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Abstract

The change from the state of pregnancy to the state of parturition, which we call uterine transi-
tioning, requires the actions of inflammatory mediators and results in an activated uterus capable
of performing the physiology of labor. Interleukin (IL)-18 and prostaglandin (PG)F2« are two key
mediators implicated in preparing the uterus for labor by regulating the expression of uterine
activation proteins (UAPs) and proinflammatory cytokines and chemokines. To investigate this
process, primary human myometrial smooth muscle cells (HMSMC) isolated from the lower seg-
ment of women undergoing elective cesarean sections at term (not in labor) were used to test
the inflammatory cytokine and UAP outputs induced by PGF2« and IL-18 alone or in sequential
combinations. PGF2« and IL-18 regulate mRNA abundance of the PGF2« receptor FP, the IL-1 re-
ceptor system, interleukin 6, and other UAPs (OXTR, COX2), driving positive feedback interactions
to further amplify their own proinflammatory effects. Sequential stimulation of HMSMC by PGF2«
and IL-18 in either order results in amplified upregulation of I:6 and COX-2 mRNA and protein,
compared to their effects individually. These profound increases were unique to myometrium and
not observed with stimulation of human fetal membrane explants. These results suggest that
PGF2x and IL-18 act cooperatively upstream in the birth cascade to maximize amplification of IL-6
and COX-2, to build inflammatory load and thereby promote uterine transition. Targeting PGF2«
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or IL-18, their actions, or intermediates (e.g. IL-:6) would be an effective therapeutic intervention for

preterm birth prevention or delay.

Summary Sentence

PGF2« and IL-18 act cooperatively upstream in the birth cascade to maximize amplification of IL-6
and COX-2, contributing to increased inflammatory burden and promoting uterine transition.

Key words: myometrium, cytokines, prostaglandins, amplification, parturition, inflammation.

Introduction

The core tenet of human physiology is centered on maintaining
homeostatic balance or equilibrium of the body’s internal environ-
ment. However, pregnancy and parturition force uterine physiology
to deviate from normal homeostasis to enable extensive transition-
ing over a short time period [1-3]. Positive feedback mechanisms
are involved in the transition from uterine quiescence to labor be-
cause maintenance of pregnancy beyond term gestation (>40 weeks)
compromises health of the mother and her fetus(es) [4, 5].

Birth is a complex physiological event; it has recently been shown
that 471 [6] and 796 [7] genes change in expression (increase or
decrease) in preparation for labor in the human myometrium and
choriodecidua. We refer to the physiological change from the state
of pregnancy to the state of parturition as uterine transitioning [8].
As a result, the uterus becomes activated to perform the physiology
of labor [9]. During pregnancy, a high progesterone to estrogen ratio
supports a state of growth and myometrial relaxation [10]. Near the
end of gestation, there is a functional withdrawal of progesterone
signaling in humans and an upregulation of uterine activation pro-
teins (UAPs) regulated by an increase in estrogen and proinflam-
matory mediators [9, 11, 12]. There are many different UAPs that
contribute to the activation of the uterus for labor by increasing or
decreasing at term [9, 13, 14]. Of these, our group routinely tracks
the mRNA expression of three genes and their proteins that increase
at term as markers of activation [8]: cyclooxygenase (COX)-2, an
inducible enzyme catalyzing a key intermediate step in the synthesis
of prostaglandins (previously known as PGHS-2) [15], receptors for
significant uterotonic contractile stimulators prostaglandin (PG)Fy,
receptor (FP) [9] and the oxytocin receptor (OXTR) [16].

Parturition is an inflammatory event; without the presence
of intrauterine infection [17, 18] proinflammatory cytokines,
chemokines, prostaglandins, and their receptors increase in expres-
sion near to parturition [9, 15, 19]. Stimulated by damage associ-
ated molecular patterns (DAMPs) released by the maturing fetus,
aging placenta, and increasingly physiologically stressed uterus [20],
their consequent “inflammatory burden” steadily increases through-
out the gestational period [21]. Parturition occurs when proinflam-
matory mediators are upregulated and amplified until their signals
exceed a threshold level whereby they stimulate functional proges-
terone withdrawal and complete uterine transition to its activated
state for labor [21, 22].

Two very powerful mediators exert considerable control over
expression of UAPs in human myometrium: interleukin (IL)-18 and
PGF,, [2, 23]. IL-1B is a proinflammatory cytokine that promotes
the expression of numerous prolabor genes, regulates UAP expres-
sion, and amplifies the proinflammatory response [23-25]. The mod-
ulation of IL-18 activity by rytvela (101.10), an allosteric IL-1 re-
ceptor antagonist, prolongs gestation in mouse models of preterm
birth induced by IL-18, lipopolysaccharide, and lipoteichoic acid
[26] and improves neonatal and fetal developmental outcomes [27].
IL-18 induces many proinflammatory cytokines and chemokines,

including IL-6 [28, 29], and upregulates COX-2 expression result-
ing in increased prostaglandin synthesis [30, 31].

Prostaglandins have been described as the “triggers” of labor
[32] as they increase in abundance in gestational tissues and fluids
when approaching parturition [33-39], the inhibition of their syn-
thesis delays birth [32, 40], and exogenous prostaglandin treatment
initiates contraction of the myometrium [41-43]. PGF,, is a key sig-
naling mediator in parturition as it is involved not only in stimulating
uterine contraction but also in mediating uterine transition through
the regulation of UAP expression and amplification of proinflamma-
tory cytokine and chemokine production [2, 3]. Moreover, allosteric
modulation of the FP receptor delays preterm birth in both mice and
sheep [44, 45].

