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ABSTRACT

Thereis cu fective treatments to prevent spontaneous preterm labour. The precise

P

upstrea% t!*ﬁc emical pathways that regulate the transition between uterine quiescence during
pregnancy and cgntractility during labour remain unclear. It is well known however that intrauterine

inflammati ding infection, is commonly associated with preterm labour. In this study, we
identified wnoproteasome subunit low-molecular-mass protein (LMP)7 mRNA expression to
be signific gulated in labouring human myometrium. Silencing LMP7 using siRNA targeted

knockdow and its inhibitor ONX-0914 in human myometrial cells and tissues decreased

pro-inflam!atory cytokines (IL-6), cell chemotaxis (CXCL8, CCL2 expression and THP-1 migration),

cell to cell (ICAM1 expression and myometrial adhesion), contraction-associated proteins
(PTGS2, FP, d PGF2a), as well as suppressing contractions in myometrial cells and in
myometriaE obtained from labouring women. In addition, LMP7 silencing reduced NF-kB RelA
activity lleviated inflammation (CCL3, CXCL1, PTGS2, and IL-6) in myometrium, placenta,

fetal brain, amniotic fluid and maternal serum induced by LPS in pregnant mice. Collectively, our

data sugges! a novel role for ONX-014 to suppress uterine activation and contractility associated

with prete.

Tr ith ONX-0914 or LMP7 siRNA knockdown in myometrium in vitro reduces
inflammatj®n, cell adhesion and contractions. ONX-0914 treatment in pregnant mice
re

S-induced myometrial and fetal brain inflammation in utero.

<
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INTRODUCTION

Pretermeeeks gestation) affects approximately 15 million babies globally each year [1],
and is asso evere neonatal morbidity and mortality rates [2]. Birthing outcome data
coIIecteE le%O-ZOlO in the United States have shown that, despite considerable medical
advancements ingmaterno-fetal care, the incidence of preterm birth has not diminished and remains
high [3]. Alﬁurvival rates of preterm birth has improved in recent times, premature infants

are at incrm of infection [4] and long-term developmental disabilities [5] compared with

sad'ri
their termg counterparts. Of clinical significance, 40% of preterm births are a result of

infection-i reterm labour [6]. There is strong evidence that bacterial and viral infections,

which are !sponsible for the majority of spontaneous preterm birth, play a central role in regulating

inflammatime production of pro-labour mediators [7].

Although ise mechanisms of labour onset remain largely unknown, pro-inflammatory
cytoki okines, cyclooxygenase-2 (PTGS?2), prostaglandins, and NF-kB play an
important ﬁlﬂ. During infection, the host immune response is initiated via recognition
of pathogen-associated molecular patterns (PAMPs) by toll-like receptors (TLRs) [13].
Activatio s upregulates the expression of pro-labour effectors via the NF-xB

signalling!atEway [14]. The bacterial products lipopolysaccharide (LPS), a TLR4 ligand,

and ﬂagelini a TiRS ligand, enhance the production of various pro-inflammatory cytokines

and pro—lagdiators via the NF-«B signalling pathway in human myometrium [14].

Similarly, activatipn of TLR3 by the viral dSRNA analogue polyinosinic polycytidilic acid
(poly ( uces pro-labour mediators in human myometrium [15]. Excessive intrauterine

inflammation has also been shown to be a strong indicator of poor perinatal neurological
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outcomes among preterm children, such as cerebral palsy, cognitive disabilities and

developmental delays [5]. Studies on mice models of inflammation-induced preterm birth has

been show induce altered neuronal morphology and increased expression of inflammation
and mark&al damage in the fetal brain [16].

N
Proteaso"mrge multi-subunit protein complexes responsible for the majority of non-

lysosomal ysis occurring in cells [17]. Structurally, proteasomes are comprised of 14
distinct s savhich are subdivided into a subunits (a1—a7) and B subunits (B1-B7).
Distinct induct roteasome subunits can, however, replace components of the
constitutivﬂessed proteasome to form what has been termed the ‘immunoproteasome’

[17]. Ther g evidence that the inducible immunoproteasome subunit, low-molecular-

mass protml can increase cytokine production by macrophages, T cells, and other

immu [18] and can be induced following exposure to certain inflammatory
cytokines [19 cent studies have shown that in vivo administration of the LMP7 inhibitor
ONX-0914, attenuates the progression of experimental colitis [20], arthritis [18] and

autoimmus encephalomyelitis [21].

LMP7 has be tected in human placenta [22], and expression of LMP7 mRNA can be induced by

h

IFN-B, IFN-Wand TNF in human placental choriocarcinoma JEG-3 cells [22]. However, the role of

LMP7 in

{

nflammation associated with preterm birth has yet to be described. Thus, we

first sought to chalfacterise the labour-associated changes in LMP7 expression in myometrium.

Ul

Second, we de ned the effect of ONX-0914 treatment and siLMP7 knockdown on pro-

inflamm tokines, leukocyte chemotaxis and cell adhesion in human myometrium. Third,

A

contraction associated proteins (CAPs) expression and myometrial contraction studies were
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performed to determine ONX-0914 as a potential tocolytic. Finally, the effect of LMP7 on uterine

and fetal brain inflammation in a mouse model of LPS-induced inflammation was assessed.

T

RESULTS

|
LMP7 expression,is upregulated in labouring myometrium

To determi expression in myometrium during labour, gRT-PCR was performed (Figure 1).

LMP7 mRr\wsion was significantly elevated in myometrial tissue obtained from term

labouring mpared to term non-labouring women at time of Caesarean section delivery.

ONX-0914 geatment and siLMP7 knockdown reduces pro-inflammatory cytokines in human

myometrim
To determin€ i 7 was involved in the genesis of pro-inflammatory and pro-labour mediators in

human my m, loss-of-function studies were carried out using the LMP7 inhibitor ONX-0914

and LM using siRNA. For the explant studies, LPS (TLR4 ligand) and flagellin (TLR5 ligand)
was used to stimulate the production of pro-inflammatory cytokines, chemokines in the context of

infection megla!ea preterm labour. As shown in Figure 2, LPS significantly increased IL-6 mRNA

expression @ ase. Pre-incubation with ONX-0914 significantly suppressed LPS-induced IL-6
mRNA expﬂvd release (Figures 2A,B). ONX-0914 also significantly reduced IL-6 mRNA
expression in seiietion in myometrium stimulated with flagellin (Supplementary Table 1).

