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Abstract

Chronic Obstructive Pulmonary Disease is commonly associated with cigarette smoke
exposure in developed nations. However, research demonstrating that a minority proportion of
smokers develop COPD alongside findings that show a stronger correlation between lung
function and familial relation than smoke exposure demonstrates that the link between cigarette
smoking and airway obstruction is not linear. Previous work from our lab has shown that
airway mesenchymal cells of COPD patients produced more extracellular matrix (ECM),
thereby contributing to small airway fibrosis. We hypothesise that the mechanisms

underpinning increased ECM production in COPD was epigenetic.

Using primary human airway smooth muscle cells, we carried out a microarray gene analysis
to determine which ECM genes were aberrantly upregulated in COPD. We determined that
transforming growth factor B1 (TGF-B1) stimulation lead to significantly higher induction of
COLI1541 and TNC in COPD in vitro. Further, we carried out IHC analysis to show that
collagen 15a1 and tenascin-C were deposed in the airway smooth muscle (ASM) layer in small
airways of COPD patients. Upon quantifying amount of ECM protein deposed within the ASM
layer, we determined that collagen 15a1 deposition was significantly higher in COPD airways;

demonstrating that the ECM protein was aberrantly expressed in vivo.

Investigating epigenetic modulations directed us towards studying specific acetyl-lysine
histone modifications at the target gene promoter regions. We, for the first time, demonstrated
that increased ECM expression in COPD is modulated by histone H4 acetylation induced upon
stimulation with TGF-B1. Further, we found that the epigenetic reader, Brd4, plays a role in

propagating the epigenetic mark to sustain prolonged COLI5A41 and TNC expression.
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10,1152/ ajplung. 001 34201 7.—Maternal smoking during pregnancy
contributes to long-tenm health problems in offspring, especially
respiratory disorders that can manifest in either childhood or adult-
hood. Receptors for advanced glyeation end products (RAGE) are
multiligand receptors abundantly localized in the lung, capable of
responding to by-products of reactive oxygen species and proinflam-
matory responses, RAGE signaling i= a kev reguolator of inflammation
in cigarette smoking-related pulmonary diseases. However, the impact
of maternal cigarette smoke exposure on lung RAGE signaling in the
offspring is unclear. This study aims 1o investigate the effect of
maternal cigarette smoke exposure (SE), as well as mitochondria-
targeted antioxidant [mitoquinone mesylate (MitoQ)] treatment, dur-
ing pregnancy on the RAGE-mediated signaling pathway in the lung
of male offspring. Female Balb/c mice (8 wk) were divided imto a
sham group (exposed to air), an SE group (exposed to cigaretie
smoke), and an SE + MQ group {(exposed to cigaretie smoke wi
Mito) supplement from mating). The lungs from male offspring were
collectzd at 13 wk. RAGE and its downstream signaling, including
nuclear factor-kB and mitogen-activated protein Kinase family con-
sisting of extracellular signal-regulated kinase 1, ERK2, ¢-JUN NHa-
terminal kinase (JNK), and phosphorylaed INK, in the lung were
significantly increased in the SE offspring. Mitochondrial antioxidant
manganese superoxide dismutase was reduced, whereas 1L-10 and
oxidative stress response nuclear factor (erythroid-derived 2)-like 2
were significantly increased in the SE offspring. Matemal MitoQ
treatment normalized RAGE, [L-15, and Nrf-2 levels in the SE + MQ
offspring. Maternal SE increased RAGE and its signaling elements
associated with inereased oxidative stress and inflammatory evtokines
in offspring lungs, whereas maternal MitoQ) treatment can partially
normalize these changes.

receptors for advanced glyveation end products

MATERNAL SMOKING DURING PREGNANCY contributes to various
long-term health problems in offspring, especially respiratory
disorders (21, 37). Several human studies have indicated that
maternal smoking is associated with lung underdevelopment,
airflow limitations, increase in the risk of respiratory infec-
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tions, and development of airway hypersensitivity and asthma
(7, 62, 64). Several mechanisms have been proposed, including
a reduction in the development or physical size of the lung,
such as reduced elastic tissue and the number of alveolar
attachments to the airway, an increase in oxidative stress, and
alteration to the inflammatory response and immune system
(14, 17, 41, 42).

Receptors for advanced glycation end products (RAGE) are
multiligand receptors abundantly localized in the lung (16).
Recent studies have implied a role of RAGE in cigarette
smoking-related diseases, where RAGE signaling is a kev
regulator of inflammatory response in pulmonary diseases (13,
48). Cigarette smoke induces the formation of advanced gly-
cation end products (AGEs), resulting in the development of
diseases through the AGEs-RAGE axis (8, 44). Indeed, it has
been reported that serum levels of AGEs are elevated in
smokers, including both cuwrrent and past smokers (40}, and
RAGE levels are elevated in pulmonary tissue from mice
exposed to cigarette smoke (20, 65). AGEs can interact with
RAGE, leading to proinflammatory responses via several
downstream kinases, such as the mitogen-activated protein
kinase (MAPK) family consisting of extracellular signal-regu-
lated kinase-1/2 (ERK1/2), ¢-JUN NH.-terminal kinase (JNKJ,
and p38 MAPK. The transcription factor nuclear factor-x light
chain enhancer of activated B cells (NF-xB) can also be
activated, which results in the expression of a variety of
proinflammatory mediators and cytokines, including IL-1,
IL-6, and tumor necrosis factor (TNF)-a (30, 32, 457, Thus, the
activation of RAGE-mediated signaling pathways is likely to
play a key role to mediate the inflammatory response in many
pulmonary disorders (47). In a previous study, short-term
maternal cigarette smoke exposure during embrve days 14.5
18.5 was shown to increased RAGE level in the fetal lung
tissue at embryo day 185 (63). However, whether such
changes are still present at adulthood is unknown.

Pathological responses induced by the AGEs-RAGE axis are
mediated by the generation of intracellular reactive oxygen
species (ROS), the ensuing oxidative stress (15), and the
activation of ROS-induced cytokine production and inflamma-
tion. Mitochondria are the major cellular source of ROS (59)
and as such are a pharmacological target for ROS production.
It is well established that oxidative stress can induce the
secretion of inflammatory cytokines and the expression of
adhesion molecules and inflammatory mediators in the lung (3,
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24, 27). It has also been shown that maternal smoking can
significantly increase oxidative stress in the offspring, includ-
ing the lung tissue (4). Therefore, reducing oxidative stress
may reduce pulmonary inflammatory responses in the lungs of
offspring from smoking parents,

Coenzyme Q10 (CoQl10) is a mitochondrial endogenous
antioxidant. It has been shown that CoQ10 dietary supplemen-
tation (1%) in mice with diet-induced obesity can lower liver
markers of inflammation and oxidative stress (55). Plasma
CoQl0 levels are reduced in smokers (1), However, mitochon-
drial intake of commercial CoQ10 is very low via oral supple-
mentation; thus, a superphysiological dose was used in the
abovementioned study. Mitoquinone mesylate, also known as
Mito, is a mitochondria-targeted antioxidant. It consists of a
ubiquinone moiety, the same structure to the ubiquinone found
in CoQ10 that is linked to a triphenylphosphonium moiety by
a 10-carbon alkyl chain that allows its rapid uptake and
accumulation in the mitochondria to restore the antioxidant
efficacy of the mitochondrial respiratory complex (26). As
such, it has been reported that MitoQ has a protective role
against oxidative damage-related pathologies in metabolic dis-
ease (36) and neurodegenerative diseases (34). Amniotic fluid
CoQl0 levels are significantly lower among women delivering
preterm babies, a risk that is increased by maternal smoking
(29, 60). Therefore, MitoQ might be a suitable intervention
option since it is already marked for human consumption.

Thus, the main aim of this study was to investigate the
long-term impact of maternal cigarette smoke exposure (SE)
on lung RAGE signaling elements in adult offspring. In addition,
whether MitoQ supplementation during gestation can mitigate the
adverse impact of maternal SE was also investigated.

MATERIALS AND METHODS

Animal experiments. The animal experiments were approved by the
Animal Care and Ethics Committee at the University of Technology
Sydney (ACEC nos. 2014-638 and 2016-419). All protocols were
performed according to the Australian National Health & Medical
Research Council Guide for the Care and Use of Laboratory Animals.
Female Balb/c mice (8 wk) were housed at 20 = 2°C and maintained
on a 12:12-h light-dark cyele with ad libitum access o standard
laboratory chow and water, After the acclimatization period, mice
were divided into the following three groups: sham (exposed to air),
SE (exposed 1o 2 cigarettes two times daily, 6 wk before mating and
throughout gestation and lactation, as previously described; see Ref.
2, and SEMQ [SE mothers supplied with MitoQ (1.5 g/l in drinking
waler) during gestation and lactation]. This dose was chosen, since it
has previously shown to be effective, safe, and maintain steady-state
tissue concentrations of 1-100 pmol Mitodz of tissue (36, 49)
(depending on the organ analyzed; Mito} accomulates in liver and
heart but is effective in the lung with this dosing regimen; see Ref.
33). Male breeders and suckling pups stayed in the home cage when
mothers were exposed to sham or cigarette smoke. Pups were weaned
al postaiad day 20 and maintained without additional intervention.
Male offspring were euthanized (4% isoflurane, 1% Oz Veterinary
Comparies of Auvstralia, Kings Park, NSW)at 13 wk (mature age), and
the lung tissues were collected and stored at —80°C for later analysis.

Western blor anafysis. Lungs tissues were homogenized in lysis
buffer with phosphatase inhibitors (Thermo Fisher Scientific). Protein
concentrations were measured vsing DC Protein assay (Bio-Rad,
Hercules, CA). Equal amounts of proteins (20 pg) were separated on
NuPage Novex 4-12% Bis-Tris gels (Thermo Fisher Scientific) and
transferred to PVDF membranes. The membranes were blocked with
TBS-0.05% Tween 20 containing 5% BSA or skim milk for 1 h,
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before incubation with primary antibodies against phospho-Erk1/2
(1:1,000; Cell Signaling Technology ), Erk1/2 (1:1,000; Cell Signaling
Technology), phospho-INK (1:1,000; Cell Signaling Technology),
INK (1:500; Cell Signaling Technology), phospho-p38 MAPK (1:
1,000, Cell Signaling Technology), p38 MAPK (1:1,000; Cell Sig-
naling Technology), NF-kB and phospho-NF-xB (1:1,000; Cell Sig-
naling Technology), 1L-6 (1:1,000; Cell Signaling Teclmology),
TL-1(3 (1:1,000; Cell Signaling Technology), RAGE (1:1,000; Gene-
Tex), TNF-a (1:1,000; GeneTex), antioxidant response element nu-
clear factor (erythroid-derived 2)-like 2 (Nrf-2, 1:500; Aviva System
Biology), endogenous antioxidant manganese soperoxide dismuotase
(MnS0OD, 1:1,000; Santa Cruz Biotechnology), transforming growth
factor-31 (TGF-B1, 1:500; R&D Systems), and collagen 1A (1:1,000;
Santa Croz Biotechnology) overnight at 4°C, which was followed by
secondary antibodies (peroxidase-conjugated goat anti-mounse or anti-
rabbit IgG, 1:2,000; Santa Croz Biotechnology). The blots were then
incubated in Suvper Signal West Pico Chemiluminescent substrate
(Thermo Fisher Scientific), and the membranes were then visualized
by an Amersham Imager 600 (GE Healthcare, NSW, Australia).
Protein band density was determined using Image] software (National
Institute of Health) for densitometry, and B-actin (1:5,000;, Santa Cruz
Biotechnology) was used as the housekeeping protein.