Nearly all we know about the involvement of IL-18 and PGF,, in
parturition has derived from in vitro studies examining each media-
tor in isolation or ex vivo and in vivo studies inhibiting an individual
mediator (2, 3, 24, 26, 42, 44, 46-49]. Yet the human PGF,, recep-
tor gene promoter encoding PTGFR contains four NF«B transcrip-
tion factor binding sites and two NF-IL-6 binding sites, suggesting
transcriptional regulation of FP by both IL-18 and IL-6 [25, 50].
Such data suggest that neither IL-18 nor PGF,, act in isolation,
but rather, in concert to affect UAP and possibly cytokine expres-
sion thereby amplifying the proinflammatory process that terminates
pregnancy. The intent of the present study was to examine closely,
and for the first time, the sequential roles of PGF,, and IL-18 in
regulating the transition of the uterus for parturition using primary
human myometrium smooth muscle cells (HMSMC) and human
fetal membrane (hFM) explants. We hypothesized that PGF,, and
IL-18 act cooperatively in the birth cascade to sequentially pro-
mote proinflammatory amplification of UAPs and cytokines in the
uterus.

Materials and methods

Cell culture of primary human myometrium smooth
muscle cells

HMSMCs were isolated from lower uterine segment myometrial
biopsies collected from nonlaboring pregnant women undergoing
elective cesarean sections at term (>37 weeks’ gestational age) at
the Royal Alexandra Hospital in Edmonton, AB, using a vali-
dated and published protocol [2, 3, 51, 52]. Ethics approval was
received from the University of Alberta Research Ethics Board,
Study ID Pro00069209. Myometrial tissue was washed, dissected
into small pieces, and dissociated using Hank balanced salt solu-
tion (HBSS, Gibco, Thermo Fisher Scientific, Waltham, MA) con-
taining 2.0 mg/mL collagenase (Sigma-Aldrich, St. Louis, MO),
200 ng/mL DNAse I (Roche Diagnostics, Basel, Switzerland), and
1x antibiotic/antimycotic (100 U/mL penicillin G sodium, 100
ug/mL streptomycin sulfate, and 0.25 ug/mL amphotericin B,
HyClone, GE Healthcare Life Sciences, Mississauga, ON, Canada).
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Figure 1. Cell culture treatment protocol. (A) Single agonist protocol: after 24 h in serum-free media, HMSMC were treated with PGF,, for 6 h (0.1, 1, or 10 M),
IL-18 for 6 or 12 h (1 or 5 ng/mL), or IL-6 for 12 h (5 or 15 ng/mL), in order to demonstrate their effects alone and determine optimal concentrations for subsequent
treatments. (B) Double agonist protocol: after 24 h in serum-free media, HMSMC were treated with (i) IL-18 for 24 h (5 ng/mL), HBSS wash, then PGF,, for 6 h

(10 M) or (ii) PGF,, for 24 h (10 M), HBSS wash, then IL-18 for 6 h (5 ng/mL).

Following 20 min of digestion at 37°C with agitation, super-
natant was discarded and replaced with 10 mL of fresh dissociation
medium. Incubation then continued for 2.5 h before the remaining
solution was filtered through a 100-pm filter and centrifuged at 1250
x g for 5 min. The resulting cell pellet was washed twice with Dul-
becco modified Eagle medium (DMEM) (HyClone, GE Healthcare
Life Sciences) before resuspension. The cell solution was then plated
in a 25 cm? flask maintained at 37°C and 5% CO, in DMEM con-
taining 10% fetal bovine serum (Gibco, Thermo Fisher Scientific)
and 1x antibiotic/antimycotic as described above. After 15-min in-
cubation at 37°C, the HMSMC-containing solution was moved to
a new flask. Upon reaching confluence, cells were passaged using
0.05% trypsin-EDTA according to the manufacturer-supplied pro-
tocol (Gibco, Thermo Fisher Scientific). At the seventh passage, cells
were plated into six-well plates at a density of 2 x 10° cells/mL;
once reaching ~80-90% confluency they were starved in serum-free
DMEM for 24 h before undergoing cell treatments (Figure 1).

We first treated cells for 6, 12, or 24 h with single agonists,
PGFy, (0.1, 1, or 10 uM), IL-18 (1 or § ng/mL), or IL-6 (5 or 1§
ng/mL), in order to demonstrate their effects alone and determine
optimal concentrations for subsequent treatments (PGF,,: Cayman
Chemical Company, Ann Arbor, MI; IL-18, IL-6: Millipore Sigma,
Etobicoke, ON, Canada). All treatment solutions were diluted into
serum-free DMEM containing 0.1% albumin (Sigma-Aldrich). Then
we treated HMSMC with two agonists to explore their effects in tan-
dem. Six hours is sufficient to measure an abundant upregulation in
proinflammatory outputs by HMSMC as well as the upregulation of
many UAPs. However, the preliminary data showed a peak upregu-
lation (or downregulation) in receptors such as FP and OXTR after
24 h of PGF,, or IL-18 stimulation. We hypothesized that pretreat-
ment with IL-18 for 24 h would result in a maximal upregulation in
the PGF,, receptor FP, resulting in an amplified subsequent response
to PGF,,. The double agonist protocol group was treated according
to one of the following schedules: (1) prestimulation with IL-18 for
24 h (5 ng/mL), a brief wash with HBSS, then subsequent 6-h treat-
ment with PGF,, (10 uM); or (2) prestimulation for 24 h with PGF,,

(10 uM), a brief wash with HBSS, then a second 6-h treatment of IL-
18 (5 ng/mL). All treatment concentrations were selected after testing
a range of concentrations and consulting the literature, and represent
physiological concentrations in the cell milieu [2, 47, 53, 54].

