [20] [21].
They also respond directly to viruses including BoHV-4 [22] and BVDV [23].
Although the epithelial and stromal cells are present in large numbers in the bovine endometrium relative to immune cells, there is lack of information on their
role in the endometrial response to intracellular pathogens such as viruses or viral PAMPs. Therefore, the purpose of this study was to examine the ability of
bovine endometrial epithelial and stromal cells (BEESCs) to recognise and
mount an immune response to the synthetic intracellular ligands CL097 and
poly(dA:dT). The significance is to provide information on the possible contribution of these cells to endometrial innate immune response to uterine viruses.

2. Materials and Methods
2.1. Bovine Endometrial Cell Culture
Apparently healthy bovine uteri in the early luteal phase of the oestrous cycle
were obtained from four heifers slaughtered at the local abattoir. The cycle stage
was determined by the presence of a newly-formed corpus haemorrhagicum in
one of the ovaries. The uteri were used in the preparation of primary mixed endometrial epithelial and stromal cell cultures by following the methods described
previously [20] [21]. Briefly, endometrial tissue was stripped off and chopped
into 1 mm3 followed by digestion for 90 min at 37˚C in media containing 100
mg of bovine serum albumin (BSA; Sigma, Steinheim, Germany), 50 mg of trypsin III (Worthington, New Jersey, USA) and 50 mg of collagenase A (Roche,
Mannheim, Germany) per 100 mL of Hanks’ balanced salt solution (HBSS;
Sigma, Ayrshire, UK). Digested tissue was filtered through 100 µm cell strainers
(BD Biosciences, Erembodegem, Belgium) and then washed by re-suspending in
HBSS containing 10% fetal bovine serum (FBS; PAA Laboratories GmbH,
Pasching, Austria) and 3 µg/mL of trypsin inhibitor (Sigma, Steinheim, Germany). After centrifugation at 100 × g and 10˚C for 10 min, the cell sediment
was re-suspended and the wash step repeated twice. Cell sediments were pooled
together for each cow sample and cell count/cell viability evaluated by staining
with trypan blue (Sigma, Steinheim, Germany). The isolated cells were re-suspended in growth media (GM) comprising MEM (PAA Laboratories GmbH,
Pasching, Austria) containing 10% FBS and 1% antibiotic solution (100 IU/ml
penicillin + 100 µg/ml streptomycin; Sigma, St. Louis, MO, USA). Cells were allocated at 5 × 105 cells/well to sterile 24-well plates (Nalge Nunc, Rochester,
USA) and then cultured for 8 days in a humidified incubator at 37˚C and 5.0%
CO2 while changing the GM every 48 h.

2.2. Validation of Endometrial Cell Culture Model
The proportions of cells in the mixed cultures were assessed using specific fluorescent immunocytochemical staining (Figure 1) as described previously [20]
[21]. Epithelial cells were identified by a positive staining for cytokeratin, stromal
112
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Figure 1. Micrographs of mixed bovine endometrial cells after 8 days of culture. Endometrial cells were characterised by fluorescent immunostaining (a)-(c). Green fluorescence represents positive staining for cytokeratin in epithelial cells (a) or vimentin in
stromal cells (b). Isotype-matched control of the primary antibody (c) shows only the nuclei (blue) labelled with Hoechst. Phase contrast micrograph (d) showing endometrial
epithelial cells (ES) and stromal cells (SC) in culture.

cells stained positive for vimentin and immune cells (e.g. macrophages and
granulocytes) stained positive for CD172. The relative proportions of each cell
type in the cultures on day 8 (before the start of treatment) were determined using ImageJ software, version 1.44 (Research Services Branch, NIMH/NIH, Bethesda, USA). The temporal differences in growth characteristics allow for a
predominance of epithelial cells relative to the stromal cells after day 6 of culture
as previously reported [20] [21]. Therefore, individual cultures derived from
each of four cows had an epithelial cell population of approximately 90% (range,
85% - 93%) prior to treatment. There was a negligible presence of immune cells
(<0.001%) in all the cultures used for the study. Prior to treatment with the
ligands at Day 8 of culture, the number of endometrial cells per culture well was
determined for each culture batch. Replicate cultures were treated with trypsin
to release the adherent cells and the total cell count and percentage of viable cells
was determined after staining with trypan blue.