Cuamtitative real-time PCR. Total mRENA was isolated from lung
tisspes vsing TRIzol Reagent (Life Technologies). First-strand
cDNA was generated vsing M-MLV Reverse Transcriptase, RNase
H, and the Point Mutant Kit {Promega, Madison, WI). Real-time
PCR was performed vsging the manofactorer’'s preoptimized and
validated TagMan primers and probes (Thermo Fisher Scienti-
fich. Only the RAGE probe sequence is provided by the manufa-
ctorer (CCCAGGCGTGAGGAGAGGAAGGCC, NCBI gene ref-
erences: NM_001271422.1, NM_001271424.1, NM_007425.3; 1D:
Mm01134790_g1). RAGE probes were labeled with FAM dye and
those for housekeeping 185 rRNA were labeled with VIC dye. Gene
expression was standardized 10 185 RNA. The average expression of
the control group was assigned as the calibrator against which all
other samples were expressed as fold difference.

Statisical analysis. Results are presented as means = SE. The data
were analvzed by one-way ANOV A followed by post hoe Bonferroni
test (Prism 7; Graphpad), Differences were considered statistically
significant at P <= 0,05,

RESULTS

Effect on the body weight of offspring. At postnatal dav 1, as
expected, male offspring from the SE mothers (1.30 = 0.07 g,
n = 11) were significantly smaller than those from the sham
mothers (149 = 0.03 g, P < 0.01, n = 17). Smaller body
weight was maintained until 13 wk of age (SE 24.3 = 0.2 g,
n = 21; sham 253 = 0.3 g, n = 20, P < 0.01), which was
consistent with our previous study using the same maodel (25).

Mito} supplementation during gestation and lactation sig-
nificantly reversed in the impact of maternal SE on small birth
weight in the male pups (1.65 * 0.02 g, P < 0.05 vs. sham,
P <001 vs. SE, n = 7). In adulthood, the body weight of
SEMQ offspring was also normalized to the sham level
(232 + 02 ¢ P =001 vs. SE, n = 12).

Effect on lung RAGE and MAPK signaling elements in
offspring. Maternal smoking increased the amount of RAGE
protein in adult offspring lungs (P < 0.05 vs. sham; Fig. 14),
which was reduced by MitoQ. At the mRNA level, RAGE was
only slightly reduced in the SE offspring at 13 wk but increased
by MiteQ (Fig. 18). RAGE downstream signaling molecules,
including total Erkl, Erk2, INK, and phospho-INK protein
levels, were increased in SE offspring (P < (.03 vs. sham: Fig.
2, A-C), however, phospho-Erkl and phospho-Erk2 levels
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were not different between sham and the SE group. There was
no change in total or phosphorylated p38 MAPK between the
sham and Sk groups (Fig. 20), Maternal MitoQQ supplementa-
tion during gestation marginally reduced total ERK1 and
IERK2, as well as phospho-ERK1 and phospho-ERK2 levels,
although without statistical significance (Fig. 2).

Effects on lung antioxidant enzyme in offspring. MnSOD is
the primary endogenous mitochondrial antioxidant that plays a
key role in protecting cells against oxidative siress, As shown
in Fig. 3, mitochondrial levels of MnSOD were significantly
reduced in the SE offspring (P < 0.05), which was only
slightly enhanced by malermal MitoQ} ireatment. Furthermore,
Nrf-2, a transcription factor that is highly sensitive 1o oxidative
stress, was significantly increased in the SE offspring (P <
0.05 vs. sham; Iig. 44), which was normalized by matcrnal
MiloQ supplementation (P < 0.05 vs. SI5; Lig, 48),

Effects on lung proinflammatory mediators in offspring.
RAGL:-induced release of proinflammatory cytokines is mainly
via the aclivation of NF-kB, a redox-sensilive transcription
factor that regulates the transcription of several proinflamma-
tory cytokines. There was a nonsignificant rend toward in-
creasing levels of phosphorylated NEF-kB3 in SE offspring, and
the total NF-kB3 level was significanily increased i SE ofl-
spring comparcd with sham offspring (P < 0.05; Fig. 4, A and
B). As a resull, the ratio of phosphorylated NF-kB 1o (otal
NF-kB was unchanged. Similarly, 11.-13 protein level was
more than doubled in SE offspring (P < 0.05; Fig. 4B).
whercas TNF-ar level was increased by 500%, albeit without
statistical significance (Iig. 40), However, 11.-6 levels were
similar between the sham and SE group (Fig. 4C). Maternal
MiwQ supplementation normalized phosphorylated and total
NE-kB and 11.-13 levels in SEMQ oflspring (Fig. 4, A and 8),
without any effect on 1L-6 and TNF-a (Fig. 4, C and D).

Effect on lung fibrotic markers in offspring. A prolonged
increase in TGE-B1 activity can lead to persisient lung fibrosis,
resulting in excessive production of collagen-1A (11). Here,
ncither TGE-B1 nor collagen- 1A proteins levels were changed
in 13-wk-old Sk offspring (Iiig. 5), Matemal Mito(Q treatment
also showed no impact on these two proteins (Fig. 5).

DISCUSSION

Matemal smoking during pregnancy has been shown to
adversely allect fetal lung development and has also been
linked 10 an increased risk of long-term respiratory disorders
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(21, 37}. In this smdy, we found that SE offspring had reduced
body weight at birth that was maintained until adulthood. The
protein levels of RAGE and its downstream signaling, includ-
ing NI'-k3 and MAPK family consisting of ERK1, ERK2,
INK, and phospho-INK, were significantly increased in the
lung of SE offspring, with increased inflammatory cytokine
IL-1B level. Mitochondrial antioxidant MnSOID levels were
reduced, and the oxidative stress response Nrf-2 was signifi-
canily increased in the SE offspring. Matemal MitoQ treatment
reversed the impact of maternal SE on birth weight and
normalized RAGE, NF-kB, IL-1B, and Nrf-2 levels in off-
spring.

RAGE plays an important role in cigarette smoking-related
discases as a key regulator in maintaining and promoting
inflammatory responses (13, 48, 57). It has been shown thal the
expression of RAGL is increased in pulmonary cpithelial cells
aller exposure lo cigarelie smoke extracl (46), whereas in-
creased inflammatory eytokines have been found in the lung
lavage fluid of smokers and mice exposed (o cigarelle smoke
(25, 28). To our knowledge, this is the first study o demon-
strate that continuous maternal SE from pregestation to lacta-
tion leads to increased RAGE expression in the offspring’s
lung at adulthood, with increased downstream signaling ele-
ments and inflammatory cytokines. The study by Winden ct al.
only showed RAGE augmentation in the fetal lung following 4
days of matermal SE during the pscudoglandular period of lung
development (63). This suggests that the changes in RAGE and
signaling clements by maternal SE can begin in the intrauterine
period and last long into adulthood. In our siudy, RAGE
mRNA expression was marginally suppressed (nonsignifi-
cantly) in the SE offspring, which may be because of a
negative feedback loop. This suggests that the level of RAGE
may be regulated at a transcriptional level. Additional studies
will be required to determine the exact mechanism, such as the
involvement of ranscriptional regulator noncoding RNAs.

The activation of RAGL signaling pathways can influcnce
alveolar remodeling characieristics ol pulmonary disease (50).
Several studics have indicated that cigarciie smoke induces the
expression of RAGE and promotes the phosphorylation of
ERK1/2, p38, and JNK in primary human gingival epithelial
cells and in the lungs of rats exposed to cigaretle smoke (52,
63, 66). Therefore, here we investigated the signal transduction
pathways and fibrotic markers in lung tissue. In the present
study, we demonsirated that maternal SE can increase the
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diseases other environmental stimuli are mostly needed to
develop the disease in children.

The two fibrotic markers measured in this study were not
affected by maternal SE. This is consistent with the changes in
librotic markers in the kidney in our previous siudy using the
same model of maternal SE (2). Increased collagen deposition
has been found in fetal lung tissue of monkeys due to maternal
nicotine administration (51). Such differences may be the
result of the dose of nicotine administered. In our study the
nicotine dose was low (equivalent to a human smoking 1 1o 2
cigarcties/day). The other significant difference is that cigareiie
smoke is a complex mixiure of chemicals that may inhibit or
enhance the effects of nicotine.

Cigarette smoke contains free radicals and irself can stimu-
late the production of ROS in lung tissues, leading 10 oxidative
damage in both pregnant women and newborns (12, 18).
MnSOD is an enzyme present in mitochondria that is one of the
first-line enzymes 1o detoxily the superoxide radicals generated
during ATP synthesis (6). Here we showed that the level of
mitochondrial MnSOD was reduced in the offspring’s lung in
response 1o maternal SE. This is consistent with our findings in
the brain and kidweys of SE offspring in adulthood in our
previous studies (10, 56). RAGE activation by multiple k-
gands, such as ceramides, cigarettie smoke (39), or intracellular
amyloid-3 peptide (58), results in mitochondrial d

SHAM SE SEMQ

which arc the downstream targets of NF-xB. It has been
reported that chronic production of 11L-13 can lead to pulmo-
nary inflammation, emphysema, airway remodeling, and bron-
chial hyperreactivity, which are the main features of asthma
and COPID (23, 31, 35). Therelore, malermal smoking during
pregnancy may increase the risk of chronic inflammatory
conditions in offspring lungs, making them more susceptible to
certain pulmonary  disorders such as COPD in adulthood,
which requires further investigation.

Mitochondrial oxidative damage occurs in many discase
states. Therclore, straicgics to prevent oxidative stress-induced
damage may provide new herapeutic oplions for a range of
human disorders, including lung diseases (5). MitoQ) is, 1o date,
the best-characterized mitochondria-targeted ubiguinone (53)
that reduces the potent antioxidant mitoquinol in the mitochon-
dria (26). Mito() has been used in several organ systems but as
far as we know never before for pulmonary disorders (9, 36,
38, 54). In the present study, we determined the eflects of
matemal MiloQ supplementation during pregnancy on the
health outcome of the lungs in offspring. Although maternal
MitoQ) treaiment in SE mothers did not allect endogenous
MnSOD level in the offspring, oxidative stress seems 1o be
reduced, reflected by normalized Nrf-2 level. RAGE levels in
the SEMQ offspring were also reduced. The activity of MAPK
Tamily bers did not seem 1o be involved in the action of

likely mediated via mitochondrial ROS production (22). Given
this, it is likely that reduced MnSOD in the current experiments
is the resull of milochondrial damage.

Additionally, Nrf2 is a transcription factor that responds to
oxidative stress and contributes to the induction of several
prolective enzymes 1o scavenge excess [ree radicals during
oxidative stress. Nrf2 was found 1o be increased in moderale
smokers in response to increased oxidative stress induced by
cigarelte smoke (19). Here, we found that Nrf2 was signifi-
cantly increased in the SE offspring at adulthood, in line with
their increased oxidative stress markers. Taken together, ma-
tlemal cigaretic smoking during pregnancy may causc long-
lasting oxidative stress in oflspring Jungs, possibly because ol
the reduction of protective antioxidalive enzymes,

Prolonged oxidative stress can activale the redox-sensitive
transcription factor NF-kB (61), which, in (urmn, resulis in the
transcription of a variety of mRNA encoding proinflammatory
cytokines (43). In the present study, the level of NF-kB in
offspring from SIi mothers was higher than those from the
sham mothers. This is in keeping with increased protein levels
of the proinflammatory cytokines IL-15 and TNI-«, both of

MitoQQ. However, NF-kB was normalized by maternal inter-
vention, which can further normalize proinflammatory cyio-
kine levels (including 11.-18 and TNF-a) in the offspring’s
lung. Taken together, our findings suggest that the administra-
tion of the mitochondria-targeted antioxidant MitoQ) may be
beneficial to lung health oulcomes in offspring from S1E moth-
ers.