The effect Inhibition on pro-cytokines and chemokines was confirmed using siRNA silencing
of LMPZi ry myometrial cells. The efficacy of siLMP7 is demonstrated in Supplementary

Figure 2; there a 60% decrease in LMP7 mRNA expression and a 70% decrease in LMP7 protein

expression. For subsequent experiments, after siRNA transfection, cells were treated with IL-1p and
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TNF, flagellin, and poly(l:C); the data for IL-1B is presented in Figure 2. As expected, in siCONT
transfected myometrial cells, IL-1B induced a significant increase in IL-6 mMRNA expression (Figure 2C)
and reIeMZD). In siLMP7 transfected cells, this increase in IL-6 mRNA expression and
release wa y reduced (Figures 2C,D). Similar results were obtained in myometrial cells

stimulaFedW—'gl, flagellin or poly(l:C) (Supplementary Table 2).

ONX-0914 Ont and siLMP7 knockdown reduces cell chemotaxis in myometrium
We next sn%ssess whether ONX-0914 and siLMP7 knockdown alters myometrial chemokine

production;migration. In myometrium, ONX-0914 significantly decreased LPS-induced

protein ex of CXCL8 but not CCL2 (Figures 3A,B). ONX-0914 had no effect on LPS-induced

CXCL8 or 2 secretion (Figures 3E,F). ONX-0914 significantly reduced CXCL8 mRNA expression and

secretion imtrium stimulated with flagellin (Supplementary Table 1).

In siCONT ted myometrial cells, IL-1pB significantly induced CXCL8 and CCL2 mRNA expression
(Figure elease (Figures 3G,H). In siLMP7 transfected cells, this increase in CXCL8 mRNA
expression and release was significantly reduced (Figures 3C,G). LMP7 siRNA knockdown significantly

reduced IL-1B-induced CCL2 release (Figure 3D), however there was no change in mRNA expression

(Figure 3Hesu|ts were obtained for CXCL8 in myometrial cells stimulated with TNF, flagellin
or pon(ﬂwentary Table 2).

I

Decreased ion of chemokines suggests that LMP7 inhibits secretion of factors that induce

leukocyte i nt to myometrial cells. Transwell migration assays were performed to assess
whethe«ade by ONX-0914 could inhibit leukocyte recruitment to myometrial cells.
Conditioned me collected from myometrial cells stimulated with IL-1B (Figure 31) or TNF (Figure
3J) significantly induced THP-1 monocyte migration (424% and 183% compared with basal,

This article is protected by copyright. All rights reserved.



respectively). In comparison, conditioned medium from myometrial cells co-treated with ONX-0914

significantly reduced IL-1B- and TNF-induced THP-1 migration by 29% and 45%, respectively (Figures

31,J). This sl t ONX-0914 inhibits secretion of factors that induce leukocyte recruitment to
]

ONX-0914 treatment suppresses myometrial cell adhesion

Secretion o ammatory cytokines and chemokines by myometrial cells can induce the

attraction WOtaxis of migratory leukocytes resulting in the localised augmentation of

myometri mation [23]. Expression of cell adhesion molecules such as ICAM1 have been

shown to ;Iated in labouring human myometrium [24]. Thus, we next sought to assess the

effect of O§-O914 on myometrial cell adhesion. As expected, LPS significantly elevated ICAM1

mMRNA exp myometrium (Figures 4A). Treatment with ONX-0914 significantly reduced
0

ICAM1 mR ssion induced by LPS (Figure 4A).

Cell adE were next performed to assess the effect of ONX-0914 on myometrial cell

adhesion. IL-1B and TNF increased myometrial cell adhesion compared to basal by 34% and 27%,

respectively (Figures 4B,C). ONX-0914 significantly reduced myometrial cell adhesion induced by IL-

1B or TNF K @ d 30%, respectively (Figures 4B,C).

ONX-0 eatment and siLMP7 knockdown suppresses contractions in human myometrium

To determjjtential usefulness of ONX-0914 as a tocolytic for preterm labour, we assessed

the effect 14 on uterine contractility. Increased expression of contraction associated
protein PTGS2, leads to increased prostaglandin production which induces uterine

contractions via PGF,, receptor (FP). In myometrial tissues explants, ONX-0914 significantly

inhibited LPS-induced PTGS2 and FP mRNA expression (Figures 5A,B) and PGF,, and PGE, secretion
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(Figures 5C,D). Similar results were obtained in myometrium stimulated with flagellin
(Supplementary Table 1). In addition, LMP7 siRNA knockdown in myometrial cells showed a
signiﬁcahd PTGS2 and FP mRNA expression (Figures 5E,F) and PGF,, and PGE, secretion
secretion ( ) induced by IL-1pB. Similar results by siLMP7 were obtained in TNF-, flagellin-

and polﬂlz -treated myometrial cells (Supplementary Table 2).

4

Collagen guction assays were performed to assess whether ONX-0914 could inhibit

myometri%lraction (Figures 51,J). As expected, stimulation of primary human myometrial

cells with | F induced contraction of the collagen gels (as indicated by the reduced gel area)
after 24 h ( 32% decrease, respectively). This IL-1B- and TNF-induced contraction was

significantlfareversed in cells treated with ONX-0914 (24% and 20% increase compared to IL-1 and

TNF respe
Following 0 our in vitro findings, we next sought to determine whether ONX-0914 could
suppre i@ns in myometrium from laboring women ex vivo. As shown in Figure 5K,

exposure to oxytocin induced a concentration-dependent increase in contractility in uterine smooth

muscle strips obtained from women in labour. Pre-treatment with ONX-0914 significantly

suppresseimum oxytocin-induced contractility in paired strips from the same women, from

79+ Q%E There was no change in the sensitivity to oxytocin (pD, 8.88 versus 8.83).