2.3. Endometrial Cell Viability Assay
Endometrial cell viability was assessed following treatment with the synthetic
ligands using the CellTiter 96 AQueous One Solution Cell Proliferation Assay kit
(Promega, Southampton, UK). Briefly, about 5 × 104 mixed BEESCs were allocated per well in a 96-well plate and cultured for 8 days. Cultures were then
treated in triplicate for 24 h with a range of four doses of each ligand: 2.5, 5, 10
and 25 μg/ml CL097 (Invivogen, San Diego, CA, USA) and 1, 2, 4 and 10 μg/ml
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poly(dA:dT) complexed with LyoVec, a transfection agent (Invivogen, San
Diego, CA, USA). The dose ranges covered the typical doses of 5 μg/ml CL097 or
2 μg/ml poly(dA:dT) as recommended by the manufacturer, as well as doses
from previous studies that utilized the ligands. Following treatment, 20 µL of the
CellTiter 96 reagent was added to each well and incubated at 37˚C for 3 h. The
absorbance at 490 nm was measured and the obtained values were directly proportional to the number of viable cells in the culture.

2.4. Cell Culture Treatments and RNA Isolation
Bovine endometrial cell cultures were specified as either control group (GM
without CL097 and poly(dA:dT) for 0 h, 6 h and 24 h) or the exposed groups
which were treated for 6 h and 24 h respectively with either 5 μg/ml CL097 or 2
μg/ml poly(dA:dT) in GM. There were initially six wells per treatment group and
cultures from three wells were then pooled to provide two replicates per experiment. The experiment was repeated four times utilizing endometrial cultures
from four different cows.
Isolation of total RNA from the cell cultures was performed using the RNeasy
Mini spin column method (Qiagen, Hilden, Germany) following the supplied
protocol. The concentration and purity of isolated RNA samples were determined using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE, USA). All RNA samples had concentrations of ≥230
ng/µL and 260/280 absorbance ratios within the range 1.9 to 2.0. The integrity of
the RNA samples was validated using agarose gel electrophoresis as previously
described [24].

2.5. Conventional PCR and Quantitative Reverse
Transcription-PCR (qRT-PCR)
Specific oligonucleotide primers (Supplementary Table 1) were designed for
the genes of interest using Primer3 version 4.0 (http://primer3.ut.ee) with reference sequence (RefSeq) templates obtained from GenBank
(http://www.ncbi.nlm.nih.gov/). Primer specificity to target gene was verified
using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The quality of primer pairs was evaluated using Oligo Analyzer version 3.1 (Integrated
DNA Technologies; http://eu.idtdna.com/analyzer/applications/oligoanalyzer/)
before the primers were synthesized (Eurofins MWG Operon, Ebersberg, Germany).
The expression of 18 candidate immune-related genes and 3 endogenous reference genes: RN18S1, ACTB and GAPDH were assessed by conventional PCR
using the Qiagen multiplex PCR kit (Qiagen, Hilden, Germany) and the
G-Storm thermal cycler (Gene Technologies, Essex, United Kingdom). PCR
products were visualised by agarose gel electrophoresis and the intensity (expression) of each gene product was digitally captured and quantified by densitometric analysis using the Alpha Ease FC software, version 3.1.2 (Alpha Innotech, San Leandro, CA, USA). The quantity of expression of each gene was
calculated as the intensity density value (IDV). The stability of the endogenous
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reference genes under the experimental conditions was evaluated. Treatment
with CL097 or poly(dA:dT) did not alter the expression of the reference genes
RN18S1, ACTB and GAPDH compared to the control cultures at the different
time points, therefore gene expression values were then normalized relative to
the reference genes.
Based on these preliminary results, absolute quantification of the mRNA expression of 12 selected candidate genes and the three reference genes was next
performed using the KAPA SYBR FAST qPCR kit (Kapa Biosystems, Boston,
MA, USA) and the CFX96 Real-time thermal cycler (Bio-Rad, Hercules, CA,
USA). All qRT-PCR assays were first optimized and then performed in duplicate
using the same amount of reaction template (50 ng of reverse-transcribed RNA)
with all samples included in the same assay to avoid inter-assay variation. Experimental samples were assayed together with 10 known concentrations of the
respective standard (ranging from 1 × 101 to 1 × 10−8 ng/ml) and the no-template
control. The absolute gene expression values were calculated in femtogram (fg)
per microgram of total RNA using the standard curve and the Bio-Rad CFX
Manager software ver. 3.1.