Extraction of human fetal membrane explants

To demonstrate the exclusivity of responsiveness to two agonists
in HMSMC, we tested our two agonist protocols in hFM. Intact
placentas were obtained with consent from pregnant women un-
dergoing elective cesarean sections at term while not in labor (>37
weeks’ gestational age) at the Royal Alexandra Hospital, Edmonton,
AB, with ethics approval received from the University of Alberta
Research Ethics board. Following a protocol outlined by Yin et al.
[55, 56], whole fetal membranes were extracted from the placenta.
Human fetal membrane tissue explants were then excised with a
6-mm tissue punch and washed in HBSS. Human fetal membranes
were then plated with chorion facing down in 12-well Netwell tran-
swells (Corning Life Sciences, Tewksbury, MA) in DMEM Nutrient
Mixture F12 (HyClone, GE Healthcare Life Sciences) containing
15% FBS and 1x antibiotic/antimycotic. Following a 48-h acclima-
tion period at 37°C and 5% CO; (with fresh medium every 24 h),
hFM explants were treated according to the double agonist protocol
described in the previous section.

Quantitative RT-PCR

Trizol reagent (Ambion, Thermo Fisher Scientific) was used for RNA
extraction following HMSMC treatments using the manufacturer-
supplied protocol. Total RNA (500 ng) was reverse transcribed using
qScript cDNA SuperMix (Quanta Biosciences, Beverly, MA) also us-
ing the manufacturer-supplied protocol, resulting in a total reaction
volume of 20 L. The resulting cDNA was used in quantitative
PCR reactions (25 ng/iL). Human IL6, COX2, FP, OXTR, IL1R1,
IL1R2,IL1RACcP,IL1RAcPb, and GAPDH primer sequences, prod-
uct sizes, and accession numbers are provided in Table 1. The an-
nealing temperature of all primers was 60°C, except for IL-6, which
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Table 1. Primer sequences used in quantitative polymerase chain reaction (qPCR).

Target gene Forward primer (5" — 3/)

Reverse primer (5" — 3)

Size of PCR  Accession
product (bp) number

GAPDH GAAGGTGAAGGTCGGAGTC

IL6 CAAAGATGGCTGAAAAAGATGGA

COX2 (PGHS2) GCTGGAACATGGAATTACCCA

FP TCCTGTATTTGTTGGAGCCCATTTCTGGTTAC
OXTR ATGGACAAGAACGAGTGTCGGTGAG

IL1R1 AGAGGAAAACAAACCCACAAGG

IL1R2 TGGCACCTACGTCTGCACTACT

IL1RAcP GGGCAGGTTCTGGAAGCA

IL1RAcPb TCCAAGCACCGAGGGAAGT

GAAGATGGTGATGGGATTTC 226 BC025925
CTGTTCTGGAGGTACTCTAGGT 118 NM_000600
CTTTCTGTACTGCGGGTGGAA 98 NM_000963
TCCATGTTGCCATTCGGAGAGCAAAAAG 115 BC112965
GAGTGGCATTCCTGGGTCATATGG 155 X64878
CTGGCCGGTGACATTACAGAT 106 KJ891450
TTGCGGGTATGAGATGAACG 112 KJ892439
GCTAGACCGCCTGGGACTTT 64 AH009309
AGGTGATTCTCTCCTTCACAGTAGGT 71 FJ998418

was 58°C. To ensure amplification of template cDNA and not ge-
nomic DNA, all 3’ and 5’ primers were designed to span exon—exon
boundaries, therefore impeding the primer binding to genomic DNA
due to the intron presence.

Each 20 uL reaction was run in duplicates and included 1 uL of
c¢DNA, 10 uL of 2x PerfeCTa SYBR Green FastMix for iQ (Quanta
Biosciences), 0.5 uL of 10 uM forward primer, 0.5 uL of 10 uM re-
verse primer, and 8 uL water. With the use of iCycler IQ technology
and software (Bio-Rad Laboratories, Hercules, CA), two-step quan-
titative PCR was completed under the following conditions: 10 min
at 95°C, 45 cycles of 15 sat 95°C, and 1 min at the annealing temper-
ature. Following amplification, melt curve analysis was performed
for each plate to ensure that amplification of nonspecific products
did not occur. PCR products from the primers used in this study
have been confirmed previously in our lab by gel electrophoresis fol-
lowed by sequencing to verify amplification of the correct products.
Standard curves for target genes and GAPDH were generated by
serial dilutions of cDNA samples and analyzed with iCycler IQ soft-
ware (Bio-Rad Laboratories). The amplification efficiency for each
primer set was determined manually by converting the slope of the
standard curve using the algorithm E = 10 ~5lp¢ in a Microsoft
Excel spreadsheet (Microsoft Corporation, Redmond, WA). The
mean threshold cycle for each gene was calculated from duplicate re-
actions, then corrected for the efficiency of the reaction and expressed
relative to a vehicle-treated control sample for each experiment. Tar-
get gene levels were then expressed relative to GAPDH levels using
EFPAC:(Ccmrol—s.xmplc) GAPDH iS
very consistently expressed in HMSMC, remains unchanged with
treatment, and has been selected as the housekeeping gene for anal-
ysis of myometrial tissue and HMSMC in previous publications
2, 14, 58].