=

siLMP7 kn regulates NF-kB RelA transcriptional activity
There is ex vidence to show that the classical NF-kB pathway is an important regulator of the
termin r pathways of labour and delivery [10-12]. However, there have been conflicting

reports on the rofé%f immunoproteasome subunits to affect NF-kB activity differently from the

constitutive proteasome subunits [25-28]. Thus, to determine whether LMP7 regulates pro-labour
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mediators in primary myometrial cells through NF-kB, we utilised a luciferase activity assay. As

shown in Figure 6, siLMP7 significantly decreased NF-kB luciferase activity in myometrial cells

t

stimulated With IL-1B, TNF, flagellin or poly(l:C).

onx-09T4 freatment decreases inflammation in vivo in a mouse model of LPS-induced preterm

birth

Ccn

Given the ti-inflammatory properties of ONX-0914 in vitro, we next sought to determine

the efficacflof ®NX80914 in suppressing inflammation in vivo. For these studies, pregnant mice at GD

S

15.5 were oneally injected with either saline (vehicle control), LPS or LPS with ONX-0914 at

U

10 mg/kg ght. After 6 h, maternal serum and amniotic fluid were collected and circulating

levels of pr@-inflammatory cytokines were measured using a mouse multiplex assay. Myometrium

I

and fetal b e also harvested after 6 h and assessed for mRNA expression of pro-

d

inflammato ers. As shown in Figure 7, LPS significantly increased IL-1a, IL-1B, CCL3, CXCL1 and

PTGS2 mR ession in mouse myometrium. ONX-0914 had no effect on LPS-induced IL-1a and

Wl

IL-1B m ion (Figures 7A,B). In contrast, ONX-0914 significantly decreased LPS-induced

CCL3, CXCL1 and PTGS2 mRNA expression induced in mouse myometrium (Figures 7C-E). In mouse

I

placenta, LPS'induced IL-1a and IL-18 mRNA expression was subsequently reversed with ONX-0914

treatment @ entary Figure 3). In fetal brain, LPS-induced CXCL1 and CCL3 mRNA expression
was also r llowing ONX-0914 treatment (Figures 7F,G). In maternal serum and amniotic

fluid, O sighificantly decreased LPS-induced IL-6 levels (Figures 7H,1). TNF, IL-2 and IL-4 levels

th

in materna niotic fluid were below the detection limit of the assay.

AU
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DISCUSSION

To date, th!re s been no molecular target that is effective in preventing intrauterine inflammation
and myom ctions associated with preterm labour and delivery. This is further
confounﬂety our lack of understanding in the mechanisms involved in transitioning the

myometriutfro: a quiescent state during pregnancy to a contractile state during labour. In this

study, we r at myometrial LMP7 expression is upregulated with human labour. We found

that siIenc'gwas well as treatment with ONX-0914 significantly decreased pro-inflammatory

cytokines, is, cell adhesion and contraction in myometrium exposed to bacterial and viral
f

products a lammatory cytokines We have also found that LPS-induced pro-inflammatory

and pro-lalfour mediators in maternal and fetal tissues was significantly alleviated in GD 15.5

pregnant mnistered with ONX-0914. Thus, our data demonstrates an important role of the
rotéa

immunop e as an upstream regulator of pro-inflammatory mediators and contraction-

associate in human myometrium and resulting in the myometrial activation and preterm

labour.

Over the Iahwmcades, in vitro and in vivo studies have shown how inflammation triggered by
infection o@e pro-inflammatory insults, originating either locally or systemically, can induce
pretermﬂ, 15, 23, 29-31]. This leads to activation of the maternal immune system which
produces pro-inflammatory cytokines and chemokines [24, 32]. Chemokines activate maternal
peripheral s and induce their infiltration into uterine tissue. This is facilitated by the action

of cellular molecules such as ICAM1. The leukocytes that have infiltrated are a rich source
of cytoqn turn leads to further production of cytokines and chemokines plus the
production of C such as PTGS2 and the resultant generation of uteronics such as the
prostaglandin PGF2aq, involved in the onset of labour. Thus, to assess the role of ONX-0914 on
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inflammation in myometrium, we performed LMP7 loss-of-function studies using siRNA or ONX-
0914, a chemical inhibitor of LMP7. In our study, LMP7 inhibition with ONX-0914 significantly
reducedhd IL-6 mRNA expression and secretion in myometrial tissue. In contrast, although
LMP7 siRN n induced a small reduction in LPS-induced IL-6 mRNA expression in
myomeﬂia@@ secretion was markedly reduced in siLMP7 transfected cells. ONX-0914
treatment apd siLMP7 knockdown also reduced CXCL8 and CCL2 in myometrium. Of note, although
IL-1B-induc secretion was reduced following LMP7 siRNA knockdown, there was no
significant w on CCL2 mRNA expression. This suggests that the mechanism which LMP7
regulates tion may not be through regulating mRNA transcription. Evidence for
transcripti rol of IL-1B-induced CCL2 production has also been demonstrated by other
studies. Foflexample, CCL2 production in human myometrial cells by prostaglandin PGE2 significantly
suppresse uced CCL2 secretion with no change in CCL2 mRNA expression. Although

beyond the Sto f this study, further investigations is warranted on the mechanism of which IL-1

induces C uction in myometrial cells. It is thought that IL-6 and CXCL8 may potentiate
myome tility. For example, IL-6 increases myometrial responsiveness to oxytocin by up-

regulating expression of oxytocin receptors [33], whereas CXCL8 induces neutrophil chemotaxis and
activation [34]. In'addition, we have shown ONX-0914 to significantly reduce ICAM1 expression, as
well as red @ 13- and TNF-induced adhesion properties in myometrial cells. Co-treatment of