In summary, maternal SE can enhance oxidative stress and
the expression of RAGE, as well as promote RAGE-mediated
inflammatory responses in offspring lungs. Maternal MitoQ
supplementation during pregnancy is beneficial in reducing
inflammatory and oxidative stress responscs caused by mater-
nal SE. Fure human iranslalion may be plausible, since
Mito) is already marketed as an over-the-counter dietary
supplement.
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Abstract

In utero exposure to tobacco products, whether maternal or environmental, have harmiul effects on first neonatal
and later adult respiratory outcomes, These effects have been shown to persist across subseguent generations,
regardless of the offsprings’ smoking habits. Established epigenetic modifications induced by in utero exposure are
postulated as the mechanism underlying the inherited poor respiratory outcomes. As e-cigarette use is on the rise,
their potential to induce similar functional respiratory deficits underpinned by an alteration in the foetal epigenome
needs to be explored. This review will focus on the functional and epigenetic impact of in utero exposure to
rmaternal cigarette smoke, maternal environmental tobacco smoke, environmental tobacco smoke and e-cigarette

vapour on foetal respiratory outcomes.

Keywords: Epigenetics, Airway, Lung development, Asthima, COPD, E-cigarette, Tobacco, Foetal
\

Background

Foetal lung organogenesis is an extensive and multi-stage
)
bud by the 4th gestational week, with lobar and vascu-
larised subsegmental branching occurring by the éth week
[1]. Genesis of conducting airways, with airway cartilage,
smooth muscle, mucous glands and epithelial cell differ-

process, commencing with the development of the lu

entiation commences as early as gestational week 7 [1].
Completion of a full-term pregnancy allows for formation
of true alvecli and maturation of surfactant in Type II epi-
thelial cells [1, 2], allowing for healthy gas exchange. Upon
delivery, lung development will continue postnatally, with
significant alveolar growth occurring during the first 2
years of life [3] and into adalescence [4]. This protracted
period of development, commencing in utero and
continuing into adolescence, makes the pulmonary system
particularly vulnerable to environmental insults affecting
normal lung development. Harmful exposures during
development can alter the course of healthy lung

ck Institute of Madlzal
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development and set the child on a trajectory making
them more vulnerable to disease [5-7].
Asthma and chronic obstructive pulmonary di

ase
(COPD} are diseases of the airway, wherein patients ex-
perience common symptoms such as shortness of
breath, cough and wheeze, and share some similar
pathological changes collectively termed airway remodel-
ling. What sets them apart at a functional level is the
age of onset of symptoms, etiological causes, progression
of the disease and response to existing therapeutics.
Asthma is a heterogenous disease experienced by 235
million people worldwide [8] and is the most prevalent
chronic disease in developed countries. Asthma typically

develops early in life with patients experiencing symp-
toms during an exacerbation episode known as an
‘asthma attack, which typically responds well to bron-
chodilators and can be controlled using corticosteroids.
Overall, asthmatic mortality rates have fallen but deaths
during asthma attacks subsist, with higher prevalence in
the elderly [9]. Atapy is common in asthma, mediated by
CD4y Th2 cells and infiltration of mast cells and eosino-
phils in the airway walls. Inflammation and increased
smooth muscle bulk comprise airway wall remodelling in
asthma, causing airway obstruction [9, 10].
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COPD is the fourth most common cause of death
worldwide with prevalence increasing in concert with
the ageing population [11, 12]. In contrast to the age of
onset in asthma, COPD—except anti-a-trypsin COPD—
develops later in life. COPD patients generally show a
limited response to corticosteroids and upon manifest-
ation of the disease, lung function progressively declines
until death or transplantation. Inflammation in small air-
way walls of COPD patients is mediated by CD8+ Tcl
cells, consists of neutrophils and macrophages [9, 10]
and is most prevalent in peripheral airways [13]. In con-
junction with small airway obstruction, COPD patients
may experience emphysema, which manifests as loss of
alveolar space. Pathologically, patients can be clustered
into predominantly experiencing either small airway ob-
struction or emphysematous destruction [9].

Both asthma and COPD have an inherited component,
but the aeticlogy and risk factors for the two are differ-
ent. Typically, asthma is an allergic disease and COPD is

the result of inhalation of noxious gases; however, there

is considerable overlap of the two diseases, and in some
cases, asthma and COPD can co-exist and asthma can
progress into COPD. The differences between COPD
and asthma are attributed to different gene environment
interactions and different genetic risk factors. Patho-
logically the two diseases are distinct, for example differ-
ing inflammatory profiles and sites of inflammation
within the airway wall [, 14], but asthmatics and COPD
patients both experience obstruction of the airways. A
useful diagnostic tool for airway obstruction is spirom-
etry, wherein patients’ forced expiratory volume in 1 sec-
ond (FEV,} demonstrates how quickly a patient can
expel air from their lungs. A lower FEV, indicates
greater airway obstruction. The main spirometric differ-
ence is that asthma has reversible airway obstruction,
but COPD has incomplete reversal of airway obstruc-
tion. However, spirometry alone cannot differentially
diagnose the two diseases, In severe forms of asthma, for
example asthma with fixed airflow limitation, lung physi-
ology can resemble COPD, and similarly patients with
COPD can be highly responsive to bronchodilators.

This review will focus on the epigenetic impact of spe-
cific environmental insults such as environmental to-
bacco smoke (ETS), maternal exposure to ETS (METS),
maternal use of tobacco smoke (MTS) and maternal
e-cigarette vapour (MEV) exposure on the offspring'’s
lung development and function, with a focus on asthma
and COPD.

Epigenetics in asthma and COPD

Studies have shown that family history of COPD is a risk
factor for manifestation of the disease [15, 16]. Similarly,
siblings and first-degree relatives of asthmatics are often

affected with lower FEV, [17, 18], thereby suggesting a
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heritability factor in asthma and COPD. The absence of
a correlation between findings of a COPD or asthma
SNP in genome-wide associations studies (GWAS) sug-
gests that the hereditary effect is likely established at the
epigenomic level rather than genomic and might have
greater impact on gene expression in cells at the site of
disease [19].

Epigenome-wide association studies (EWAS) have
found that leukocytes from COPD patients have 349 dif-
ferentially methylated Cp( sites compared te those from
non-COPD smokers [20]. A similar study using small
airway epithelial cells found 1260 differentially methyl-
ated CpGs related to COPD [21]. DNA methylation sta-
tus at the promoter of GATA4 measured in sputum
samples has been associated with impaired lung function
[22, 23] and health outcomes in COPD [22]. Whilst aug-
mented mRNA expression of DEFEI, a gene associated
with COPD [24], has been attributed to trimethylation
of H3K4 [25].

The balance of Type 1 helper T-cells (Thl) and Type
2 helper T-cells (Th2) is crucial in the development of
atopic asthma [26]. Epigenetic changes, such as methyla-
tion at the interferon-y (Ifii-y) promoter, have been asso-
ciated with skewing naive T-cells towards an atopic Th2
phenotype [27]. Murine models of asthma have shown
that genetic components involved in transcription of
Th2 eytokine, IL-13, are regulated by DNA methylation
and miRNAs with predicted targets essential in allergic
airways disease [28].

The innate immune system is naturally plastic and
therefore particularly vulnerable to epigenetic maodifica-
tions. Further, aberrant accumulation of leukocytes such
as neutrophils and eosinophils has been implicated in
both asthma and COPD [9] suggesting that dysregulated
epigenetic modulation of these cells could contribute to
disease pathology. A study using bronchoalveolar lavage
(BAL) macrophages from patients with COPD found
lower expression of HDAC2 mRNA and showed de-
creased histone deacetylase (HDAC) activity in smokers
that correlated with significantly higher levels of IL-1§
and TNFa [29]. There was an altered ability of the BET
mimic JQ1 to suppress specific cytokine gene expression in
COPD BAL macrophages [30] which together demonstrate
that epigenetic changes contribute to disease pathology.
For a comprehensive review on epigenetics in airways dis-
ease, it is recommended to read Durham et al [31].

Functional and epigenetic outcomes of maternal tobacco
smoke (MTS), maternal environmental tobacco smoke

(METS) and environmental tobacco smoke (ETS) exposure
Although awareness campaigns have led to a general de-
cline in smoking rates across the world, MTS is an on-
going issue [32, 33]. Rates vary widely between
countries, with some EU nations as low as 5% (Sweden,

13



Zakarya et al. Clinical Epigenetics {2019 11:32

Austria, Switzerland) and others as high as 40% (Greece)
[34-36]; in the US 10.7% of mothers smoke during the
last trimester [33]. Together, these data demonstrate that
maternal smoking is a worldwide problem. Maternal to-
bacco use is not the enly means of foetal tobacco expos-
ure with epidemiological studies reporting up to 50% of
women in China are exposed to ETS while pregnant
[37]. Further, it is estimated that the aforementioned MTS
and ETS exposure rates do not accurately reflect the true
extent of the problem as smoking parents have been
shown to falsely report their habit [38] and 50% of smokers
continue to smoke throughout their pregnancy [39].

Studies have quantified levels of cotinine in amniotic
fAuid of pregnant smokers and blood from neonates ex-
posed to MTS [40, 41], confirming that nicotine can
cross the placenta in utero [40, 42]. An investigation of
nicotine exposure in neonates found cotinine levels
comparable to that observed in active smoking adults
[43, 44]. 1t is presumed that the antenatally exposed infant
will continue to be exposed to nicotine postnatally through
ETS exposure and breast milk [45, 46] with 40% of chil-
dren reportedly exposed to ETS [47]. Studies have found a
positive correlation between concentration of nicotine in
maternal blood and foetal growth retardation [48].

Harmful effects of MTS on lung development have
been detected early on with a slower pace of septal
growth, subsequent alveolarisation [49, 50], and foetal
lung size of MTS-exposed babies reduced by the 33rd
gestational week [51). Mothers continuing to smoke dur-
ing pregnancy have a 25% higher likelihood of preterm
labour [52], causing a disruption of healthy lung organo-
genesis leading to aberrant development [53].

MTS exposure also increases risk of asthma [54, 55]
and wheeze [54, 56] in the offspring, with paternal
smoking being an additive risk [55]. Negative respiratory
outcomes for infants exposed to MTS include irregular
tidal breathing patterns, decreased passive respiratory
compliance, and decreased forced expiratory flows [51, 57],
with decreased lung function persisting into adolescence
[55, 57] and early adulthood [58, 59]. Paternal smoking
during puber
increases the risk for asthma in offspring [60], thereby

demonstrating that parental smoking behaviour has a

» when spermatogonia are developing,

long-term effect on respiratory outcomes in the offspring,
Exposure to ETS significantly decreases FEV, [61, 62]
and is an independent risk factor for developing asthma
[63]. Asthmatic children exposed to ETS have more se-
vere asthma [64] and frequent exacerbations requiring
hospitalisation [65] and tend to have slower recoveries
than those not exposed to ETS [66). Indeed, urinary co-
tinine levels positively correlate with ETS exposure levels
and the severity of asthma exacerbations [67] and higher
blood cotinine concentrations are linked to bronchial
hyperresponsiveness [68]. Removing ETS from an
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asthmatic childs environment has shown positive health
outcomes by lessening symptoms [69]. Women exposed
to ETS during childhood were twice as likely to develop
COPD whilst men showed a slightly increased risk of re-
duced lung function when compared with those not ex-
posed to ETS during childhood [70]. Childhood ETS
exposure combined with previous MTS exposure has
been shown to have compounding effects that leave the
offspring more vulnerable to harmful effects of active
smoking and decline in lung function [58, 71]. The effect
of MT5 and ETS on COPD patients’ outcomes persists
long into their lives, with adult patients of smoking
mothers having significantly lower FEV, than those of
non-smoking mothers [72].