2.6. Data Analysis
The gene expression data were analysed using analysis of variance (ANOVA)
with repeated measures via a linear mixed-effects model built in SPSS, version 20
(IBM Corp, Armonk, NY, USA). Values were compared relative to the control at
6 h and 12 h post-exposure to the ligands. Cell cultures from each of four cows
contained all treatment groups. Treatments, time and their interactions were
taken as the fixed effects and cows as the subject for repeated measure. Where
ANOVA showed significant difference, differences between the means were
confirmed using Fisher’s LSD multiple comparison. Results were considered
significant when p < 0.05.

3. Results
Endometrial cell types were characterised by fluorescent immunostaining after 8
days of culture (Figure 1). At this stage both epithelial cells and stromal cells
were present. Prior to treatment with the ligands at Day 8 of culture, the average
number of endometrial cells per culture well ranged from 178,000 to 184,000
(mean ± SD: 180,813 ± 2511) and the percentage of viable cells ranged from 89%
to 93% (mean: 91%; SD: 1.8) for the four different batches of cell culture from
the four cows. The cells had attained a confluence of between 80% - 90%.

3.1. Endometrial Cell Viability after Treatment with Synthetic
Ligands
Dose responses for the respective ligands were tested for potential toxicity using
a colorimetric method to evaluate the proportion of metabolically active (viable)
cells. The absorbance values at 490 nm were compared between the control and
the respective ligand treatment groups. Treatment of BEESCs for 24 h with the
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different doses of the ligands CL097 or poly(dA:dT) did not significantly alter
(p > 0.05) the proportion of viable cells in culture compared to the control
(Table 1). The doses used in the main experiment were therefore those recommended by the manufacturers, which were 5 μg/ml of CL097 or 2 μg/ml of
poly(dA:dT).

3.2. Quantitation of Gene Expression Changes in Bovine
Endometrial Cells Treated with CL097or Poly(dA:dT)
Preliminary analysis using conventional PCR showed that all selected genes were
detectable in the culture system used. The two treatments did not alter the expression of any of the three reference genes selected (RN18S1, ACTB and

GAPDH). Neither ligand appeared to alter the expression of TLR3, TLR4, TLR7,
TLR8, leucine rich repeat (in FLII) interacting protein 1 (LRRFIP1), IL6,
macrophage migration inhibitory factor (MIF), intercellular adhesion molecule 1
(ICAM1) or transforming growth factor, beta 1 (TGFB1) at either time point
(Supplementary Figure 1). Based on these results, twelve candidate genes were
selected for analysis by qRT-PCR together with the three reference genes.
Evaluation of the mean absolute mRNA expression of the studied genes at the
baseline (control samples, 0 h) revealed that two were constitutively expressed by
BEESCs at relatively higher levels (1400 - 1700 fg/µg RNA; the antimicrobial
gene mucin 1, cell surface associated (MUC1) and interferon (alpha, beta and
omega) receptor 1 (IFNAR1), some at moderate levels (130 - 600 fg/µg RNA;