ONX-0914 =1B or TNF in myometrial cells significantly decreased THP-1 monocyte chemotaxis.
Taken together, these findings suggest that ONX-0914 can impair leukocyte recruitment and

infiltration iag in reduced inflammation to the myometrium.
PTGS2 i yme responsible for labour-associated increase in prostaglandin (PGE, and PGF,,)
synthesis. FP is eceptor that mediates the biological actions of PGF,, to induce uterine

contractions that can result in preterm birth in humans [9]. In our study, siLMP7 knockown
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significantly reduced PTGS2 and FP mRNA expression and prostaglandin (PGE, and PGF,,) release in
myometrium. ONX-0914 treatment significantly decreased the magnitude of oxytocin-induced
contractio.HJppression of contraction was not associated with a change receptor sensitivity
(pD, remai ed). This could reflect an effect on oxytocin receptor signalling, rather than a
changeH iweceptor density. ONX-0914 treatment also reversed the effect of IL-1B- and TNF-
induced collagensgel contraction in myometrial cells in vitro. Taken together, treatment with ONX-

0914 and si ockdown reduces the expression of these contraction-associated proteins and

suppressemml cell contractility. Thus, we propose that LMP7 in human myometrium could

be a tocolvj to suppress preterm labour.

Multiple stgies in human gestational tissues have shown that expression of pro-labour mediators
such as pr atory cytokines and prostaglandins are regulated by NF-xB [10-12]. Moreover,
labour is assoOci with increased NF-kB nuclear translocation in the cervix, fetal membranes and
myometriu§]. The role of immunoproteasome subunits to modulate NF-kB in non-

gestati i s been controversial. For example, human lymphocytes lacking LMP7 also
demonstrasd reduced NF-kB activation and were highly susceptible to apoptosis when stimulated
with TNF [38 erimental colitis was also attenuated in LMP7 knockout mice as a result of reduced
NF-kB sign@. In contrast, other studies have found no influence of the immunoproteasome
on the mﬂthway of NF-kB activation [27, 28, 40]. Thus, it was of interest to determine if

LMP7 may ie regwting pro-inflammatory and pro-labour mediators through NF-kB in human
myometri this, we performed a luciferase assay to measure NF-kB activity. We found

siRNA kno of LMP7 significantly diminished NF-kB RelA transcriptional activity when

stimula{u—lﬁ and TNF or the TLR ligands flagellin or poly(l:C). Thus, we propose that the pro-
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inflammatory actions of LMP7 in human myometrium may be mediated via the canonical NF-xB
pathway.

T

Recentin v, ave reported that treatment with ONX-0914 attenuated the progression of
variousgutg?mune diseases including rheumatoid arthritis, multiple sclerosis, Hashimoto's
thyroiditis, ipflammatory bowel disease and lupus in experimental mice models [18, 21, 41, 42].
Thus, we u vivo approach to assess the effect of ONX-0914 on LPS-induced inflammation in
pregnant Wreement with our in vitro findings, ONX-0914 significantly reduced LPS-induced
CCL3, CXC GS2 mRNA expression in myometrium, as well as decreasing LPS-induced IL-6
levelsin m lasma and amniotic fluid in pregnant mice after 6 h post i.p. administration of
LPS. There §§ also strong in vivo evidence using mouse models of intrauterine inflammation which
showed inm infusion of LPS increased IL-10, IL-1B, TNF and IL-6 mRNA expression in whole
fetal brain a disrupted fetal neuronal morphology and growth, whereas in non-inflammatory

birth using RU486, there was no adverse effect on fetal brain development or

models of p
neuroi i@y in mice offspring [16]. In our study, LPS-induced CXCL1 and CCL3 mRNA
expression in fetal brain was significantly decreased in pregnant mice administered ONX-0914. These
findings arhcular clinical significance given that adverse neurological outcomes are
associated@erm birth in infants, resulting in long-term behavioural, social and learning
disabilitﬂood and adolescence [43]. Thus, ONX-0914 may be useful in alleviating and
preventmg'n amiation—induced fetal brain injury associated with preterm birth.

Although we have shown that ONX-9014 significantly reduces myometrial inflammation and

P

contractions, a significant limitation of this study was that we did not confirm ONX-0914 at the

concentration used (0.5 uM) to selectively inhibit LMP7 incorporation into the immunoproteasome

complex in myometrial tissues. Therefore, we are unable to rule out the effects observed by ONX-
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0914 to be strictly caused by LMP7 blockade and are not contributed by off-target effects by also

inhibiting the constitutive beta 5 subunit. Previous studies have shown ONX-0914 at 0.5 uM

[

concentration will also inhibit the constitutive beta 5 subunit in cells. Although penetration of

)

chemical inhibitors into cells versus tissues are not directly comparable, our findings with ONX-0914

in myorrTetriaI tissue should be interpreted with caution. Further studies using beta 5 and LMP7

selective fluorogenic substrates (Ac-WLA-AMC and Ac-ANW-AMC, respectively) or using a specific

r

assay to confirm that beta 5 is not inhibited will be required to determine the specificity of ONX-

a A
0914 at 0.5 uM in myometrium tissue. Performing these assays will clarify the mechanism of ONX-

A4 4

014 action to alleviate inflammation. Notwithstanding this limitation, our LMP7 siRNA data in

s

myometrial cells does support similar modulation of the inflammatory response with ONX-0914 in

l

myometrial tissue. Another limitation of this study was that although we found LMP7 mRNA

expression to be significantly upregulated in term labouring human myometrium, we were unable to

(il

accurately measure LMP7 protein expression by Western blotting (data not shown). Our attempts to

measure LMP7 protein expression by Western blotting resulted in the detection of multiple bands

>

which could be reflective of the LMP7 subunit at different stages of processing and maturation (i.e.

precursor, intermediate and mature forms). Studies have shown that the mature but not the

C

precursor form of LMP7 is incorporated into the 20S proteasome complex [44]. Therefore, more

N\

studies will be required to determine whether our observation of increased LMP7 mRNA expression
-

in labouring myometrium is reflective of increased LMP7-subunit-containing proteasome complexes.