Investigations into epigenetic aberrations in human
airway cells exposed to tobacco smoke found small air-
way epithelial cells experience dose-dependent changes
in histone acetylation and methylation, alongside de-
creased expression of DNA methyltransferases (DNMT)
73]. Tobacco smoke-exposed H292 cells, derived from
human lung epithelia, showed augmented expression of
genes for enzymes involved with chromatin modifica-
tions, such as the histone deacetylase (HDAC), HDAC2,
and the histone acetyltransferase (HAT), Mystd, within
60 min of exposure to tobacco smoke extract with ex-
pression of other HATs and HDACs upregulated at the
24-h time point [74]. Exposure of human bronchial epi-
thelial cells to the vapour phase of tobacco smoke, rather
than a tobacco smoke extract, found that tobacco smoke
induces acetylation at H3K27 and demonstrate that
these changes have a downstream effect on transcription
of genes related to stress responses [75].

COPD is a known risk factor for lung cancer and the
latter is also associated with an altered epigenome, and
several specific changes in miRNA expression, histone
modifications and DNA methylation profiles have been
reported in lung cancer and even proposed as bio-
markers of disease [76]. For example, the methylation sta-
tus of PGAMS5 in human sperm cells is altered by
cigarette smoking which affects its expression [77].
PGAMS expression was dysregulated in epithelial cells
and specific macrophage subtypes of COPD patients with
lung cancer with the latter associated with mortality [78].

Epidemiclogical evidence supports the notion that the
effects of MTS are heritable with further generations con-
tinuing to manifest poor respiratory outcomes. Grandma-
ternal smoking has been shown to affect the grandchild’s
lung development [60, 79] and increase the risk of asthma
independent of maternal smoking [80-82]. Furthermore,
MTS exposure experienced by the father in utero has been
shown to affect the respiratory outcome of his daughter,
independent of his smoking habits [83]. Murine models
confirm the direct effects of MTS on the offspring with in
utero smoke exposure decreasing lung volume [84, 85]
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and increasing airway resistance [85] and provide insights
into the mechanisms underlying these changes. The devel-
opmental differences are evident in MTS-exposed mice
offspring with significantly lower lung weights [86] and in-
creased ASM layer thickness and collagen deposition
upon allergen challenge with HDM compared to those ex-
posed to ambient air [87]. An intergenerational murine
model demonstrates that METS exposure lead to in-
creases in airway hyperactivity, airway resistance and de-
creases in lung compliance in offspring, which was then
passed down to the next generation in the absence of
METS exposure [88]. Similarly, allergen challenge elicited
an ameliorated atopic response demonstrated by eosino-
philia and significantly higher 1L-13 levels in two subse-
quent generations when compared to the progeny of
ambient air exposed animals [88]; METS exposure and al-
lergen challenge were shown to deregulate miR-130,
miR-16 and miR-221 exposure and are postulated as the
epigenetic mechanism modulating the augmented IL-13
response induced by METS exposure [88].

Cigarette smoke constituents have been detected in
both the placenta and cord bleod [43, 44] of newborns
and MTS exposure has been shown to cause changes in
global DNA methylation [89-93] and alter miRNA levels
in germline cells [94]. Hence, there is no question that
MTS exposure alters the foetal epigenome. The effects
of aberrant DNA methylation patterns in cord blood and
placenta are demonstrated by tissue-specific DNA
methylome analyses showing that MTS can induce spe-
cific changes to DNA methylation within the placenta in
genes crucial to foetal growth and development [92, 95].
Further, blood DNA methylation changes have been as-
sociated with lower FEV, [96] and have been shown to
persist into childhood and adolescence [90, 97-101],
demonstrating that epigenetic modulations induced by
MTS have long-lasting effects on offspring’s lung func-
tion (Table 1). Various studies have shown that DNA
methylation changes caused by MTS occur at loci spe-
cific to established outcomes of maternal smoking such
as reduced foetal growth and wheeze [102, 103].

EWAS findings have shown MTS induced altered
methylation of DPPIO [104], a candidate gene identified
in GWASs [105, 106], in human foetal lung tissue.
Genes playing a role in attenuating the harmful effects
of tobacco smoke and its toxic constituents, such as
CYPIAT [91] and AHRR [107], are modulated by DNA
methylation and have been shown to be altered by MTS
exposure. Immune cells from active smoking adults and
cord blood from neonates exposed to MTS both show dif-
ferential methylation of CYP1AI and AHRR promoter re-
gions compared to non-smoke-exposed subjects [91, 108].
MTS exposure has been shown to cause demethylation of
the promoter region for receptor of insulin-like growth

factor 1 (lgf1R) in the murine lung [109] and methylation
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Table 1 Summary of respiratory function-specific epigenetic
changes in the offspring categorised by expasure

Epigenatic changes induced by MTS

Altered global DNA methylation  Whale bloed, cord bloed, placenta
[B9-93)

Genes associated with foetal
growth—LNE-T, AluYhs,
KGF20MR, Igfi R,
lgf2—differentialty methylated

COPD candidate gene in GWAS, Foetal lung [104=106)
DFPIO, hypomethylated

Placenta, cord WBC, cord blood,
miurine lung [95, 102, 103, 109, 110)

Genes associated with
detonification of tbacco smoke,
CYPIAT and AHRR, show altered
methylation

Placenta, cord bload [91, 107]

miRNA involved in transcription  Murine lung [85]
of igfl upregulated

Epigenetic changes induced by METS

IL-4 and Ji-13 hypomethylated
at promoter region

Murine lung [118]

miR-155-5p, miR-21-3p and
mifl-18a-5p positively
correlate with Th2 cytokines

Murine lung [118]

Epigenetic changes induced by MEV

Global DNA hypermethylation Murine lung [130]

of insulin-like growth factor 2 ({gf2) in human cord blood
[110], which both play an important role in lung develop-
ment and can contribute to asthma later in life, Interest-
ingly, the differentially methylated regions in {gfiR and
Igf2 induced by MTS have been shown to be sex
dependent, with the former only evident in females and
the latter males [109, 110]. Taken together with studies
showing MTS exposure affecting organs differently [111],
the findings fortify the requirement for specificity in epi-
genetic investigations as stimuli causing demethylation in
one organ or gender can have inverse effects in another.
Further investigations have shown that MTS exposure
dysregulated 133 miRNAs expressed in foetal murine
lungs, some of which played a role in transcription of
Igf1 which was significantly increased in female offspring
[86]. The authors validated these findings in humans by
showing increased [gfl mBNA expressed from leuko-
cytes of school-aged children exposed to MTS [86),
demonstrating that the mechanism is conserved between
species and persists beyond infancy. METS alters lung
structure [112] and lowers birth weight in murine
models of exposure [88, 113]. Upon allergen challenge,
METS-exposed murine offspring express significantly
higher levels of Th2 cytokines in BAL fluid and lung,
lung eosinophilia and airway hyperreactivity when com-
pared to offspring exposed to ambient air antenatally
[114, 115] which corresponds with strong hypomethyla-
tion at the /L4 and [L13 promoters [114]. Augmented
expression of IL-13 in airways of METS-exposed murine
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offspring correspond  with demethylation at the [L13
promater  [116]  demonstrating  alterations  ta DNA
methylation Induced by METS exposure contribute to
pathology in allergic asthma. Specific miRNAs are impli-
cated as regulators of the Th1/Th2 balance with ablation
of mIR-21 expression significantly augmenting expres-
sion of Thl cytokine 1IFNy and ameliorating expression
of Th2 cytokine, IL-4 [L17] in mice (Fig, 1). A study of
allergen-challenged mice exposed to METS found a
strong correlation between miR-155-5p, mik-21-3p and
miR-18a-5p and expression of Thl cytokines in BAL
[118), implicating miRNAs in the modulation of
METS-induced atopy in offspring. These findings are
compelling when conjoined with the previously dis-
cussed study by Singh et al, [8#] implicating miRNAs in
METS induced augmented 1L-13 production.

Functional and Epigenetic effects of MEV exposure

The negative health impacts of cigarette smoking are
well documented and agreed upon. As ciparette con-
sumption declines, an opening in the market has
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formed, In response, established tobaceo companies and
entrepreneurs. alike have Hooded the market with new
nicotine delivery devices. The most successful thus far
being the c-cigarctte, Bricfly, an  c-cigarctte is a
hand-held deviee comprised of a rescrvoir for an “e-li-
quid” and a heating element connected to a battery.
Upon use, the c-liquid passes through the heating elem-
ent, forming an “e-vapour” to be inhaled by the user.
Unlike o cigarette, there Is no combustion In an
s-cigarette and it is subsequently marketed as a “health-
ier” alternative to cigarette smoking. However, the dec-

laration of healthiness is premature as the effects of

long-term  e-cigarette use and indirect exposure to
e-vapour remain to be vlucidated. The illusion of a
healthier alternative leaves the population at risk of en-
during damaging effects with at-risk groups being the
most vulpemble, 1t has been reported  that pregnant
wornen have started o use e-clgarettes during pregnancy
at increasing rates [119].

The basic composition of an e-liquid is o mixture of
propylene glyeol, glyeerol and flavourings, which may
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include nicotine but some e-liquids contain no nicotine
[120]. Notwithstanding coming under the jurisdiction of
the EU Tobacco Products Directive in May 2016,
e-liquid compositions continue to vary widely, and stud-
ies have identified discrepancies in actual versus re-
ported nicotine concentrations [121, 122]. Independent
analyses have detected harmful compounds such as
phthalates, diacetyl and acrolein in e-liquids [122-124].
Whilst indoor air quality studies have found that levels
of aerosolised polycyclic aromatic hydrocarbons (FAHs),
formaldehyde, acetaldehyde, acrolein and particulate
matter < 2.5um [120, 122] are significantly increased
when e-cigarettes are used indoors.

As established, the ingredients in an e-liquid vary
widely, with some shown to be capable of epigenetic
maodifications. An in vitro experiment using EAhy926
cells found that DMNMT3b transcript was decreased fol-
lowing acrolein exposure [125]. Maternal exposure to
benzylbutylphthalate (BBP) caused global DINA hyper-
methylation in CD4+ T cells of the exposed dam and to
a greater extent in her offspring in a murine model of
exposure [126]. This hypermethylation significantly cor-
related with attenuated expression of the GATA-3 re-
pressor zinc finger protein 1 (Zfpml)—a gene that
represses GATA-3 mediated Th2 cell development—
thereby promoting the Th2 phenotype. The authors fur-
ther validated the link between maternal urinary BEP
metabolite levels and Zfpwnl in humans using whole
blood samples from 4-year-old children in the lifestyle
and environmental factors and their influence on new-
borns allergy (LINA} cohort. Although only trace levels
of BBP were detected in e-liquids compared to other
phthalates [123], it is of import to note that BBP shares
a  common  metabolite—mono-n-butyl  phthalate
(MnBP}—with phthalates more abundant in e-liquids,
such as diethyl phthalate. Therefore, it is imperative to
elucidate whether BBF, MnBP, or other phthalate metabo-
lites induce specific epigenetic modifications. A significant
correlation between maternal urinary MnBP levels during
pregnancy and asthma symptoems in the child persisting
until at least 6 years of age has been reported [126].