TLR4, IL8, myxovirus (influenza virus) resistance 1 (MX1) and IFIH1) whereas
others were expressed at much lower levels (10 - 70 fg/µg RNA; TLR7, TLR8,
IL1B, TNF, secretory leukocyte peptidase inhibitor (SLPI) and DDX58) (Table
2). It should be noted that relative mRNA expression cannot be assumed to
equate to proportional synthesis in protein expression as it does not account for
differential downstream processing.
The qPCR analysis confirmed that neither CL097 nor poly(dA:dT) altered the
expression of either the reference genes or the PRR genes TLR4, TLR7 or TLR8
in comparison with the controls (Table 2). Similarly CL097 did not change the
expression of the RLR family genes IFIH1 and DDX58 but poly(dA:dT)
up-regulated both IFIH1 and DDX58 significantly at 24 h by 1.9 and 2.3 fold respectively. The two ligands also had different effects on the expression of the IFN
and antiviral response gene MX1 as this was significantly up-regulated by
Table 1. Assessment of bovine endometrial cell viability after treatment for 24 h with
CL097 or poly(dA:dT)#.
Control

0.5x TD

TD+

2x TD

5x TD

CL097

1.07 ± 0.06

1.22 ± 0.09

1.07 ± 0.08

1.21 ± 0.04

1.06 ± 0.09

Poly(dA:dT)

1.07 ± 0.06

1.06 ± 0.05

1.06 ± 0.05

1.00 ± 0.04

0.97 ± 0.03

Data are the mean ± SEM of three samples compared with the control (ANOVA) and represent the absorbance at 490 nm, which was directly proportional to the number of viable cells in the culture. Values did
not differ from the control. +TD: typical dose. These were 5 μg/ml CL097 or 2 μg/ml poly(dA:dT), as recommended by the manufacturers.
#
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Table 2. The expression of candidate genes in bovine endometrial cells after treatment for 6 h and 24 h with CL097 or
poly(dA:dT) assessed by qRT-PCR#.
Gene

6h

24 h

Control

CL097

Poly dA:dT

Control

CL097

Poly dA:dT

TLR4

132 ± 8

136 ± 32

135 ± 26

131 ± 34

120 ± 10

128 ± 29

TLR7

29 ± 4

28 ± 6

29 ± 7

24 ± 3

28 ± 7

25 ± 5

TLR8

16 ± 5

15 ± 4

15 ± 4

15 ± 4

11 ± 4

15 ± 5

IFIH1

593 ± 62

600 ± 138

955 ± 266

572 ± 87

652 ± 112

1067 ± 199*

DDX58

94 ± 2

107 ± 10

158 ± 34

86 ± 6

96 ± 28

201 ± 44*

MX1

323 ± 79

597 ± 149

564 ± 128

264 ± 49

654 ± 189

1911 ± 464**

IFNAR1

1657 ± 280

2893 ± 415*

3404 ± 692**

1558 ± 238

2247 ± 190

3311 ± 631*

MUC1

1762 ± 303

3073 ± 682*

3553 ± 628**

2001 ± 483

3505 ± 445*

3938 ± 662*

SLPI

24 ± 1

107 ± 35*

44 ± 11

23 ± 4

71 ± 28*

35 ± 12

IL8

267 ± 35

1330 ± 248**

412 ± 21

280 ± 37

481 ± 103*

218 ± 36

IL1B

19 ± 2

306 ± 50***

39 ± 4

27 ± 7

97 ± 25*

19 ± 4

TNF

19 ± 2

105 ± 31*

54 ± 16

18 ± 4

25 ± 9

16 ± 4

82 × 106 ± 28 × 106

83 × 106 ± 30 × 106

83 × 106 ± 29 × 106

89 × 106 ± 32 × 106

98 × 106 ± 40 × 106

87 × 106 ± 29 × 106

Pattern recognition
receptors

Interferon
response genes

Antimicrobials

Cytokines

Reference genes

RN18S1
ACTB
GAPDH

351 × 103 ± 105 × 103 389 × 103 ± 134 × 103 369 × 103 ± 125 × 103 360 × 103 ± 116 × 103 367 × 103 ± 132 × 103 369 × 103 ± 123 × 103
98 × 103 ± 38 × 103

95 × 103 ± 35 × 103

94 × 103 ± 37 × 103

97 × 103 ± 34 × 103

105 × 103 ± 43 × 103

97 × 103 ± 33 × 103

#
Gene expression levels in fg per µg total RNA. Data are presented as mean ± SEM and represent samples from four individual cows. Significantly different
from controls: *p < 0.05, **p < 0.01, ***p < 0.001; linear mixed-effects analysis.