-~
-

Sterile infl iain- and/or infection-mediated inflammation is a major causative factor of
spontaneo m labour [8, 45]. Therefore, understanding the upstream mechanisms involved
in mod flammation in gestational tissues is crucial in the development of interventions to

delay spontaneo reterm delivery and to improve fetal outcomes. The studies presented here

demonstrate a use for ONX-0914 to prevent preterm labour. Notably, pre-clinical trials are in
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development to evaluate the potential clinical applications of ONX-0914 in treatment of
autoimmune disorders, such as rheumatoid arthritis, lupus and inflammatory bowel disease [46].
Other nMon of LMP7 inhibitors have recently been developed (e.g. KZR-616, PR-924 and
ONX-0912) ave the added benefit of being more selective and potent in their inhibition
of LMPﬂhmBM [47-49]. Thus, future studies are required to assess these new inhibitors as

potential tocolytic drugs for women who would otherwise deliver preterm.

MATERIAL;ETHODS

Tissue collm expression studies

The ResearcH E Committee of Mercy Hospital for Women, Mercy Health, approved this study.
WrittenEmonsent was obtained from all participating women. All tissues were obtained
from w elivered healthy, singleton infants. Tissues were brought to the research
laboratory and processed within 15 mins of delivery. Women with any underlying medical conditions

such as diage!es, asthma, polycystic ovarian syndrome, preeclampsia and macrovascular
A

complicatiexcluded. Additionally, women with evidence of an active infection, multiple
pregnarfwomen, fetuses with chromosomal abnormalities were excluded.

-

For expresﬂes by qRT-PCR, myometrium was obtained from women at the time of term

caesarean >37 weeks gestation). Myometrial biopsies were collected from two groups of
women i nant women undergoing elective Caesarean section in the absence of labour (n=8
patients; mean ational age 39.4+0.3 weeks), and (ii) pregnant women who were delivered

during active labour; labour was defined as the presence of regular uterine contractions (every 3—4
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min) resulting in cervical effacement and dilation (n=8 patients; mean gestational age 39.8+0.2
weeks). A myometrial biopsy was obtained from the upper margin of the lower uterine segment
incisionMarean section. There was no difference in maternal age and body mass index,
parity, or g e of the patients recruited. In the labouring group, none of the patients
receivegalgmmons to augment or induce labour, and the average length of labour was 10 h

6 h 40 min. Tissug samples were snap frozen in liquid nitrogen and immediately stored at -80°C for

analysis by as detailed below.
Tissue exp re
Tissue expl re performed to determine the effect of the LMP7 inhibitor ONX-0914 on pro-

labour megtors in myometrium treated with the bacterial products LPS derived from E. coli strain
02:6B6 (Si ch; St. Louis, MO) or flagellin (Life Research; Scoresby, Vic, Australia). Tissue
explants wmrmed as previously described [30] on myometrium obtained from non-labouring
women§of term Caesarean section. Exclusions criteria for these studies are as detailed for
the expf€ssi ies above. Briefly, fresh myometrium (collected as detailed above) were placed in
DMEM at 37°C in a humidified atmosphere of 21% O, and 5% CO, for 1 h. Tissues were blotted dry

on sterile fliier paper and transferred to 24-well tissue culture plates (50 mg wet weight per well).

The explan @ cubated in 1 mI DMEM containing 100 U/ml penicillin G and 100 pg/ml
streptoﬁs were incubated in the absence or presence of 0.5 uM ONX-0914 for 60 min
before the i I |oiof 10 pg/ml LPS or 1 pg/ml flagellin for 20 h. After final incubation, tissue and
media wer d separately and stored at -80°C for further analysis as detailed below. The

concentrati NX-0914 were based on previous studies [18] and an initial dose response

(Supple@ure 1). Experiments were performed on myometrium obtained from six patients
at term gestation.
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Knockdown of LMP7 with siRNA in primary myometrial cells

Primary myometrial cells were used to investigate the effect of siRNA-mediated silencing of LMP7 on
pro-inflmnd pro-labour mediators. Term myometrium was obtained in the absence of
labour and isolated and cultured as previously described [50]. Cells between passages 3
and 8 wgresm experiments. At approximately 50% confluence, cells were transfected using

Lipofectamii 3i0 according to manufacturer's guidelines (Life Technologies; Mulgrave, Victoria,

Australia) a have previously described [51]. LMP7 siRNA (siLMP7) was obtained from
Integrated DNAfTeBhnologies (IDT; Coralville, 1A, USA), and the negative control siRNA (siCONT) was
obtained f a (Sigma-Aldrich). Cells were transfected with 200 nM siLMP7 or siCONT in
DMEM/F-1 h. The medium was then replaced with DMEM/F-12 (containing 0.5% (w/v) BSA)
with or witQout 1 ng/ml IL-1B, 10 ng/ml TNF, 1 pg/ml flagellin or 5 pg/ml poly(l:C) and the cells were

incubated mr an additional 20 h. After final incubation, cells and media were collected

separately and ed at -80°C for further analysis as detailed below. Cell viability was assessed by
the 3-(4,5- |-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) proliferation assay.
Experi erformed from myometrium obtained from five patients.

NF-kB RelA'luciferase assay

A Iuciferasas utilised to determine possible interactions between LMP7 and NF-kB, as
previouﬂ [51]. Primary myometrial cells, prepared as described above, at approximately
50% con uince, ﬁire transfected with 0.1 ug NF-kB RelA reporter construct (Qiagen; Chadstone
Centre, Vic ia) with FUGENE HD transfection reagent (Promega; Alexandria NSW, Australia).
After6 h, ¢ transfected with 200 nM siLMP7 or siCONT (as detailed above) for 48 h. The
mediuqeplaced with DMEM/F-12 with 0.5% (w/v) BSA, with or without 1 ng/ml IL-1B, 10
ng/ml TNF, 1 ug/mlflagellin or 5 pg/ml poly(l:C), and the cells incubated at 37°C for an additional 20
h. The cells were harvested in lysis buffer, and luminescence activity was measured using a
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Luciferase Reporter Assay Kit (Life Research) and Renilla Luciferase Flash Assay kit (Thermo Fisher

Scientific; Scoresby, Vic, Australia) as instructed. For each treatment, experiments were performed

t

P

using myometrium obtained from five patients.