the following formula [57]: Ratio =

W'

Multiplex assay

Supernatants were collected from HMSMC and immediately stored
at —80°C. The Bio-Rad custom human cytokine multiplex kits were
used as per the manufacturer’s instructions with a Bio-Plex 200 sus-
pension array system and corresponding Bio-Plex 200 software, ver-
sion 6.1 (Bio-Rad Laboratories). Briefly, magnetic beads coated with
antibodies targeting the cytokines of interest were added to each well
of the 96-well plate and washed twice. Supernatant samples and
cytokine standards were then added to the plate in duplicate and
incubated with the magnetic beads at room temperature on a shaker
for 1 h. The beads were then incubated with biotinylated detec-
tion antibodies, and then streptavidin tagged with a phycoerythrin
fluorescent reporter which strongly binds to the biotinylated detec-
tion antibody. Beads were washed, and then resuspended in assay

buffer for quantification of analytes using the Luminex-based reader
in the Bio-Plex system. Each analyte’s concentration was calculated
by measuring the median fluorescence intensity (MFI) signal of the
phycoerythrin fluorescent reporter per bead (at least 50 beads per an-
alyte). MFI signals were compared to a standard curve generated by
the manufacturer-supplied cytokine standards. Concentration out-
puts were normalized to a ratio of cell density (2 x 10° cells/mL).

Western blot

Following treatment, HMSMC were washed twice with PBS and
placed on ice on a shaker for 15 min with RIPA buffer containing
0.05% Tris, 0.01% EDTA, 0.001% Triton-X-100, 0.005% PMSF,
and 1x Halt protease inhibitor cocktail (Thermo Fisher Scientific).
Total cell lysates were then collected using a cell scraper and cen-
trifuged at 4°C for 10 min at 15 000 x g to remove cell debris.
Total protein concentrations were calculated using Precision Red
Advanced Protein Assay Reagent (Cytoskeleton Inc, Denver, CO)
using a Nanodrop 1000 spectrophotometer system (Thermo Fisher
Scientific).

Total protein (50 ug) from each sample was combined with
1x loading buffer (250 mM Tris-HCI containing 4% sodium do-
decyl sulfate, 10% glycerol, 2% B-mercaptoethanol, and 0.002%
bromophenol blue) and heated for 5 min at 95°C. Protein
lysates were separated by SDS-PAGE using polyacrylamide gels
containing acrylamide and bisacrylamide, and transferred to ni-
trocellulose membranes by electroblotting. Membranes were in-
cubated at room temperature for 2 h with Blek fluorescent
blocking buffer (EMD Millipore, Etobicoke, ON, Canada) be-
fore incubation with specific primary antibodies: anti-COX-2
at 1:1000 (sc-1745, Santa Cruz Biotechnology, Dallas, TX)
and anti-GAPDH at 1:5000 (PA1-987, Pierce Protein Biol-
ogy, Thermo Fisher Scientific). Membranes were washed three
times with filtered PBS containing 0.1% Tween 20 (Sigma-
Aldrich) and incubated for 45 min with 1:2500 secondary IRDye
680LT or 800CW antibody (LI-COR Biosciences, Lincoln, NE)
at room temperature. COX-2 and GAPDH were then detected and
quantified using the Odyssey LI-COR Biosciences Infrared Imaging
System and application software V3.0 (LI-COR Biosciences). Rela-
tive protein expression levels were calculated by obtaining a ratio of
COX-2 to GAPDH band intensities via densitometry and expressed
relative to a vehicle-treated control sample for each patient group.

Statistical analysis

Results are expressed as mean + SEM. Data were logj-transformed
and analyzed by repeated measures one-way analysis of variance
(ANOVA) followed by Tukey post hoc test when significance was
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achieved (P < 0.05) to discriminate between treatments (GraphPad
Prism, La Jolla, CA). Data sets comparing only two treatment groups
(Figure 3B) were analyzed using the paired samples t-test on logyo-
transformed data. Significance is indicated with letters designating
outcomes; different letters denote significant differences at P < 0.05.
If there is overlap between letter groups (such as AB vs A), post hoc
differences between those two groups are not significantly different.
If no overlap is depicted between letters (such as A vs B and C), then
the group is significantly different from all other groups.

Results

PGF,, and IL-18 regulate mRNA expression of IL6 and
UAPs

We tested a series of agonist concentrations for PGF,, and IL-18
on UAPs in HMSMC to determine the concentration to be used
in subsequent tests of both agonists together. PGF,, stimulated a
concentration-dependent increase in IL6 and COX2 abundance af-
ter 6 h, resulting in an 8.8- and 5.9-fold upregulation, respectively
(Figure 2A). From this, we selected 10 uM as our PGF,, concen-
tration for subsequent tests. IL-18 treatment also induced a dose-
dependent increase in IL6 and COX2 mRNA by 41.9- and 28.9-
fold, respectively (Figure 2B). We selected 5 ng/mL as the IL-18 con-
centration to use in the subsequent dual treatment studies, as this
concentration demonstrated the maximal effect. PGF,, and IL-18
had opposite effects on FP mRNA expression: 10 uM PGF,, down-
regulated FP from 1 to 0.44, whereas 5 ng/mL IL-18 significantly
increased FP mRNA expression by 3-fold. OXTR mRNA expression
did not respond to PGF,, at any concentration but decreased from
1 to 0.44 in response to 5 ng/mL IL-18 (Figure 2A and B).