7.2-fold at 24 h by poly(dA:dT) while CL097 had no effect. IFNAR1 was
up-regulated at 6 h by CL097 and at both 6 h and 24 h by poly(dA:dT) treatment, all by about 2-fold. The expression of antimicrobial genes showed a general increase following treatment with the ligands: MUC1 was significantly
up-regulated at both 6 and 24 h by both ligands (1.7- to 2-fold increases) while

SLPI was up-regulated at 6 h (4.4-fold) and 24 h (3.1-fold) after CL097 treatment
only. Analysis of the effects on genes with cytokine function showed that CL097
up-regulated TNF by 5.5-fold at 6 h and increased IL8 and IL1B by 5-fold and
16-fold respectively at 6 h, with increases remaining significant at 24 h. In contrast, the expression levels of IL8 and IL1B and TNF were numerically higher by
1.5- to 2.8-fold at 6 h after treatment with poly(dA:dT) but the differences failed
to achieve significance and had decreased to baseline by 24 h.

4. Discussion
The innate immune response of bovine endometrial cells against extracellular
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bacteria including E. coli and bacterial ligands such as LPS has been described in
some detail but there is much less information on the response of these cells to
intracellular pathogens such as viruses and intracellular bacteria or their ligands.
In this experiment, the intracellular immune stimulants CL097 and poly(dA:dT)
were used to study innate immune response in bovine endometrial cells in vitro.
CL097 is recognised by TLR7 and TLR8. These receptors are also activated by
ssRNA as found in viruses such as BVDV, whereas poly(dA:dT) is a repetitive
dsDNA sequence which functions as a synthetic analogue of B-form DNA as
found in dsDNA viruses such as bovine herpesvirus 4 (BoHV-4) [6] [17] [25].
Both the natural (microbial) and the synthetic ligands have been shown previously to stimulate the same pattern recognition receptors [6]. We do not imply
from our results that the subsequent immune response is identical for both
natural and synthetic stimulants but we are able to infer that the endometrial
cells have the potential to participate in the innate immune protection of the
endometrium using these pathways. The two time points of 6 h and 24 h after
treatment were selected to provide the maximum amount of information based
on a previous time course study into aspects of the innate immune response in
bovine endometrium [20]. It is possible that changes to some genes such as TNF,
which are known to be up-regulated at an early stage [20] would have been
greater if an earlier time point had also been included. This was not feasible due
to the large number of replicates of all the treatments and times and genes of interest within the same batch of primary cells derived from a single endometrium.
The observed cellular responses can reliably be attributed to endometrial
epithelial and stromal cells, because cell cultures used for the study had insignificant carry-over of immune cells (<0.001%) from endometrial tissue. The use
of mixed endometrial epithelial and stromal cell culture could be justified by
several factors. Epithelial cells are the luminal layer of cells first encountered by
pathogens that contaminate the postpartum uterus. However, placental separation at calving disrupts the caruncular epithelium allowing microbial access to
the underlying endometrial stroma and connective tissue. Viral infections are
also likely to access the uterus via the bloodstream, so first encountering the
stromal cells. Therefore, stromal cells may also have innate protective function
and also express PRRs. Moreover, stromal cells secrete growth factors that promote transepithelial resistance and barrier function [26], indicating an important functional and physiologic interaction between the two cell types. The culture system used is well established and has the advantage of minimizing the initial handling during isolation (which can cause damage) and then allowing for
the functional interaction between both cell types.
The study has provided clear evidence that BEESCs could mount a significant,
but differing, innate immune response to both intracellular ligands, with possible responses illustrated in Figure 2. The two ligands showed temporal differences in the peak induction of genes in different signalling pathways. CL097 induced a peak up-regulation of cytokines (TNF, IL8 and IL1B) in the early period
(6 h) whereas poly(dA:dT) induced a later peak increase (24 h) in the IFNstimulated genes (MX1 and IFNAR1).
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Figure 2. Summary diagram showing the suggested induction of an innate immune response in bovine endometrial cells after treatment with the synthetic ligands CL097 or poly(dA:dT). (a) Uptake
of CL097 or (b) poly(dA:dT)/dsDNA by BEESC. (c) CL097 is recognised by TLR7/8 in the endosomal compartments whereas (d) dsDNA is transferred to the cytoplasm and is recognised by
several cytosolic DNA sensors (CDSs) including DDX58. (e) Ligand recognition triggers downstream signalling leading to the activation of the transcription factors IRF3/7 and NFkB. (f) Activated transcription factors translocate to the nucleus: IRF3/7 drives the expression of IFN-stimulated
genes, NFkB drives the expression of inflammatory cytokines [6] [40]. aGenes up-regulated by
CL097; bGenes up-regulated by poly(dA:dT).