Myomeﬁ'i cell'gel contraction assay

Cell contractipn assays were performed as previously described [52] with minor modifications.

Cr

Primary m cells were re-suspended in 0.25 ml DMEM/F12 (containing 10% FBS) and mixed

with 40 pl €ollagenl3 mg/ml collagen | from rat protein solution; Gibco™) and 1 pl 1 M NaOH by

S

gently pip mixture was transferred to 48-well tissue culture plates, incubated in 37°C to

U

allow poly n (approx. 15 min) and then treated with 1 ng/ml IL-1B or 10 ng/ml TNF in the

absence orfgresence of 0.25 uM ONX-0914. The gel matrix was gently detached from the well,

i

incubated t37°C, and the area of the gel was determined using Image Lab software (Bio-

d

Rad Laboratori ercules, CA, USA). Experiments were performed from myometrium obtained

from 5 pati

\Y

Cell adhesion assay

{

The cell adhesion assay was adapted from [52] and optimised for our studies. Primary myometrial

cells were to a 48-well tissue culture plate. At 95-100% cell confluence, media was
replaced w, /F-12 containing 0.5% (w/v) BSA, with 1 ng/ml IL-1pB in the absence or presence

of 0.25 4 and cells were incubated for 20 h at 37°C. The conditioned medium was

th

retained f -1 cell migration assay. Cells were resuspended in serum-free DMEM/F-12 and

U

then re-se 48-well tissue culture plates pre-blocked with 2% BSA in PBS and incubated for

lhat 372 -attached cells were washed away with PBS. The remaining attached cells were fixed

A

with 4% paraformaldehyde, stained with crystal violet and counted by absorbance at 560 nm in a
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microplate reader (Bio-Rad Laboratories). Experiments were performed using myometrium obtained

from five patients.

{

THP-1 cell says

THP-1 m-on‘!cy e cells (1x 10°/well) were suspended in serum-free DMEM/F-12 medium and seeded
into 24-well Corning® Transwell® culture plate inserts (Sigma-Aldrich). Conditioned medium retained
from the c lon assays were added to the bottom chamber and cells were then incubated at

37°C for that had migrated to the bottom chamber were collected and transferred into a

96-well plajiments were performed using conditioned medium obtained from three
patients.

C

Myometri tile studies

For these myometrial tissues were obtained from the Royal Women's Hospital, Parkville,
Victoria, AE’ with approval of the Royal Women'’s Hospital Research Ethics Committee.
Particip) imformed written consent for collection of myometrial samples before surgery and
tissue collection. Women with singleton pregnancies undergoing term (37-40 weeks gestation)

L

elective caesarean delivery following spontaneous labour (>4cm cervical dilation) (n=4). Exclusion
criteria wee as those described above (Tissue collection). Myometrial smooth muscle
contractile ere conducted as previously described [53]. Briefly, myometrium samples
(approximately 2x1,5x1.5cm in tissue size) were obtained from the upper lip of the lower uterine
segment d i sarean delivery, immediately placed into HEPES buffered saline and transported
to Monash ty, and contraction studies were commenced within 1 h. Strips of muscle,
~10><2l¢/cut from the tissue, and placed into wells of a tissue culture plate containing
DMEM/F-12, 10 ml penicillin G and 100 pg/ml streptomycin, and incubated for 30 min in 5% CO,
at 37°C. Incubation medium was then removed and replenished with fresh medium and incubated
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for another further 30 min. Tissues were then pre-incubated with fresh solution containing 0.5 uM
ONX-0914 for 60 min and co-incubated with 10 pg/ml LPS for an additional 14 h. Control tissues

and respo cin were recorded in the myometrial strips. Each strip was mounted in a 20

incIudedst# E: :fiosed to vehicle alone. Following treatment incubation, spontaneous contraction
ml orgaHb@ with physiological saline solution (PSS) containing (in mM): 119 NacCl, 4.7 KCl, 1.2
MgS0,, 25 NaHCRQs, 1 KH,PO,, 2.5 CaCl,, 11 glucose, gassed with 95% 0,:5%C0, at 35°C. One end of
the strip wbed to an isometric force transducer (FTO3C, Grass Instruments; MA, USA) and
hence to afllab@hagt 7.3.7 amplifier (ADInstruments; Australia). After 20 min equilibration the strips
were expo h-potassium PSS (isotonic replacement of NaCl with 100mM KCl) for 5 min in
order to elgdard contraction [41]. Following a further 30 min equilibration, oxytocin (2 pl
aliquots ofgueous stock solutions, 20 min per concentration) was added to the bath in increasing

concentratj ! to 10®M. The area under the contraction curve was analysed (ADInstruments

software) a expressed as a % of the high-potassium contraction.

Mouse z-induced inflammation

Animal studies were conducted with approval of the Austin Health's Animal Ethics Committee

(A2015/05268), Time mated C57BL/6 mice were obtained from the Austin BioSciences Resource
Facility on of gestation and allowed to acclimatise for 3 days prior to experiments. They

received f ater ad libitum and were on a 12-hour light/dark cycle. Female mice were mated

overnight with males and the day of vaginal plug detection was designated gestational day (GD) 0.5

of pregnan:

The LPSQS study was isolated from Escherichia coli, serotype 026:B6 (Sigma-Aldrich, St
Louis, MO). Based®n our studies and by others [29, 54-56], 10—75 ug of LPS per mouse was
administered intraperitoneally, with the 50 ug/mouse dose being the final concentration used. The
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concentration of ONX-0914 used was 10 mg/kg, based on other studies [18, 21]. On GD 15.5, mice
received an intraperitoneal (i.p.) injection (150 pl total volume) of saline (n=6), LPS (n=6), or LPS
with 10 M-OQM (n=6). As ONX-0914 was solubilised in DMSO, equal amounts of DMSO
(20% v/v) d in the injections for control and LPS groups. Six hours after injection, mice
were euﬁwim cervical dislocation. Myometrium and fetal brain from pups were harvested and

flash frozen in liguid nitrogen then stored at —80°C until further analysis by qRT-PCR as detailed

below. Ma rum and amniotic fluid were also collected and stored at -80°C until further

analysis bywwultiplex assay as detailed below.
RNA extra; quantitative RT-PCR (qRT-PCR)