Direct e-cigarette vapour exposure leads to impaired
innate immune responses in murine lungs [127], whilst
murine models of MEV exposure have shown inimical
effects of e-cigarette vapour on neonatal lung develop-
ment [128]. There is a current paucity of studies on the
impact of MEV exposure on the foetal epigenome but
those that have been published thus far demonstrate that
MEV exposure leads to epigenetic aberrations in the off-
spring. A murine model of MEV exposure with and
without nicotine on cognitive function found that expos-
ure to MEV without nicotine significantly increased glo-
bal DNA methylation in the offspring when compared to
ambient air-exposed offspring, whilst MEV with nicotine
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did not [129]. The study further showed that DNMT3a
and DNMT3b mRNA were ameliorated by MEV without
nicotine. Furthermore, mRNA for genes involved in his-
tone modifications Carml, Aff2, Awrka, Awrkb and
Anrke were also angmented by MEV without nicotine
only. Thereby suggesting that e-cigarette vapour is cap-
able of epigenetic modulation in the offspring independ-
ent of nicotine.

An investigation into the impact of MEV exposure on
respiratory outcomes found that MEV exposure with
and without nicotine induced significant global DNA
hypermethylation in  offsprings’ lungs compared to
air-exposed controls [130]. Interestingly, MEV without
nicotine elicited significantly greater DNA hypermethy-
lation compared to those induced by MEV with nicotine
with enhanced expression of the pro-inflammatory cyto-
kines IL-5, IL-13, TNF-a mRNA only seen in the lungs
of offspring exposed to MEV without nicotine [130].
The analysis of changes in global DNA methylation
patterns demonstrates that exposure to MEV is inducing
heritable epigenetic changes that manifest in the off-
spring. Although nicotine-containing e-vapour has been
shown to induce less hypermethylation than non-nicotine
containing e-vapour, the profile of which genes are being
methylated or demethylated is not yet known Therefore,
further investigation is necessary to elucidate where in the
genome the modifications are taking place and the roles
these genes play in pathophysiology before making a con-
gruent decision on the role of e-vapour with and without
nicotine plays in epigenetics and respiratory disease.

Nicotine concentrations in e-liquid in the EU are per-
mitted to be as high as 20 mg/ml; although, some samples

exceed that limit [121] leaving users susceptible to higher
nicotine exposure than anticipated. Studies on indoor air
quality have detected increased levels of nicotine and car-
cinogenic nitrosamines, such as N-nitrosonornicotine
(NNN) and nicotine-derived nitrosamine ketone (NNK)
in the atmosphere after e-cigarette use [131]. Serum cotin-
ine levels measured in non-smoking and non-vaping indi-
viduals exposed to environmental e-vapour found elevated
cotinine levels that equated to ETS exposure and persisted
at the same rate as ETS [61, 132], suggesting that
e-vapour remains in the atmosphere in a similar fashion
to ETS. Further, nicotine remaining in the indoor environ-
ment can react with oxidant gases in the atmosphere to
form added levels of NNN and NNK [133]. Nitrosamines
have been shown to methylate DNA and induce methyla-
tion DNA damage [134], which is a mechanism believed
to be behind their carcinogenicity [135, 136].

Studies have shown that foetal nicotine levels equate
to those in the mother [137] with nicotine capable of ac-
cumulating in the respiratory tract in the foetus [42].
Animal models of nicotine-only exposure show that off-
spring exhibit increased smooth muscle and collagen
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bulk in the airway, and augmented airway hyperreactivity
[138-140]. Altered lung development was shown to per-
sist in second-generation offspring not exposed to nico-
tine [141]. A murine model of nicotine exposure showed
that perinatal nicotine exposure altered DNA methyla-
tion and histone modification in the lung and gonads of
offspring and induced asthma-like changes that persisted
into the third generation of offspring [142], thereby
demonstrating functional respiratory and epigenetic ef-
fects induced by maternal nicotine exposure, together
with direct epigenetic changes to the germline. Corrob-
orating with these changes was a decrease in mRNA and
protein expression of peroxisome proliferator-activated
receptor y (PPARy) which plays an essential role in lung
development and repair [142-144]. Interestingly, when
Rosiglitazone, a known PPARy agonist, was administered
in concert with nicotine to pregnant dams, asthma-like
changes and H3 acetylation induced by nicotine expos-
ure was prevented whilst nicotine induced global H4
acetylation and DNA methylation persisted [145], fur-
ther reinforcing the significance of PPARy's role in
healthy lung development. These seemingly paradoxical
effects of nicotine in e-liquids compared to those de-
scribed earlier in relation to cigarette smoking may re-
late to the dose and duration of exposure and to its
well-known anti-inflammatory effects [146].

The future of epigenetic therapeutics

The established role of epigenetics in pathophysiology
naturally implores exploring its therapeutic potential.
Using 5-azacytidine to inhibit DNMT1 in a murine
model of asthma augmented numbers of Treg cells and
effectively reduced airway inflammation [147]. The
pan-HDAC inhibitor, Trichostatin-A, has similarly
shown efficacy in asthma models [148], as has the allo-
steric activator of SIRT1, SRT1720 [149]. Targeting
HDAC classes 1-3 with MS-275 abrogated neutrophil
infiltration of the lungs and expression of proinflamma-
tory cytokines KC, IL-6 and IL-1f [150]. An in vitro
model of asthma using human airway smoecth muscle
cells  attenuated TGF-B-induced  proliferation  and
pro-inflammatory cytokine production with bromodo-
main inhibitors JQ1(+) and I-BET762 [151]. Using inhib-
itors to target proteins and enzymes active in epigenetic
modulation are useful tools in demonstrating the effect
of certain class

s of epigenetic changes. However, due to
the nature of their targets, it is difficult to determine the
complete extent of which genes are within the purview
of the inhibitors.

To overcome this impediment, epigenetic therapeutics
may focus on the use of DNA targeting systems capable of
binding to genes of interest in a directed manner. The
three most well-understood DNA targeting systems are
zinc finger proteins (ZFPs), transcriptional-activator-like
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effectors (TALEs), and clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated pro-
tein 9 (Cas9, 152); the latter of which being the most recent
advance in the field and most efficient as it is less cumber-
some than ZFPs and TALEs [152]. A study of SPDEF—a
regulator of mucus production in COPD known to be
hypomethylated [153]—in human lung epithelial cells ef-
fectively used ZFPs and CRISPR/dCas to attenuate
mucus-related gene expression and reduce mucus produc-
tion by silencing SPOEF [154]. Therein demonstrating that
targeted silencing of genes using epigenetic editing can re-
verse disease pathologies in vitro.

Conclusion

The evidence summarised in this review demonstrates
that maternal use of tobacco cigarettes and e-cigarettes
and exposure to environmental tobacco smoke induces
epigenetic changes in the offspring, These changes have
been demonstrated to contribute to disease pathology
and be passed down to further generations independent

of exposure. The all-encompassing nature of epigenetic
madifications implores research to consider using cell
types specifically implicated in disease pathologies, as
findings across differing cell types may obfuscate patho-
logical epigenetic differences with inherent epigenetic
differences dictating cell phenotype. Further, it is im-
perative to continue exploring intergenerational effects
of maternal e-cigarette use and exposure using animal
models on DNA methylation at specific genomic regions
and specific chromatin  moedifications to relate the
changes being induced to genes implicated in disease
pathology, thereby elucidating targets for the use of ad-
vanced DNA targeting systems in therapy. Finally, it is
recommended that further longitudinal studies on the
impacts of e-cigarettes are carried out, thereby allowing
us to distinguish between epigenetic medifications that
are biomarkers of exposure, such as the aforementioned
CYPIAI and AHRR versus those that are likely to medi-

ate airway disease susceptibility.
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Chapter 1 Introduction

Chronic obstructive pulmonary disease (COPD) is a disease wherein patients experience
persistent shortness of breath (airflow limitation) that worsens over time (2). It is postulated
that worsening airflow limitation in COPD patients is the result of a heightened inflammatory
response to inhaled noxious particles in the airways (2), but it is also probable that novel
inflammatory mechanism are important (3). The World Health Organisation has reported
COPD to be the third leading cause of death in the world (4). The disease affects at least 1 in
10 Australians over the age of 40 and is the only chronic disease with ongoing increasing
mortality (5). The direct healthcare costs attributed to COPD was $0.9 billion nationally in
2008 and this figure was projected to increase over time (6). Inevitable disease progression
leads to disability, preventing the patient from joining the productive workforce, and ultimately
death. When considering this loss of human capital and productivity, the economic cost of

COPD was reported as $8.8 billion in 2008 (6).

1.1 Epidemiology

In the developed world, cigarette smoking is the most common cause of COPD (2, 7) but other
inhaled irritants such as occupational dusts, vapours, fumes and use of biomass fuels indoors
are also important causes of COPD, especially in developing countries (2, 7-10). Gender skew
in patients was initially towards males, with very few females being diagnosed with the disease.
However, this is thought to have been a consequence of variance in exposure to the
aforementioned irritants as women in the developed world traditionally did not smoke or
perform tasks that would expose them to inhaled noxious particles in the past. This theory is

supported by data that shows that COPD rates amongst women has now equated that of men
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as it has become more socially acceptable for women to smoke as much as their male
counterparts (2). Research carried out using a murine model of COPD found that female mice
had higher levels of small airway remodelling and transforming growth factor (TGF)-B1
activation than their male counterparts, suggesting that females are more at risk of COPD when

exposure to irritants is controlled for (11).
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Figure 1.1 Rate of decline in FEV1 with age in non-smokers, ex-smokers, smokers, smoking COPD patients, smoking

COPD patients quit at 45, smoking COPD patients quit at 65. Adapted from Fletcher & Peto (12).

In 1977, Fletcher and Peto (12) carried out a prospective epidemiological study of the early
stages of development of COPD. The study followed 792 men (non-smokers, ex-smokers, non-
COPD smokers, smokers with COPD) aged 30-59 over eight years. During the course of this
time, the men attended biannual appointments wherein the following three parameters were

assessed: mucus hypersecretion, bronchial infections, and airflow obstruction by measuring
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forced expiratory volume in one second (FEV1). This was considered a landmark study for two
primary reasons: firstly, the study revealed that there was a phenotype of smokers susceptible
to rapid progressive lung functional decline (COPD), losing more than 50 mL of lung capacity
per year compared to other smokers losing 20 mL per year. Secondly, the study demonstrated
the effect of quitting smoking on slowing down the rapid decline in lung function during COPD
progression. Further information that was derived from this study included the knowledge that
smoking caused rapid and irreversible obstructive changes in COPD susceptible individuals.

See Figure 1 for a graph adapted from aforementioned study.

1.2 Heritability

Studies have shown that family history of COPD is a risk factor for manifestation of the disease
(13, 14). Similarly, siblings and first-degree relatives of asthmatics are often affected with
lower FEV1 (15, 16). Therefore suggesting a heritability factor in both asthma and COPD. The
absence of a correlation between findings of a causative COPD or asthma single nucleotide
polymorphism (SNP) in genome wide associations studies (GWAS) suggests that the
hereditary effect is likely established at the epigenomic level rather than genomic and might

have greater impact on gene expression in cells at the site of disease (17).

1.3 Symptoms

The progressive nature of COPD means that there is a grace period in which symptoms of
airflow limitation are absent and only appear after substantial lung function decline has taken
place (18). For most smokers this means that they have lost up to 50% of their lung function

before noticing any aberrant effects (Fig. 1). Upon experiencing significant decline in lung
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function, patients begin to suffer from the classic triad of COPD symptoms: dyspnoea, chronic
cough and excessive sputum production (19, 20). These symptoms will progress over time as
the hallmark of COPD, causing extreme distress and disability to the patient and subsequent
death from respiratory failure (12). Symptoms may worsen during exercise as a result of
increased respiratory demands (2). This chronic disease is punctuated by acute periods of
intense symptoms known as exacerbations. Patients may also suffer from non-specific
respiratory symptoms such as wheezing and chest tightness as well as non-respiratory
symptoms such as weight loss, nutritional abnormalities and skeletal muscle dysfunction.

COPD is now considered by many to be a systemic disease.