The BEESCs expressed the extra-cytosolic PRRs TLR3, TLR4, TLR7 and TLR8
in agreement with previous findings [18] [20], as well as the cytosolic PRRs

IFIH1 [21], DDX58 and LRRFIP1. These receptors have important roles in detecting both extracellular and intracellular pathogens during innate immunity.
Stimulation of TLR7 or the RLRs DDX58 (RIG-I) and IFIH1 (MDA5) induces
the expression of pro-inflammatory cytokines and type I IFN genes [6].
LRRFIP1 recognises both dsRNA and dsDNA and triggers increased production
of type I IFN [14]. While these various receptors were present in the BEESC,
only DDX58 and IFIH1 were up-regulated by poly(dA:dT) at 24 h. This is consistent with previous observations in which the stimulation of known PRRs induced TLR-mediated responses in bovine macrophages without influencing the
mRNA concentrations of relevant TLR members [27]. The up-regulation of

DDX58 and IFIH1 may indicate the importance of these receptors in viral recognition and the establishment of antiviral innate immune response.
The ligands altered the expression of MX1 and IFNAR1 differently. MX1 is an
IFN-induced antiviral protein that typically blocks early viral replication [28].
The type I IFN response modulates the innate and adaptive immune response
119

C. F. Oguejiofor et al.

[29]. The receptor IFNAR1 mediates the type I IFN response to induce the transcription of a large number of IFN-stimulated genes [30]. MX1 was one of the
most highly up-regulated genes studied, with expression increasing over 7-fold.
In agreement with our findings, the expression of MX1 was up-regulated by an
ssRNA ligand in human endometrial endothelial cells [31]. Similarly, poly(dA:dT)
increased the expression of several ISGs including MX1, and the production of
IFNB in murine cells [17]. Infection with BVDV suppressed the expression of

IFIH1 and MX1 in bovine endometrial cells, thus highlighting the importance of
these genes in antiviral response [23].