RNA extrac!'ons and gRT-PCR was performed as previously described [31]. RNA quality and integrity
were meas g a NanoDrop ND1000 and determined via the A,eo/Ass0 ratio. RNA (0.5 pg for

tissues and 092 or cells) was converted to cDNA using the Tetro cDNA synthesis kit (Bioline;

Alexandria, ustralia) according to the manufacturer’s instructions. The RT-PCR was
perfor i CFX384 Real-Time PCR detection system (Bio-Rad Laboratories) using 100 nM of
pre-designed and validated QuantiTect primers (Qiagen; Chadstone Centre, Vic, Australia). Average

gene Cyvalues were normalised against two housekeeping genes: 14-3-3 protein zeta/delta (YWHAZ)

and succinrogenase complex subunit A (SDHA) (cells); 18S and SDHA (tissue explants); or
actin anﬂice studies). Of note, there was no effect of experimental treatment on the

housekeeping genes used. Fold differences were determined using the comparative Ct method.
Cytokine a aglandin assays

Assess<—6;&md CXCLS8 cytokine release was performed using CytoSet™ sandwich ELISA (Life
Technologies). ssment of CCL2 and ICAM1 release was performed using DuoSet™ sandwich
ELISA (R&D Systems Inc., Minneapolis, MN). Assessment of PGE, and PGF,, secretion was performed
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using a competitive enzyme immunoassay kit (Kookaburra Kits from Sapphire Bioscience, NSW,
Australia). Assessment of IL-6, TNF, IL-4 and IL-2 cytokine levels in mouse maternal serum and
amnioticﬂﬁderformed using the Mouse Cytokine 4-Plex Array according to the
manufactu&ions (Quansys Biosciences, Logan, UT, USA).

I

S

Statistical analysi
All statistic es were undertaken using GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Studwmred) t-test was used for two sample comparisons. For multiple comparisons,
the homog data was assessed by Bartlett’s test, and when significant, the data were

logarithmi sformed before further analysis using a repeated measures one-way ANOVA

(with LSD r!st-hoc testing to discriminate among the means). For the myometrial contraction

studies (Fi a sigmoid curve was filled to the concentration-contraction curves using the

lease squar od. The concentration of oxytocin that evoked half of a maximal response (ECs),
pD, (—log ECs the maximal response were compared using 2-way ANOVA, followed by Tukey’s
post ho i ta are expressed as mean = SEM, with N as the number of women contributing.

Statistical s!'inificance was accepted as P<0.05.
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Figure 1. Expressigmn of LMP7 in human myometrium

{

Human m was obtained from term non-labouring and labouring women at time of

U

Caesarean - LMP7 mRNA expression was analysed by gRT-PCR and the fold change was

calcula ve to non-labouring women group. Data are shown as mean + SEM (n=8 patients per

A

group). Samples ofindividual patients were collected and processed over a period of time and gRT-
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PCR data are from a single experiment with 8 patient samples per group. *P<0.05 vs. Term No

Labour (Student’s t-test).

——
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Figure P7 silencing and ONX-0914 treatment on pro-inflammatory cytokines in

human myom

(A,B) Human myometrium was incubated in the absence or presence of ONX-0914 (ONX) and then
treated wi! LPS (n=6 patients). IL-6 mMRNA expression was analysed by qRT-PCR and the fold change
was caIcuIine to LPS. The incubation medium was assayed for the concentration of IL-6 by

ELISA. Data wn as mean + SEM. Samples were from 6 in vitro individual experiments with 1

patient sa&le per experiment. ELISA and gRT-PCR data are from a single experiment with 6 patient
samplesM*R0.0S vs. LPS (one-way ANOVA). (C,D) Human primary myometrial cells were
transfectec: WIEE 5without SiLMP7 or siCONT 48 h and then treated with IL-1p (n=5 patients). IL-6

MRNA expressiondwas analysed by qRT-PCR and the fold change was calculated relative to LPS. The

incubat ﬁ um was assayed for the concentration of IL-6 by ELISA. Data are shown as mean +

SEM. Samples were collected from 5 in vitro individual experiments with 1 patient sample per

This article is protected by copyright. All rights reserved.



experiment. ELISA and gRT-PCR data are from a single experiment with 5 patient samples per group.

**P<0.05 vs. siCONT + IL-1B (one-way ANOVA).
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Figure 3. Effect of LMP7 silencing and ONX-0914 treatment on pro-inflammatory chemokines and

chemotaxis in human myometrium

t

P,

(A,B,E,F) Himan myometrium was incubated in the absence or presence of ONX-0914 (ONX) and
then treat n=6 patients). CXCL8 and CCL2 mRNA expression was analysed by qRT-PCR

and the'TolJ ¢ ange was calculated relative to LPS. The incubation medium was assayed for the

concentratign of,CXCL8 and CCL2 by ELISA. Data are shown as mean + SEM. Samples were from 6 in

Gl

vitro indivi eriments with 1 patient sample per experiment. ELISA and gRT-PCR data are from

a single experiffent with 6 patient samples per group. *P<0.05 vs. LPS (one-way ANOVA). (C,D,G,H)

S

Human pri metrial cells were transfected with or without siLMP7 or siCONT and then

U

treated wi n=5 patients). CXCL8 and CCL2 mRNA expression was analysed by qRT-PCR and

the fold ch@nge was calculated relative to LPS. The incubation medium was assayed for the

[

concentratj CL8 and CCL2 by ELISA. Data are shown as mean + SEM. Samples were from 5 in

d

vitro individtal eriments with 1 patient sample per experiment. ELISA and gRT-PCR data are from

a single ex t with 5 patient samples per group. **P<0.05 vs. siCONT + IL-1B (one-way