IL-18 and PGF,, effects on the IL-1 receptor system

In another study, we reported that IL-18 administration to pregnant
rats upregulated the IL-1 receptor and accessory protein system in the
uterus near term [19]. We therefore tested the effects of PGF,, and
IL-18 on the IL-1 receptor and accessory protein in HMSMC. After
6 h of PGF,, treatment at 10 xM, mRNA abundance of IL1R1 and
IL1R2 increased by 3.4-fold and 4.4-fold, respectively (Figure 3A).
IL1RAcP mRNA increased by 1.35-fold (not significant (NS)), while
IL1RAcPb reached a maximal increase of 4.3-fold at 0.1 uM PGF,,.
IL-18 also regulated mRNA abundance of the IL-1 receptor sys-
tem. While IL-18 increased both ILIR1 and ILIR2 by 2.6-fold
(NS), a significant 7.7- and 11-fold increase in mRNA abundance
of ILIRAcP and IL1RAcPb were elicited (Figure 3B). Unlike PGF,,
and IL-18, stimulation of HMSMC with IL-6 (at 5 or 15 ng/mL)
did not substantially alter mRNA expression of UAPs COX2, FP, or
OXTR, or the IL-1 receptors and accessory proteins (Supplementary
Figure S1) thereby demonstrating the specificity of the effects with
PGF,, and IL-18.

Sequential treatments of HMSMC with IL-18 and PGF,,
induce sizable increases in IL-6

Since it is likely that in vivo PGF,, and IL-18 act in concert and
each is a powerful stimulant of IL-6 mRNA and protein expres-
sion, we systematically explored the priming of myometrium by
careful sequential treatment of HMSMC with the two agonists and
appropriate controls. HMSMC were stimulated for 24 h with §
ng/mL IL-18 followed by DMEM or 10 uM PGF,, for 6 h (Figure
4A). IL-1pB treatment alone upregulated /L6 mRNA abundance by

36-fold. PGF,, treatment (6 h) increased IL6 abundance by only
8-fold when administered on its own. However, IL-18 treatment for
24 h followed by PGF,, treatment for 6 h produced a 104-fold in-
crease in IL6 mRNA abundance (Figure 4A). Reversing the order
of treatments with PGF,, for 24 h then IL-18 for 6 h, we observed
a similarly large response. PGF,, for 24 h alone induced a 1.9-fold
increase in IL6 abundance whereas just IL-18 for 6 h produced a 42-
fold increase in IL6. PGF,, followed by IL-18 however stimulated
an 81-fold increase in IL6 (Figure 4A).

We observed a less pronounced effect of IL-18 and PGF,, treat-
ments on IL-6 protein outputs from HMSMC compared to IL6
mRNA. The 24-h IL-18 treatment increased IL-6 output by HMSMC
from 2.3 &+ 0.5 to 14.7 £ 4.0 ng/mL. PGF,, stimulation for 6 h pro-
duced an output of 8.1 £ 1.5 ng/mL, but the combined treatment
sequence together produced 26 + 8.2 ng/mL IL-6 (Figure 4B). Again,
reversing the treatment order, the 24-h PGF,, treatment alone led
to an IL-6 output of 2.3 £ 0.5 ng/mL and 6 h IL-18 stimulated
12.5 £+ 1.9 ng/mL. However, PGF,, then IL-18 produced an IL-6
protein output of 21.8 + 6.1 ng/mL from HMSMC (Figure 4B).

IL-18 and PGF,, in tandem induce large increases in
COX-2 mRNA and protein expression in HMSMC

Given the substantial responses in IL-6 expression, we tested IL-18
then PGF,, on COX-2 expression. IL-18 alone for 24 h stimulated
COX2 mRNA abundance by 19.4-fold from control levels; 6 h of
PGF,, on its own increased COX2 abundance by 4.8-fold, whereas
IL-18 then PGF,, stimulated a 35.4-fold increase in COX2 abun-
dance (Figure 5A). Reversing the order of administration, we ob-
served a similar response (Figure SA). HMSMC stimulated by PGF,,
for 24 h experienced a 2.35-fold increase in COX2 abundance, and
6 h IL-18 induced a 28.9-fold increase in COX2 expression. Expo-
sure to both sequentially however induced a large 55.4-fold increase
in COX2 mRNA abundance.

Additionally, we observed the same response for COX-2 protein
from cell lysates collected in response to IL-18 and PGF,,. IL-18
increased COX-2 protein by 29-fold, while 6-h PGF,, treatment
alone increased relative COX-2 protein abundance by 5-fold. IL-18
followed by PGF,, treatment stimulated a large 66.2-fold increase
in COX-2 protein. When the treatment order was reversed, similar
protein expression changes were measured. PGF,, alone increased
COX-2 protein mass by 2.4-fold, while 6 h IL-18 on its own in-
creased COX-2 protein expression by 21.1-fold from control levels.
Together, PGF,, then IL-18 increased COX-2 protein abundance by
46-fold (Figure 5B).