MUC1 showed high baseline expression of mRNA in the untreated endometrial cells. This cannot be taken to infer that protein expression is also high, as
this will be influenced by mRNA stability and processing. It may, however, reflect the key role of the membrane-bound MUC genes in forming a protective
mucous layer on the mucosal surface of the endometrium [32] [33]. Both ligands
doubled the expression of MUC1 at both time points. Of the other antimicrobial
peptides tested, CL097 significantly up-regulated SLPI. SLPI protects epithelial
tissues from serine proteases and also has antibacterial and anti-inflammatory
functions [34].
With respect to the cytokines tested, CL097 significantly up-regulated TNF
and IL8 by 5-fold at 6 h post-exposure while expression of IL1B was 16-fold
higher at this time point. In contrast, treatment with poly(dA:dT) was followed
by a numerical but not significant increase in these genes at 6 h only. We previously showed peak expression of TNF at 1 h after treatment of BEESC with LPS
although the peak response to IL1B was at 6 h [20] so it is possible that a peak
cytokine response to poly(dA:dT) had occurred earlier than the first time of assessment. These key inflammatory cytokines are an important component of the
early innate immune defence [21] and also serve as a crucial link in the development of an adaptive immune response [33]. TLR7/8 agonists also up-regulated
many cytokine genes and proteins in human DCs [35]. CL097 increased IL8 but
not IL6 or TNFα proteins in human endocervical epithelial cells [36]. On the
other hand in our experiment neither CL097 nor poly(dA:dT) altered the expression of the cytokines IL6, MIF, ICAM1 and TGFB1. This may be attributed
to differences in cell-type response to the ligands.
While mounting a robust defence to endometrial pathogens is essential to
maintain fertility, it is important to note that inflammatory and immune
pathways have a complex inter-relationship with reproductive processes in
mammals. In females, TLRs have been implicated in the regulation of ovulation, fertilization, gestation and parturition, as well as in pathological conditions such as endometritis and mastitis [37]. In fact, immune responses generated towards other cells and molecules could have adverse consequences for
reproduction [38] [39] [40]. Inappropriate activation of TLRs and other innate
immune mediators such as cytokines and eicosanoids may also disrupt reproductive functions in the endometrium or the development of the conceptus
thereby decreasing fertility.
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5. Conclusion
Innate immunity and inflammatory responses in the endometrium are crucial
for the elimination of uterine pathogens in dairy cows. The large numbers of
epithelial and stromal cells in the bovine endometrium, relative to the specialised
immune cells, are likely to contribute significantly to innate immune function.
Bovine endometrial cells express cytosolic and extra-cytosolic intracellular PRRs
and are able to detect and mount a rapid innate immune response to the intracellular ligands CL097 and poly(dA:dT). These artificial ligands stimulate similar
receptors to those activated by some viruses which are known to affect bovine
fertility such as BoHV-4 and BVDV. This suggests important roles for these cells
in the defence against viruses that may be present in the uterus in postpartum
cows. A greater understanding of the role of viral infection and how the uterus
responds to it may help us to develop better methods for diagnosing and treating
these conditions in the cow, so potentially reducing the major economic losses
caused by the adverse impact of uterine disease on fertility.
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Appendix
Supplementary Table 1. Details of the genes measured by conventional PCR and qRT-PCR after treatment of bovine endometrial
cells with synthetic ligands.
Product
Accession No.
size (bp)