1.4 Diagnosis

Symptoms alone are not enough to confirm the diagnosis of COPD. However, if a patient
exhibits symptoms and has a history of exposure to COPD risk factors, such as exposure to the
aforementioned noxious particles, clinical diagnosis with use of spirometry should be
considered. Spirometry is capable of measuring a number of parameters relating to how well
the lungs work. Those most relevant to COPD are (i) the volume of air forcibly exhaled from
the point of maximal capacity (FVC) and (ii) the volume of air exhaled during the first second
of this manoeuvre (FEV1) (2). Simply put, the test is a measurement of the functional size of a
person’s lung and how fast air can travel through their airways, respectively. The two
parameters, FVC and FEV are then used to calculate the FEV1/FVC ratio, which is used as a
diagnostic figure. A FEV1/FVC ratio of <0.70 combined with the aforementioned symptoms
and risk factors results in a diagnosis of COPD. The accuracy of using these figures to diagnose
the extent of airway obstruction has been verified by histological analysis suggesting that the

extent of small airway destruction (a pathological feature of COPD) correlates with the decline
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in FEV1 and the FEV1/FVC ratio (21). Given that COPD is progressive, the Global Initiative

for Chronic Obstructive Lung Disease (GOLD) has developed a classification of severity of

airflow limitation in COPD by comparing the patient’s post-bronchodilator FEV| with a

predicted FEV1 value adjusted by height, sex, and ethnicity. The classification ranges from

GOLD 1 (mild) to GOLD 4 (very severe) COPD (Table 1). These categories are then combined

with results from a questionnaire to assess symptoms — either the modified MRC dyspnea scale

(mMRC) or the COPD Assessment Test (CAT) — and history of exacerbations in the ABCD

assessment tool (table 1.2). The combined numerical and lettered grading represents severity

of airflow limitation and symptom burden/exacerbation risk, respectively (1).

Table 1.1 GOLD Categories 1-4. Upon showing symptoms and obtaining an FEV1/FVC ratio of <0.70, patients' FEV1 figures

are calculated against predicted FEV1 for gender, height, weight, and ethnicity. This percentage is used to class the patient into

GOLD groups 1-4 as outlined (1).

GOLD 1:
GOLD 2:
GOLD 3:

GOLD 4:

In patients with FEV /FVC < 0.70:

Mild FEV, = 80% predicted
Moderate 0% = FEV, < 80% predicted
Severe 30% < FEV, < 50% predicted

Very Severe FEV, < 30% predicted

Modern diagnostic methods, such as the forced oscillation technique (FOT), have been shown

to have great clinical promise with much greater sensitivity to detect airway obstruction and

the capacity to delineate between small airway obstruction and emphysema (22). However,
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FOT currently lacks available robust reference values. Therefore, spirometry still currently

remains the primary diagnostic tool to this date.

Table 1.2 The Refined ABCD Assessment Tool. Combined assessment tool considering spirometry results with symptoms

and exacerbation history. Numerical grading (GOLD 1-4) is based on spirometry, whilst letter grade describes symptom burden

and risk of exacerbation. Adapted from (1).

oi :
plrom.etrlcally Assessment of
Confirmed = g e
: ¢ airflow limitation
Diagnosis
Post- Grade FEV,
bronchodilator (% predicted)
FEV,/FVC<0.7 GOLD 1 >80
GOLD 2 50-79
GOLD 3 30-49
GOLD 4 <30

)

Moderate or Severe
Exacerbation History
22o0r |
>1leadingto |
hospital
admission

z2or |

>1 leadingto |

hospital |
admission

Assessment of
symptoms/risk of
exacerbations

Symptoms

1.5 Pathophysiology

The symptoms experienced by COPD patients are attributed to three mechanisms:

- Emphysematous destruction of the alveoli

- Mucus hypersecretion; and

- Small airway (<2mm diameter) remodelling & destruction
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Figure 1.2 Small airway obstruction. A) Normal small airway with lumen (A1) and width of airway wall (A2) shown. B)

Evidence of a mucus plug (B1) in small airway. Acutely inflamed airway with mucus plug containing immune cells (C1) and

thickened airway wall (C2). D) Thickened small airway with evidence of fibrosis (D1). Adapted from (16).

In a healthy lung the alveoli are attached to the small airway walls, and interconnectivity helps
to keep both the airways and alveoli open. Emphysematous destruction contributes to a loss of
terminal support of small airways culminating in closure of the airway during expiration
causing air to be trapped (23). Excess mucus produced in the airways (Fig. 2B and Fig. 2C)
would further obstruct small airways by acting as a plug. Small airway remodelling is a term
that is used to explain the thickening of the small airway walls (Fig. 2C) that occurs as a result

of inflammation and structural changes (Fig. 2D) within the airway wall (23, 24). The structural
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changes documented include increased thickness of smooth muscle layer and fibrosis of the

basement membrane (24), therefore, resulting in a narrower airway.

In order to elucidate the progression of the aforementioned features of COPD, McDonough et
al carried out a micro-CT study comparing a number of small airways from 78 patients with
varying degrees of COPD (25). They found that small airway destruction and remodelling
precedes emphysematous destruction. It has also been shown that the major site of obstruction
in COPD is found in the smaller airways (26-28). Therefore, it is argued that small airway
remodelling is fundamental to the pathophysiology of COPD and investigating its underlying
mechanisms would reveal a therapeutic target that would mitigate the primary pathological

insult in COPD.

1.5.1 Small airway inflammation

Typically, the airways of COPD patients have been continuously exposed to noxious particles
that trigger the patients’ innate and adaptive immune responses (2, 24). The effect of cigarette
smoking on these host defence mechanisms has been well studied. /n vivo studies carried out
in guinea pigs and humans have shown that cigarette smoke exposure can increase epithelial
permeability in the airway (29-31), therein initiating an inflammatory response in the airway
wall leading to the infiltration of polymorphonuclear cells, macrophages, natural killer cells
and mast cells into the airway wall (24). This finding correlates with another study showing an
increased number of macrophages in the airways, bronchoalveolar lavage (BAL) fluid, and
sputum from COPD patients (32). Thus, the level of macrophage infiltration correlates with
the disease severity (33). The interactions between cigarette smoke exposure and macrophage
potency have been investigated. It has been found that the macrophages from smokers had an
extended survival rate due to the release of an anti-apoptotic protein, Bcl-XL stimulated by

30



cigarette smoke (34). Cigarette smoke exposure can also induce a more activated form of
macrophages, with a study showing that the alveolar macrophages from COPD patients
secreted more inflammatory proteins and exhibited enhanced proteolytic activity in response

to the stimulation by cigarette smoke (35).

The changes in eosinophil infiltration in the lungs of patients with COPD however are not as
well understood. The analyses of bronchial biopsies and BAL fluid obtained from COPD
patients experiencing acute exacerbations found elevated eosinophil levels (36). However,
overall eosinophil levels tend to be much lower in COPD patients compared to those with
asthma (32). Post-hoc analysis has shown that levels of eosinophilia may be able to predict
which patients will respond to steroids, as patients with higher blood eosinophil counts were
more likely to have their exacerbations controlled by inhaled corticosteroids (37). This is a new
area in COPD research; therefore, the underlying molecular mechanisms remain to be
elucidated. Interleukin-5 (IL-5) plays a significant role in the production and maintenance of
eosinophils, therefore biologics targeting the IL-5 receptor subunit alpha (IL-5Ra) are a
predominant area of interest. Examples of such biologics include Benralizumab and
Mepolizumab, which have been investigated in phase 3 clinical trials (38, 39). Overall,
although the biologics have been shown to reduce eosinophilia, their use has yet to be shown
to contribute to functional outcomes such as reduced exacerbations (40), suggesting that COPD

treatment options based on blood eosinophils remains to be accomplished.

Airway epithelial cells have been shown to work in concert with lymphoid tissue (41)and
dendritic cells (DCs) (42) in order to propagate a powerful acquired immune response (43).
Noxious particles either act as antigens on the airway epithelial surface that are transported
across intact epithelia in specialised transport cells known as M cells, or penetrate the epithelia

31



at the site of injury (24). DCs are the primary antigen presentation cells in the acquired immune
response, picking up antigen at the base of epithelium (42-44) and transporting them to the
bronchial associated lymphatic tissue (BALT) (24). As a result, a robust inflammatory event
in the walls of the conducting airways is initiated and sustained. The evidence shows that
COPD patients expressed elevated total number of T lymphocytes (1), CD8+ T lymphocytes,
and inflammatory factors such as neutrophilic chemoattractant CXCLS8, tumour necrosis factor
(TNF)-a, and TGF-pB, IL-4 and IL-13 (24, 33, 45-50). Noxious particles have an oxidised
nature and may contain LPS within them, allowing for direct activation of epithelia and other

cells independent of antigen presentation (51).

Many different mediators of inflammation are increased in the lungs of patients with COPD,
and it is beyond the scope of this literature review to discuss all factors. However, some
cytokines and chemokines that are important in the pathogenesis of COPD and targets for the

pharmaceutical industry are described below.

Neutrophils are consistently elevated in COPD, and their recruitment to the airway is
principally though the chemokine, CXCLS8. CXCLS is secreted by macrophages, neutrophils,
airway smooth muscle cells, fibroblasts, and airway epithelial cells (32, 52, 53). This
chemokine signals through two receptors: CXCR1 and CXCR2. The former is associated with
neutrophil chemotaxis and degranulation which is specific to CXCLS. The latter can be

activated by the other CXC chemokines, such as GRO-alpha and ENA-78 (32).

TNF-a is a major pro-inflammatory cytokine elevated in patients with COPD. TNF-a activates
nuclear transcription factor kappa B (NF-«B), which in turn, increases the transcription of the

genes for cytokine production, such as CXCLS8 and IL-6, and proteases in macrophages and
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epithelial cells (32). Furthermore, the activation of NF-kB promotes cachexia, which is a
common feature of patients with severe COPD (54). Supporting this, a study found that serum
TNF-a concentration and TNF-a production from stimulated peripheral blood monocytes was

significantly higher in COPD patients experiencing characteristic weight loss (55).

TGF-P plays several roles in the immune response. This cytokine promotes isotype switching
in B cells (56), suppresses the immune system and induces the production of extracellular
matrix (ECM) components (57). The characterised TGF-f isoforms include: TGF-1, TGF-B2,
and TGF-B3 (58), all of which are expressed in the lung (59). Of these, TGF-B1 is the most
well understood overall and in the context of lung diseases. Many cells within the lung have
been shown to express TGF-B1, such as fibroblasts, endothelial, epithelial, ASM, and immune
cells (58). Post-intracellular synthesis, TGF-B1 is secreted into and stored in a latent state in

the ECM (60, 61).

Other inflammatory mediators have been associated with COPD, such as the cytokine thymic
stromal lymphopoietin (TSLP) which has been linked to the development of COPD (62) and
shown to be elevated in COPD epithelial cells (63). It is understood that TSLP contributes to
atopic asthma by stimulating type 2 immune cells but it’s mechanism in COPD pathogenesis

remains to be understood (64).

1.5.2 Structural changes in small airways

Thickening of airway smooth muscle (ASM) layer

Smooth muscle layer thickening, as shown in Figure 1C, is a characteristic feature of

obstructive airway diseases, including asthma and COPD (21, 24). However, what sets the two
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diseases apart is the manner by which the ASM layer expands. In asthma, it has been shown
that the means by which ASM thickens is hypertrophy and hyperplasia (65, 66). Whereas in
the case of COPD, recent findings have demonstrated that FEV: directly correlates with
increased ECM production by airway smooth muscle cells, rather than hypertrophy or
hyperplasia (67). An in vitro study using primary human ASM cells found that there is
significantly higher collagen VIIlal deposition in the cells from patients with COPD in
comparison with the cells from non-COPD patients when treated with cigarette smoke extract
(CSE) (68). Appropriately, we surmise that excess ECM production from ASM cells in

response to cigarette smoke exposure is a central feature of COPD pathophysiology.