Sequential treatments of IL-18 and PGF,, do not have
an amplification effect on FP or OXTR mRNA in
HMSMC

Unlike their cumulative stimulatory effects on IL-6 and COX-2 ex-
pression, sequential IL-18 and PGF,, treatment, regardless of order
of treatment, did not result in high levels of FP and OXTR induc-
tion (Figure 6). IL-18 treatment alone upregulated FP by 2-fold,
whereas 6-h PGF,, treatment decreased FP expression from 1 to
0.36. Together, they decreased FP mRNA expression to 0.68 of
control (Figure 6A). When the treatment order was reversed, 24 h
of PGF,, stimulated a 1.6-fold increase in FP abundance whereas
IL-1B treatment alone increased FP abundance by 3.2-fold. Con-
secutively, they exhibited a 4-fold increase in FP mRNA expression
(Figure 6A). Sequential stimulation of HMSMC by IL-18 and PGF,,
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Figure 4. Sequential stimulation of HUSMC with PGF,, and IL-18 amplifies upregulation of /L6. HMSMC were either (1) prestimulated for 24 h with IL-18 (5
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by Tukey post hoc analysis. Groups with statistically significant post hoc differences are represented with different letter designations, P < 0.05.

led to a downregulation of OXTR abundance regardless of order of
administration (Figure 6B).

Unlike IL-6, sequential I.-18 and PGF,, do not induce
high levels of IL-8, CCL2, or TNF«

Since IL-6 was highly responsive to the treatment sequence of PGF,,
then IL-18, we investigated whether other proinflammatory cy-
tokines and chemokines were regulated in a similar way. IL-8 and
CCL2 protein synthesis, as measured by multiplex assay, did not
significantly change when treated with PGF,,, IL-18, or either se-
quential treatment of the two (Figure 7). PGF,, stimulation alone
for 24 h had no effect on TNFa output, although 6 h of IL-18 treat-
ment on its own increased TNFa from 5.0 £ 2.2 to 107.3 + 46.7
pg/mL. Interestingly, PGF,, stimulation before IL-18 suppressed the
IL-1B-induced effect (Figure 7).

IL-18 and PGF,, do not drive IL6 and COX2 mRNA in
hFM explants

A logical question that some may ask is, are these extremely large
responses of COX-2 and IL-6 to sequential IL-18/PGF2« treatments

unique to the myometrium or do other intrauterine tissues respond
similarly? We addressed this question using hFM explants because
this excellent model contains the other intrauterine tissues, amnion,
chorion, and some decidua vera, all together. The result indicates,
however, that the very large response relationship involving IL-18
and PGF,, stimulation in tandem is apparently unique to the my-
ometrium, since hFM explants treated according to the same pro-
tocol did not demonstrate significant upregulation of COX2 or IL6
(Figure 8). COX2 mRNA decreased from 1 to 0.8 with PGF,, treat-
ment. IL-18 treatment, whether alone or followed by a second treat-
ment of PGF,,, upregulated COX2 by only 2.3-fold (Figure 8A).
PGF,, (6 h) increased IL6 abundance by only 1.3-fold, and IL-
18 treatment alone upregulated IL6 mRNA abundance by 12-fold.
IL-18 treatment followed by PGF,, yielded a 6.7-fold increase
in IL6 mRNA abundance (Figure 8A). Reversing the order of
treatments with PGF,, then IL-18, we observed that IL6 and
COX2 increased with 6 h IL-18 stimulation but not 24 h PGF,,
treatment alone (Figure 8B). The 24-h IL-18 treatment alone
increased FP mRNA expression in hFM, but no other treat-
ments resulted in significant changes in FP or OXTR (Figure
8B).
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Discussion

In this study, we confirmed our earlier observation that PGF,, and
IL-1B are individually important proinflammatory mediators in my-
ometrial cells [2, 3, 26]. But here we considerably expand upon that
observation to propose that they are acting in tandem to drive posi-
tive feedback interactions that amplify the proinflammatory cascade
involved in labor induction. Sequential stimulation of HMSMC by
PGF,, then IL-18 (in either order) results in a tremendous upregu-
lation of IL-6 and COX-2, and this appears to be exclusive to the
myometrium. In addition, we made the intriguing discovery that
IL-18 and PGF,, each stimulate increases in members of the broad
IL-1 family in HMSMC including the IL1R1 receptor and its acces-
sory proteins that confirm our in vivo observations [19]. Together,
these salient observations illustrate the involvement of positive feed-
back or feed-forward relationships in amplification of the inflam-
matory load to the uterus, which is critical for expressing the UAPs

that convert the uterus from a physiological state of pregnancy to a
state of parturition [21]. A limitation to this study is the lack of in
vivo functional assays confirming the observed in vitro interactions
in primary term nonlaboring HMSMG:s. In the future, the pairing of
these in vitro outcomes with functional evidence (such as myome-
trial contraction experiments) would provide additional contextual
value and further understanding of the physiological phenomenon
of uterine transition for labor.

IL-1B has an influential role in orchestrating the gene regulation
of proinflammatory and prolabor mediators in gestational tissues.
One hour of IL-18 stimulation upregulates 98 genes in PHM1-41
uterine myocytes by at least 3-fold [24]. Microarray data of decidual
cells stimulated with IL-18 demonstrated a significant upregulation
of 350 transcripts, a downregulation of 78 transcripts, as well as
the predicted activation of 57 transcription factors and inhibition
of 22 [48]. Ishiguro et al. demonstrated that changes in uterine
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sensitivity to IL-18 occur at term in the rat through an upregu-
lation of ILIR1 and accessory proteins IL1RAcP and IL1RAcPb
and a downregulation in ILT1R2 [19]. An IL-18-induced preterm
birth mouse model exhibited increased IL1R1 and IL1RACcP in the
myometrium, and a highly specific antagonist to IL-1R1, rytvela,
blocked IL-18- and infection-induced preterm delivery in mice [26].
In the rhesus macaque, IL1R1, IL1R2, and IL1RAcP were upreg-
ulated in amniochorion and decidua after intra-amniotic IL-18 in-
jection [59]. Our model corroborates these findings in the human,
as HMSMC treated with IL-18 upregulated mRNA expression of
ILIR accessory proteins, and showed increasing trends in IL1R1
and IL1R2.