Gene
Symbol

Gene Name

Primer sequence 5'→3'
Forward

Reverse

RN18S1

18S ribosomal RNA

CGGCGACGACCCATTCGAAC*

GAATCGAACCCTGATTCCCCGTC*

99

NR_036642.1

ACTB

Actin, beta

CAGCAGATGTGGATCAGCAAGC

AACGCAGCTAACAGTCCGCC

91

NM_173979.3

GAAATCGTCCGTGACATCAA^

AGGAAGGAAGGCTGGAAGAG^

182

CCCTCCACGATGCCAAAGT*

119

NM_001034034.2

Glyceraldehyde
GAPDH
GGCGTGAACCACGAGAAGTATAA*
3-phosphate dehydrogenase

TLR3

Toll-like receptor 3

CAATCAGCCACACGACCTTC

CGTCTCAAGTTGGAAAGCCC

193

NM_001008664.1

TLR4

Toll-like receptor 4

GAAGACTGGGTGCGGAATGA

TGGATGAAGTGCTGGGACAC

176

NM_174198.6

GGGTGCGGAATGAACTGGTA^

TCCTGGATGATATTGGCGGC^

115

TLR7

Toll-like receptor 7

GTGCTTTCCAGTTGCGACAT

AACCCACCAGACAAACCACA

161

CAGCAGTGACAGAGTGGGTT^

GGTAACCAGTCCCTTTCCTCA^

100

NM_001033761.1

TLR8

Toll-like receptor 8

AAGTCACATCCTGAAGCGAC*

ACTGCCAAGACGTGAACATT*

109

NM_001033937.1

IFIH1

Interferon-induced with
helicase C domain 1

CATGGGCAGTGATTCAGGCA

GCAATGTAAACGGCCACTCTG

192

XM_002685338.2

CACACCAACAAAGAAGCGGT^

TGGTGAAGCTGTTAGTCCCAC^

135

Leucine rich repeat (in
LRRFIP1
FLII) interacting protein 1

CTCCATTGACACCGAGGCTT

TAGCTGAGCGTTGGAAACCA

97

NM_001102308.1

DDX58

DEAD (Asp-Glu-Ala-Asp)
box polypeptide 58

AGATGCCCAAGTTGAGACGG

TAGAAATCCCGCAGCGTGTT

196

NM_001015545.1

TTCATCTGCGTCGGTACAAC^

ATCTGGGTCTTAGTGGTGCG^

115

MX1

Myxovirus (influenza virus)
resistance 1

CCGATCTGGTGGACAAAGGT

AAGGTCCCTGAAATGTGCGT

191

CGAGCCGAGTTCTCCAAATG^

CAACTCTCTGCCACGATACC^

114

TGTGAATCAGCTCTACCCGC

GCTCCCTTTATTCCGCCTGT

178

AGAAGCTCAGATTGGTCCCC^

TGAACGATCCATAGCCCACA^

115

CACCCGCTCTATGTCAAGCT

GGCGGCTGTCCTGGTAATAT

154

IFNAR1

Interferon (alpha, beta and
omega) receptor 1

MUC1

Mucin 1, cell surface
associated

CTGGTCCTGGTCTGTGTTCT^

CGCTCATAGGATGGTAGGCA^

133

SLPI

Secretory leukocyte
peptidase inhibitor

ACCCAAGTGCAGAAGTGACT

CACTGGTCGTCTGTCTCACA

189

CTGTGTGTGGGAAAGTCTGC^

AAGTCTTCGCCAAGGAGTGA^

137

TNF

Tumour necrosis factor

ACATCCTGTCTGCCATCAAGAG

ACTCGGCATAGTCCAGGTAGTC

165

TAGCCGACATCAACTCTCCG^

GGACCTGTGAGTAGATGAGGT^

138

NM_173940.2

NM_174552.2

NM_174115.2

NM_001098865.2

NM_173966.3

IL6

Interleukin 6

TGCTCCTGGTGATGACTTCTG

TCCTTGCTGCTTTCACACTCA

196

NM_173923.2

IL8

Interleukin 8

AAAGTGGGTGCAGAAGGTTG

CCACACAGAACATGAGGCAC

173

NM_173925.2

ATTCCCGAGTGCCTGTTGAA^

TGCTTCCACATGTCCTCAC^

109

MIF

Macrophage migration
inhibitory factor

ACATCAACTTCTGCGACATGA

TCCACACCGTTTATTGCTCC

182

NM_001033608.1

IL1B

Interleukin 1, beta

ACGAGTTTCTGTGTGACGCA*

TGCAGAACACCACTTCTCGG*

147

NM_174093.1

ICAM1

Intercellular adhesion
molecule 1

CTGAATGCACAATCCACGCC

TTAACGGCATGTGTCCACCA

111

NM_174348.2

TGFB1

Transforming growth
factor, beta 1

CCCTGCCCATCGTGTACTAC

GGGTGGTGCTGTGTCCTTAA

194

NM_001166068.1

Primers used for: *both conventional PCR and qRT-PCR, ^qRT-PCR only; bp: base pair.
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Supplementary Figure 1. The mRNA expression of candidate genes in bovine endometrial cells treated with synthetic ligands, assessed using conventional PCR. Cells were treated with either CL097 or poly(dA:dT) for 6 h and
24 h. Lanes represent: control (C), CL097 (CL) and poly(dA:dT) (PO).
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