Extracellular matrix (ECM) deposition

The ECM provides the necessary structure for adequate function of the airway, it is a
heterogeneous mix of proteins and within the lung the primary components are collagen, elastic
fibres, fibronectin, and perlecan (69). Pathogenesis occurs when excessive ECM deposition
occurs, resulting in tissue fibrosis. Excess ECM is evident in COPD (24, 70) where 50-85% of
the total wall composition is comprised of ECM proteins. Excess ECM deposition within the
airway wall is a rigid barrier to efficient air conduction as it envelops the lumen, decreasing its

size and contributing to poor bronchodilator responsiveness (24).

In addition to causing structural changes in the airway, the ECM molecules are also bioactive.
An in vitro study using primary human parenchymal fibroblasts showed that cells from COPD
patients produced fibronectin and perlecan in response to CSE, whilst those from non-COPD
patients did not, and that this ECM then had pro-proliferative effects on the cells. Similar

effects have also been found in human asthmatic and bovine tracheal smooth muscle cells (71,
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72). It has been shown that the pro-proliferative signals in human ASM cells occur via the
integrin family of transmembrane receptors (73) and are enhanced with cell contact to the
substrata ECM components, such as fibronectin and collagen (74, 75). In addition, the ECM
components fibronectin and perlecan augment cytokine production from human ASM cells
(76). A study using mink lung epithelial cells found that ECM can modulate fibrotic signals by
sequestering growth factors, such as the pro-fibrotic cytokine TGF-f1 (77). It is further
understood that the c-terminal fragment of collagens can become cleaved and have their own
bioactive properties, therein acting as ‘matrikines’ that further propagate fibrosis and
inflammation (78-80). We assert that the production of ECM in COPD triggers a positive
feedback loop that promotes proliferation of cells and subsequent further deposition of ECM
from these cells, therein explaining the aetiology of rapid decline in lung function in patients

with COPD.

Structural airway cells of COPD patients respond to cigarette smoke differently compared to
cells of non-COPD smokers in vitro (3, 68) and it is known that some smokers develop COPD
whilst majority do not (12). These points have us posit that there is an intrinsic and specific
difference in airway cells in COPD. Further, keeping in mind that there is a hereditary
association in COPD and in light of research demonstrating cigarette smokers having unique
epigenetic profiles (81, 82), we further posit that the underlying molecular mechanism in

COPD can be attributed to epigenetic marks unique to COPD pathogenesis.

1.5.3 TGF-B Signalling

There are two classes of transmembrane extracellular receptors for active TGF-B1 ligand and

they are known as the type I and type II TGF-f receptors (58). Investigations have identified

35



that there are seven type I receptors and five type II receptors (61). See table 1.2 for a list of
these receptors and their respective encoding genes. TGF-B1 binds to the type II receptor,
which heterodimerizes with type I receptor through phosphorylation (83). TGF-B1 receptor
binding initiates subsequent recruitment of TGF-f specific intracellular signal mediators,
known as SMADs, to propagate the signal cascade (84, 85). There are eight known SMAD
proteins (SMAD 1-8), the majority of which propagate the signal with the exception of SMADs
6 & 7 which are known as inhibitory SMADs (86). SMADs have been shown to be
phosphorylated by kinases outside of the SMAD pathway such as MAPKSs, glycogen synthase

kinase-3p (GSK-3p) (87), and cyclin dependant kinases (CDKs) (88).

Table 1.1.3 List of known TGF- receptors and their respective encoding gene Source:(61).

Receptor Encoding Gene
Type I receptors
ALK7 ACVRIC
ALKS5 TGFBRI1
ALK4 ACVRIB
ALK6 BMPRIB
ALK3 BMPRIA
ALK ACVRLI
ALK2 ACVRI
Type 1I receptors
TGFBRII TGFBR2
MISRII AMHR?2
BMPRII BMPR?
ACTRII ACVR2
ACTRIIB ACVR2B

In vitro experiments wherein cells were treated with TGF-f with subsequent washing out of
the ligand demonstrated a sustained TGF-f} induced response demonstrating a “memory effect”
of TGF-f stimulation that was abrogated with pre-treatment of a pharmacological inhibitor

(89). This sustained TGF-P receptor activity is mediated via activated receptor internalization
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through endocytosis (90, 91). It has been established that the TGF-B receptors are
constitutively internalized in response to — and independent of — receptor activation (92).
Internalization is mediated by either clathrin-dependant mechanism, wherein receptors are
endocytosed into EEA 1-positive endosomes, or a caveolin-dependant lipid-raft pathway into a
distinct endocytic compartment (61, 93, 94). It has been shown that EEA1-positive endosomes
can anchor SMAD2 and SMAD3, allowing interaction with the activated receptor and therefore
it is thought the clathrin-dependant pathway play a role in the “memory effect”. Conversely, it
is thought that the caveolin dependant pathway promotes receptor degradation (95). However,
this is likely to be an oversimplification as inhibition of the clathrin-dependant mechanism had
a subordinate attenuating effect on TGF-B1 induced signalling compared to inhibiting

caveolae-mediated endocytosis (96, 97).

Although these two pathways have commonly been described to be distinct, investigations
using live cell fluorescent microscopy on HelLa cells have shown that clathrin-coated and
caveolar vesicles are fused post-internalisation (98). Post-internalisation fusion forms a
caveolin-1 and clathrin positive hybrid vesicle, suggesting there may be crosstalk between
these two endocytic pathways. It was further shown that these hybrid vesicles were likely
involved in TGF-B receptor I degradation (98), indicating that a larger proportion of
endocytosed receptors are degraded in the cytoplasm rather than recycled. Although it is
established that TGF-PB receptor endocytic trafficking plays a role in mediating the TGF-3
ligand induced signal, the mechanisms underlying why activated receptors are shuttled towards

one endocytic pathway over the other remains to be elucidated.

Studies have found that tissue-specific overexpression of TGF-B1 in transgenic mice results in

fibrosis in several organs, including the lungs (99). The effect of TGF-f1 on airway
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remodelling has been demonstration by in vivo administration of TGF-B1 inducing increased
ECM protein deposition within the airway wall (100). Whilst treatment with an anti-TGF-3
antibody significantly reduced bronchiolar ECM deposition in a murine model (100).
Investigations have determined increased expression of TGF-B1 in the airway epithelium of
smokers, and patients with chronic bronchitis or COPD (101-104). An in vitro study using
primary human epithelial cells showed that TGF-B1 levels positively correlated with basal
membrane thickness (104). TGF-B1 induced ECM production in human ASM cells has been
shown to be induced by both the canonical pathway — mediated by SMAD proteins (84, 85,
105) — and non-canonical pathways that recruit -catenin (106) and the wingless/integrase 1
ligand, WNT-5A (107). The existence of multiple known induction mechanisms demonstrates
that this cytokine contributes to ECM production in the lung in a pleiotropic manner not yet

entirely elucidated.

1.6 Epigenetics

Epigenetics as a term encompasses heritable changes related to genome function that are not
changes to the genome sequence. Epigenetic changes either repress or promote gene
expression. These changes may occur de novo or under influence of the environment (108).
Epigenetic changes may occur directly to the DNA, such as in the case of DNA methylation,
or as a post-translational modification (PTM) of the histones. Histone PTMs may take the form
of methylation, acetylation, ubiquination, and/or phosphorylation (109), some of which fall
beyond the scope of this project. The primary focus of this project is on methylation of both
DNA and histones and acetylation of histones. The field of epigenetics within COPD is not yet
well understood, however research in asthma has been carried out. As a result, many examples

available in the literature and provided in this review are from asthma studies.
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DNA methylation

DNA methylation occurs at complementary pairs of cysteine residues directly followed by
guanine (CpG) in mammals (110). Dense CpG regions known as CpG islands were initially
thought to be the primary site of DNA methylation, but some evidence of methylation outside
of these areas has been shown (111). Although the effect of epigenetic marks might be cell and
location specific, DNA methylation is commonly associated with gene repression (110).
Methylation is carried out by various DNA methyltransferase genes (112) and the underlying
molecular mechanisms have been studied with the aid of in vivo studies using gene knockout
animals. DnmtI-/- mice display a DNA hypomethylation phenotype (113). During replication,
DNMTT acts by converting hemi-methylated DNA into fully methylated DNA (114). DNA
methylation was thought to be a permanent mark, however it has also been shown to be

reversible (115).

Investigations into unique epigenetic patterns in lung pathologies have been carried out. Kwon
and colleagues (116) carried out a study that found naive CD4+ T cells had methylated CpG
regions in the promoter for IL-4, which initiates immunoglobulin isotype switching (117) and
enhances cytokine secretion (118), suggesting that the transcription of IL-4 protein was
repressed. Interestingly, after stimulation with the common allergen, house dust mite (HDM),
T cells obtained from asthmatics became demethylated at the IL-4 promoter, whilst those from
healthy controls did not. Microarray analysis of lung tissue showed that samples from patients
with idiopathic pulmonary fibrosis (IPF) have unique CpG methylation patterns that differ from
healthy control and carcinoma groups (119). Other studies have also directly linked six altered

DNA methylation regions to the fibrotic pathogenesis of IPF (120, 121).
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Investigations into the DNA methylation status of COPD patients have found numerous CpG
methylation sites that are associated with both the presence and severity of COPD symptoms
(111). A number of genes for ECM proteins were methylated in small airways of the patients
with COPD (122). However, homogenised samples were used in those studies, thereby
rendering the study unable to identify which cell type methylation occurred suggesting that

further studies are necessary to elucidate cell specific methylation patterns.

The association between cigarette smoke exposure and DNA methylation has been investigated
in an epigenome-wide study. It has been found that cigarette smoke exposure alters methylation
patterns within the epigenome and; interestingly, the cessation of tobacco smoke allows
restoration to the methylation profile to that of the non-smokers (82). A similar study using
small airway epithelial cells found 1260 differentially methylated CpGs related to COPD (123).
DNA methylation status at the promoter of GATA4 measured in sputum samples has been
associated with impaired lung function (124, 125) and health outcomes in COPD (124).
However, a study using blood found that ex-smokers retained 10% of a smokers' epigenetic
signature even after smoking cessation (81). This suggests that there may be a difference
between the local and systemic effects of cigarette smoke which requires further investigation.
Nevertheless, these findings do suggest that DNA methylation could be a causal factor in
cigarette smoke induced COPD pathogenesis and the reason why quitting smoking slows down

the rapid decline in lung function in patients with COPD.
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Histone modifications

Histones are structural proteins that act as ‘spools’ for DNA. Pairs of histone H2A, H2B, H3
and H4 form an octomeric complex known as the nucleosome (126, 127). Precisely 146kbp of
DNA is wrapped around and stored around a nucleosome and held together by histone HI
(128). The histones can regulate transcription by either tightly coiling the DNA in an
inaccessible “heterochromatin™ state or loosely in a “euchromatin™ state (129, 130). The
heterochromatin state leads to gene repression as RNA polymerase II (RNA Pol II) and
transcriptional activators are unable to access DNA to generate mRNA (131); whilst
euchromatin encourages transcription by ensuring DNA is readily accessible to transcription
factors and RNA Pol II (130). The transition between heterochromatin and euchromatin states
is affected by PTMs (132), which can alter charge of the histones resulting in either repulsion
or stronger attraction between histones and DNA (127, 133). PTMs are made to the N-terminal
tail of the histone proteins by adding an acetyl or methyl group to lysine (132). Furthermore,
PTMs can act as epitopes, by recruiting transcription factors and co-factors to the site of

modification (134).
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Figure 1.3 Sites of epigenetic marks on histones H2A, H2B, H3, and H4 in yeast. The N-terminal tails are denoted by the

dashed lines where most of acetylation (orange circles) and methylation (red triangles) of histones occur (127)

Histone methylation

Unlike DNA methylation, the expression pattern of methylated histones is not considered
exclusively as gene silencing or promoting (135). Firstly, lysine residues on histone tails can
be mono-, di-, or tri-methylated, with each status offering different functional outcomes (131,
135). Secondly, the expression of histone methylation patterns vary widely depending on the
location of the amino acid residue targeted (131). Therefore, elucidating the effects of
methylation on gene expression or repression via histone methylation is a challenge. Two
contradictory histone modifications can be bound to the same promoter, leading to

transcriptional pause at the promoter until the inhibitory mark is removed (136).