Similar to IL-18, PGF,, also stimulated an increase in mRNA
abundance of ILI1IR1, IL1R2, and ILIRAcPb in HMSMC.
IL-1RACcPb is an isoform of the IL-1 accessory protein that when
complexed with IL-18 and IL-1R1 does not activate NF«B as does
IL-1RACP, but instead acts through p38 MAPK and Src phosophory-
lation [60]. IL-1RAcPb had only been identified in the central ner-
vous system [61] until we described an increase in its expression in the
pregnant rat uterus at delivery [19]. Here we show that ILIRAcPb is

expressed in the pregnant human uterus (HMSMC) and is regulated
by both IL-18 and PGF,.

This intriguing effect is an excellent example that PGF,, has
many more roles than its stimulation of myometrial contractility
[2, 3]. For instance, we confirmed that PGF,, stimulates COX-2
expression in HMSMC as it does in amnion, myometrium, and en-
dometrial adenocarcinoma tissue [2, 62, 63]. In the decidua, PGF2«
increases the concentration of matrix metalloproteinases (MMP)-2
and -9 while decreasing the concentration of their tissue inhibitor,
TIMP-1 [46]. MMP-2, -3, and -9, in turn, catalyze the inactive
pro-IL-18 into biologically active IL-18 independent of caspase-1
thereby further amplifying the proinflammatory response through
positive feedback [64]. In HMSMC, IL-6 is upregulated by both
PGF,, and IL-18, corroborating previous findings that proinflam-
matory cytokine release is increased by PGF,, [3]. Completing the
feed-forward cycle, we showed that IL-18 stimulates upregulation
of the PGF,, receptor FP 2, 25]. Hence, there is ample evidence that
both PGF,, and IL-18 are mutually stimulatory in HMSMC and
thereby may contribute considerably to the expression of UAPs that
transition the pregnant uterus to the parturient uterus.
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But without question the most significant observation of this
study is that when the two agonists stimulate HMSMC sequentially,
in either order, a profound increase in the output of IL-6 and COX-2
occurs. The process of synergy is defined generally by the Concise
Oxford English Dictionary as the “interaction or cooperation of
two or more organizations, substances, or other agents to produce a
combined effect greater than the sum of their separate effects” [65].
Our data clearly demonstrate that sequential treatments of PGFa,
and IL-18 produce a synergistic effect in HMSMC using this def-
inition. For example, in Figure 5B COX-2 protein levels increased
29-fold after 24-h IL-18, and 5-fold with 6-h PGF,, stimulation.
Instead of a 34-fold additive response in response to IL-18 then
PGF,, stimulation, COX-2 increased 66-fold. Reversing the order
of treatments led to a PGF,,-stimulated increase of COX-2 pro-
tein by 2.4-fold and an IL-1B-stimulated increase of 21-fold, but
together they stimulated an increase of COX-2 protein levels of 46-
fold—not the additive 23-fold. Unlike IL-18, PGF,, pretreatment
of HMSMC alone did not result in a significant increase in IL-6
and COX-2, only increasing expression levels to a maximum level
of 2.5x. However, a PGF,, priming effect still exists in HMSMC,
as IL-6 and COX-2 outputs from PGF,,-primed HMSMC were 2 x
higher then outputs from HMSMC stimulated with 6 h of IL-18
without the PGF,, prestimulation. Synergistic outputs were char-
acterized for IL-6 but not for other cytokines, and this effect was
not observed in fetal membrane explants suggesting it is unique for
myometrium.

The concept of immune synergy is well established in the lit-
erature. In a study of gastrointestinal tumor growth, chemokines
CXCL6 and CCL2 together stimulated a significantly higher mobi-
lization of leukocyte migration than the sum of each alone [66]. IL-8
synergizes with a series of chemokines including CCL2 to induce