ANOVA

]

cell migration were performed using conditioned media from human primary

myometrial cells treated in the absence or presence of ONX-0914 (ONX) with IL-1B or TNF. Fold

I

change was calculated relative to IL-1B or TNF. Data are shown as mean + SEM. Samples were from 3

invitro ind @ periments with 1 patient sample per experiment. Migration data are from a
single exp ith 3 patient samples per group. #P<0.05 vs. IL-1B; ***P<0.05 vs. TNF (one-way

ANOVA).
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Figure 4. Effect of ONX-0914 treatment on cell adhesion in human myometrium

(A) Human myometrium was incubated in the absence or presence of ONX-0914 (ONX) and then

Relative ICAM1 mRNA expression

treat ith LPS for an additional (n=6 patients). ICAM1 mRNA expression was analysed by

D

gR e fold change was calculated relative to LPS. The incubation medium was

s yed for the concentration of ICAM1 by ELISA. Data are shown as mean + SEM. Samples

1.5

1.0

0.5

[

were froga 6 in vitro individual experiments with 1 patient sample per experiment. ELISA and

C

ta are from a single experiment with 6 patient samples per group. *P<0.05 vs.

ofne-way ANOVA). (B,C) Cell adhesion assays were performed using human primary

-
S

cells pre-treated in the absence or presence of ONX-0914 (ONX) with IL-1p3 or

ﬁ

=5%atients). Fold change was calculated relative to IL-1p or TNF. Data are shown as

mean + SEM. Samples were from 5 in vitro individual experiments with 1 patient sample per

[

. Adhesion data are from a single experiment with 5 patient samples per group.

=+ ¢}
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105%E” IL-1B; ***P<0.05 vs. TNF (one-way ANOVA).
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Figure 5. Effit : LMP7 silencing and ONX-0914 treatment on myometrial contraction

(A-D) Hum etrium was incubated in the absence or presence of ONX-0914 (ONX) and then
treated wiw an additional (n=6 patients). PTGS2 and FP mRNA expression was analysed by
gRT-PCR a d change was calculated relative to LPS alone. The incubation medium was
assayed fo centration of PGE, and PGF,, by ELISA. Data are shown as mean + SEM. Samples
were from! in vitro individual experiments with 1 patient sample per experiment. ELISA and gRT-

PCR data am single experiment with 6 patient samples per group. *P<0.05 vs. LPS (one-way

ANOVA). (E-H)
and then tr ith IL-1B (n=5 patients). PTGS2 and FP mRNA expression was analysed by qRT-PCR
and the was calculated relative to IL-1B-stimulated siCONT transfected cells. The

incubation medium was assayed for concentrations of PGE, and PGF,, by ELISA. Fold change was

an primary myometrial cells were transfected with or without siLMP7 or siCONT

calculated re|a!|ve !o IL-1B-stimulated siCONT transfected cells. Data are shown as mean + SEM.

Samples w @ 5 in vitro individual experiments with 1 patient sample per experiment. ELISA

and gRT-P re from a single experiment with 5 patient samples per group. **P<0.05 vs. IL-1j-
stimulated si ransfected cells (one-way ANOVA). (I-J) Collagen gels containing human primary
myometri +5) were treated in the absence or presence of ONX-0914 (ONX) with IL-1B or
TNF. Fold as calculated relative to IL-1 or TNF. A representative image of the collagen gels
is show re shown as mean + SEM from 2 in vitro individual experiments with 2-3 patient

sample per expefiMent. #P<0.05 vs. IL-1B; ***P<0.05 vs. TNF (one-way ANOVA). (K) Human

myometrium was obtained from in-labour women (n=4) and incubated in ONX-0914 (ONX) or vehicle
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control (Veh control) and then treated with LPS. Oxytocin-induced myometrial contractions were
then recorded. The area under the contraction curve was expressed as % of the contraction to high-
potassium(HiK, standardization for muscle mass in the tissue). Data are shown as mean +
SEM from individual experiments with 1 patient sample per experiment. Responses

foIIowin% e_!Eosure to ONX-0914 versus vehicle control were compared using 2-way ANOVA.
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Figure 6. E P7 silencing on NF-kB RelA activity in human primary myometrial cells
Human m idl cells were co-transfected with NF-kB RelA reporter construct, along with siLMP7
or siCO were then treated with (A) IL-1p, (B) TNF, (C) poly(l:C), or (D) flagellin (n=5 patients).
Promoter activi ormalised with Renilla expression) is expressed as a ratio of luciferase activity of

NF-kB RelA reporter plus siCONT plus treatment group. Data are shown as mean + SEM. Samples
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were from 5 in vitro individual experiments with 1 patient sample per experiment. NF-kB RelA data

are from a single experiment with 5 patient samples per group. *P<0.05 vs. siCONT + IL-13 (one-way

ANOVA); TP< vs. cells transfected with siCONT + TNF (one-way ANOVA); §P< 0.05 vs. cells
transfecte T + poly(l:C); **P<0.05 vs. cells transfected with siCONT + flagellin (one-way

ANOVA). !
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Figure 7. Effect of iNX-0914 on maternal and fetal inflammation in a mouse model of
inflammatio
Time-mate ant C57BL/6 mice were intraperitoneally injected at day 15.5 with either saline

(control), LPS, or LPS with ONX-0914 (n=6 mice per treatment group). Myometrium, fetal brain,
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maternal serum and amniotic fluid were collected after 6 h post i.p. (A-E) IL-1a, IL-18, CCL3, CXCL1

and PTGS2 mRNA expression was analysed by qRT-PCR in myometrium. (F,G) CCL3 and CXCL1 mRNA
expressionHalysed by qRT-PCR in fetal brain. (H,l) IL-6 concentrations in maternal serum and
amniotic fl asured by a mouse multiplex assay. The fold change was calculated relative to

LPS expr-esiﬁn. ata are shown as mean + SEM. Samples were from 6 in vivo individual experiments

with 1 mousg pegexperiment. ELISA and qRT-PCR data are from a single experiment with 6 mice per

group *P<0¢ PS (one-way ANOVA).
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