amplified neutrophil chemotaxis [67]. In chondrocytes, inflamma-
tory synergy results in cartilage destruction; high-mobility group
box-1 (HMGB-1), a DAMP, synergizes with IL-18 to produce high
levels of MMPs [68], and IL-1a works in concert with glucocorti-
coids and mineralocorticoids to synergistically increase lipocalin-2
and MMP-13 [69]. The challenges and complications of experimen-
tal demonstration of pharmacological synergy in a system are thor-
oughly described in a review by Foucquier and Guedj [70]. To clearly
affirm pharmacological synergy in a system, large data sets are re-
quired including extended concentration response curves with many
more than the three concentration points included in this study,
as well as the completion of multiple mathematical frameworks.
We are not arguing that the results presented in this paper consti-
tute this definition of pharmacological synergy. Additionally, our
agonists were not administered in combination but sequentially, in-
stead modeling a priming effect. Combined stimulation of HMSMC
with a mixture of PGF,, and IL-18 for 30 h instead of sequen-
tial stimulation of IL-18 followed by the PGF,, (and vice versa)
does not result in amplification of COX2 or IL6 mRNA expres-
sion (Leimert, unpublished). We contend that the amplification of
IL-6 and COX-2 presented in this paper in response to sequential
PGF,,/IL-18 stimulation is not modeling classical “pharmacological
synergy” of drug combination but cooperative inflammatory ampli-
fication. It is possible that there are multiple individual steps or net
increments that are additive, and only more investigation will be
able to tell. We demonstrate clearly, however, that in many situa-
tions described in our study, the overall output effect is higher than
the additive effects of PGF,, and IL-18 individually. Prestimulation
of HMSMC with IL-18 (or PGF,,) seems to have a priming effect on
the cells, resulting in a heightened subsequent response to the second
agonist.
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We do not know the full range of mechanisms involved in our
observed synergistic responses, but it is conceivable that one element
involved is that both PGF,,, and IL-18 stimulate expression increases
in the others’ receptor as we measured here. Other studies suggest
additional mechanistic detail. Amnion-derived WISH cells displayed
synergistic upregulation of COX-2 induced by co-treatment of IL-18
with epidermal growth factor (EGF). Inhibition of NF«xB decreased
IL-1B/EGF-induced COX-2 by only 44% suggesting that at least
one signaling mechanism other than NF«B is involved in the syner-
gistic relationship [71]. IL-6 and COX-2 were both synergistically
upregulated in aortic smooth muscle cells by combined treatments
of cytokines Oncostatin M and IL-18 due to both transcriptional
and post-transcriptional regulation [72]. IL-6 transcription may be
cooperatively regulated, as multiple regulatory elements can syner-
gize to induce greater levels of IL-6 induction. NFIL-6 and NF«B
individually both induced a 2-fold increase in IL-6 (as measured by
luciferase activity), but together the transcription factors interacted
with both promoter binding sites to induce over 40-fold increases
in IL-6 [73]. Additionally, all three transcription factors can interact
and induce an even greater effect. AP-1, NF«B, and NFIL-6 can form
a complex and interact with the IL-6 promoter, resulting in nearly
300 times the level of IL-6 induction, much greater than the three
regulatory elements separately, or even paired combinations [74].
IL-18 and PGF,, stimulate several intracellular pathways in uterine
tissues, and it is likely that synergistic responses could occur through
intricate regulation of several of these [3, 75-80]. Interestingly, the
COX-2 gene promoter also contains NF«kB and NFIL-6 regulatory
elements [81].

While IL-18 was a potent stimulator of proinflammatory medi-
ator output from HMSMC, IL-6 did not significantly alter mRNA
expression of COX2, FP, OXTR, IL1R1, ILIRAcP, or IL1RAcPb.
We established that the IL-6R mRNA was expressed in these cells
(data not shown). In contrast, we found that IL-6 stimulation of the
hFM explants we used to compare against the synergistic effects of
HMSMC produced several cytokines (TNFa, IFNy, CCL21, and IL-
18 protein) (Olson, unpublished), demonstrating specificity of tissue
responsiveness. It is possible that the high levels of IL-6 produced by
the myometrium are not acting on the uterine musculature itself, but
on local leukocytes or other cell types in the surrounding gestational
tissues.

Unlike their combined effects on IL-6 or COX-2, sequential
IL-18 and PGF,, treatment did not result in amplified FP and
OXTR. This is not surprising as PGF,, and IL-18 have opposing
effects on FP expression in HMSMC, and both downregulate (or
have no effect) on OXTR. Increases in receptors of contractile me-
diators (uterotonic receptors) are upregulated in the final step of
the birth cascade; in rats, OXTR does not increase until just a few
hours before delivery [82]. Culmination of the inflammatory load
may result in the triggering of functional progesterone withdrawal
[11] and uterine activation, including FP and OXTR increase. In
the myometrium, PGF,, upregulates the PR-A/PR-B ratio [83] and
IL-18 increases the abundance and stability of the PR-A protein [84,
85], contributing to functional progesterone withdrawal.

In conclusion, our work suggests that a process we term inflam-
matory amplification contributes to the facilitation of uterine transi-
tion from pregnancy to parturition. In the in vitro HMSMC model,
we established PGF,, and IL-18 as key triggers or upstream drivers
of this process, and IL-6 and COX-2 as key targets. Existing preterm
birth therapies target mechanisms occurring at the final stages of
the birth cascade, when excessive amplification has already taken
place. IL-18 and IL-6 are upstream mediators in the birth cascade

[17, 86-89] and now we advocate that PGF,, is also a key mediator,
interacting to induce amplification of other prolabor mechanisms.
Alteration of the activity of these key mediators through targeting
their receptors, for example by novel allosteric modulators [26, 44,
90], may suppress inflammatory amplification and uterine transi-
tion. Targeting not only uterine contraction but also inflammatory
amplification and uterine transition presents a promising path for
therapeutic development for preterm birth prevention or delay.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. IL-6 treatment does not induce HMSMC
mRNA expression of UAPs, IL-18, or the IL-1 receptor system.
HMSMC were stimulated for 12 h with IL-6 (5 or 15 ng/mL). (A)
Target mRNA data are presented as relative change (x-fold) from
control values, mean + SEM. (B) IL-1p protein levels were measured
in supernatants via multiplex, presented as mean + SEM concentra-
tion output (pg/mL). (A) N = 6-9 patients, (B) n = 4. Repeated
measures one-way ANOVA was performed on logjp-transformed
data followed by Tukey post hoc analysis. Groups with statistically
significant differences are represented with different letter designa-
tions, P < 0.05.
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