It has been shown that trimethylation of lysine 4 on histone 3 (H3K4me3) is linked to increased

transcription of the IL-4 coding gene, IL-4 (137). Whilst dimethylation of the same histone
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(H3K4me2) investigated in T cell studies has shown to influence asthmatic pathogenesis during
T cell differentiation (138). These findings show that the number of methylations at the same
lysine residue can have differing pathological outcomes, further adding to the complexity of

epigenetic modifications.

Zhu and colleagues (139) have found that trimethylation of lysine 9 on histone 4 (H4K9me3)
is associated with overall gene repression by preventing RNA polymerase II from binding to
the promoter (131). Vascular endothelial growth factor (VEGF) is a key angiogenic molecule,
which is overexpressed by asthmatic human ASM cells (140). Clifford and colleagues (140)
showed that these cells had significantly lower levels of the H4K9me3 repression complex at
the VEGF promoter. Whilst augmented mRNA expression of DEFBI, a gene associated with
COPD (141), has been attributed to trimethylation of H3K4 (142). The examples of differential

mediation demonstrate altered epigenetic regulation in an airway disease.

Chromatin immunoprecipitation (ChIP) analysis on trimethylation of lysine 27 on histone 3
(H3K27me3) has revealed the location dependent functional effects on gene transcription
(143). It was found that H3K27me3 inhibits gene expression when modified residues are
located within the body of the genes, whilst H3K27me3 located at the promoter ameliorates
transcription. However, H3K27me3 modified residues at the transcriptional start site would
lead to transcriptional pause (143). Current research has only just begun to uncover the specific
effects of histone methylation patterns within airway diseases whilst much remains to be

elucidated.

Histone acetylation
The most frequently occurring PTM is the e-N-Acetylation of lysine residue (144). Histone

acetyltransferases (HATs) transfer the acetyl moiety from acetyl co-enzyme A (127). The

43



addition of an acetyl moiety to the lysine residue neutralises the positive charge of the e-amino

group (127, 130, 145). Consequently, the histone’s electrostatic attraction to negatively

charged DNA is attenuated and the euchromatin state is induced (127, 130). In contrast to

HATSs, histone deacetylases (HDACSs) remove acetyl moieties from lysine residues (127, 130).

HATs and HDACs are enzyme families working to control cellular acetylation levels (127).

There are four classes of enzymes within the HDAC family — class I, class II, class III, and

class IV. The primary identified roles of class | HDAC:s are to regulate innate immunity, while

class Ila HDACs predominantly regulate adaptive immune functions (146).

Table 2: The role of HDAC isoforms in regulating immunity (adapted from (146))

TLR signalling
IFN signalling
I HDACI1 Cytokine production
Cytokine production
T cell function
TLR signalling IFN signalling
HDAC2
Cytokine production Cytokine production
TLR signalling IFN signalling
HDAC3
Cytokine production Cytokine production
HDAC4 T cell function
ITa --
TLR signalling
Cytokine production
HDAC7 T reg cell function
T cell function
T cell development
T reg cell development
HDAC9 T cell function
T reg cell function
IFN signalling
1Ib HDAC6 T reg cell function Cytokine production

Immune synapse formation
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Enzymes from neither HAT nor the HDAC family (Table 2) work alone; rather, they are parts
of large multiprotein complexes (127, 147). HDACs have been shown to be the catalytic site
at the core of large multiprotein complexes (147). CoREST, NuRD, and Sin3 are some
examples of these mega Dalton complexes that each form around an HDAC1 and HDAC2

dimer core (147).

HDAC is associated with repressing the production of pro-inflammatory cytokines in alveolar
macrophages (148, 149). HDAC activity levels have been found to be significantly lower in
immune cells and peripheral lung samples of patients with COPD when compared to normal
controls (129, 150). There was no alteration in the level of HAT activity in COPD patients;
however HAT activity was increased in specimens obtained from asthmatic patients (149, 150).
HDAC?2 expression in particular is attenuated in immune cell and peripheral lung samples
obtained from COPD patients (23, 149), with smoking status being an attenuating factor (151).
A study using alveolar macrophages showed reduced HDAC2 activity in cells from patients
with COPD, with the reduction in HDAC2 corresponding with disease severity and resistance
to corticosteroid therapy (152). The anti-inflammatory effects of corticosteroids are carried out
via HDAC (148). Corticosteroids bind to the glucocorticoid receptor, which recruits HDAC to
deacetylate histones, thereby silencing inflammatory genes (148). Therefore, the reduction of
HDAC expression in immune cells from COPD patients can be associated with the
corticosteroid insensitivity experienced in COPD. Further studies have shown that deletion of
HDACI in T cells leads to enhanced airway inflammation (153) and broad spectrum HDAC

inhibitors compromise host defence and exacerbate COPD (154).

Further to the already noted intricacies in epigenetic modifications, cross talk between

modified residues is another area of complexity and interest. In the study of the fungus
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Neurospora crassa, it has been shown that methylation of histone H3 at lysine 9 is fundamental
in establishing DNA methylation (155). The aforementioned multiprotein complex, COREST,
has been shown to couple histone acetylation to demethylation (156), suggesting that these
complexes have an important role in epigenetic cross talk. Cross talk has been studied with
regard to the transcription factor modulating development and function of T-regulatory (T reg)
cells, FOXP3 (157). Alterations in the methylation status of FOXP3 have been shown to affect
T reg development and activity (157, 158). Methylation of the CpG island in the promoter
region of FOXP3 leads to repression, whilst inhibiting methylation with knockdown of Dmnt1
or using DNMT1 inhibitor, 5-azacytidine ameliorated expression of FOXP3, whilst stimulation
with TGF-B1 produced the same effect (157, 158). However, in order to obtain a robust, long
term expression of FOXP3 and T reg function, DNA methylation needs to be stabilised by
changes in histone H3 acetylation and lysine 4 methylation (158). Providing a further example

of epigenetic marks interacting to produce a coordinated functional outcome.

Epigenetic readers

Epigenetic modifiers can be classed into three groups: writers (lay marks on DNA or histones
e.g. DNMT1 or HAT), erasers (remove marks laid on DNA or histones e.g. HDAC) and readers
(recognise epigenetic marks). The activities of writers and erasers have been described in prior
sections; therefore, this section will focus on a reader class: bromodomain and extra-terminal
domain (BET) proteins. BET proteins specifically recognise acetylated e-N-lysine motifs
(159). BET proteins contain two hydrophobic cavities containing an H-bond linking to an
aspargine residue (160); it is these sites that recognise acetylated lysine residues (160). The
most well understood BET protein is Brd4 (161). Brd4 can bind to acetylated histones in the

euchromatin state (161) as well as non-histone proteins such as NF-xB (162). Thus, BET
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proteins are classically associated with the constitutive function of recruitment of transcription
factors and RNA polymerase II to initiate gene transcription (163). However, research has
shown that Brd4 may also act by directly targeting specific genes to maintain acetylation at
their respective promoter regions, therein modulating gene expression in a specific and

discretional manner (164-167).

The novel Brd4 inhibitor, JQ1, has been shown to reduce IL-1p induced inflammation in
asthma (168), and TGF-f induced cell proliferation and cytokine release from asthmatic human
ASM cells (169). JQ1 works by competitively binding to Brd4, displacing acetylated lysine
residues (170). A study has demonstrated that the release of TLSP by COPD fibroblasts can be
attenuated with the use of JQI1, suggesting the existence of a unique epigenome that may be
manipulated for therapeutic benefit (171). Further studies showing an altered ability of the BET
mimic JQ1 to suppress specific cytokine gene expression in COPD BAL macrophages(172)

underpins this position.

1.7 Hypothesis and aims

In summary, COPD is a disease characterised by persistent and rapidly declining lung function,
of which the primary site of obstruction is shown to be in the small airways. In the developed
world, cigarette smoking is the primary cause of the disease. However, not all smokers
experience the rapid decline in lung function characteristic of COPD. In those smokers with
COPD, cessation of smoking can drastically improve prognosis and slows down loss of lung
function. It has been established that cigarette smoking leads to an altered epigenome and that
stopping smoking reverts the epigenome to one more resembling that of a non-smoker.

Furthermore, altered epigenetic expression is evident in COPD and other lung diseases, such
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as asthma and idiopathic pulmonary fibrosis. Altering epigenetic writers, erasers or readers can
lead to positive outcomes by reducing inflammation; however the epigenetic mechanisms
underlying fibrosis during the development of COPD remain to be elucidated. Previous studies
in my research group have found that primary human airway cells from COPD patients have
augmented production of ECM in response to cigarette smoke extract (CSE) stimulation
compared to the healthy controls (3, 68). Furthermore, recent findings have shown that
excessive ECM production by human ASM cells has a more significant role in small airway
remodelling in the development of obstructive airway disorders than previously thought (67).

The aetiology of excessive ECM production in COPD is currently unknown.

Therefore, I hypothesise that ASM cells in the small airways in patients with COPD are

epigenetically reprogrammed, allowing the excessive production of ECM proteins upon

stimulation with known pro-fibrotic cytokine shown to be elevated in COPD, TGF-B1, leading

to airway wall thickening.

The overall aim of the project is to determine why COPD cells show aberrant ECM production.

The specific aims are:

Aim 1: Determine differentially expressed ECM genes between human ASM cells of

COPD and non-COPD smokers in response to TGF-f1 stimulation

Aim 2: Assess and contrast the potential role of modifications to histones or DNA in

primary human ASM cells from COPD and non-COPD smokers
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Aim 3: Confirm specific modifications at single ECM gene promoters using chromatin

immunoprecipitation (ChIP) and/or methylated DNA immunoprecipitation (MeDIP)
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Chapter 2 Determination of Aberrantly Expressed ECM Genes in

COPD

2.1 Introduction

It is well established that remodelling within the small airway walls contributes to airway
obstruction in COPD patients (21). Research has shown that increased ECM deposition within
the ASM layer in small airways positively correlates with a loss in lung function (67). In vitro
research carried out within our group has demonstrated that airway mesenchymal cells from
patients with COPD deposit more ECM proteins upon stimulation, when compared to those
cells from smokers without obstructed airways (3, 68). Further, it is established that TGF-B1 is

a potent inducer of ECM proteins, with increased expression in COPD (101-104).

This Chapter aims to investigate aberrant ECM production from primary human ASM cells
induced by TGF-B1. In order to control for any aberrations induced by the donor’s smoking
behaviour, all cells were obtained from explanted tissue of patients with positive smoking
history, with written formal consent. Selecting from donors with positive smoking history
ensured that both cohorts were matched for smoke exposure. Further, we ensured to use
primary human ASM cells from males and females to account for any epigenetic skew that
may be attributable to gender. This Chapter contains the results pertaining to in vitro
investigations using primary human ASM cells, and in vivo determination of localisation of
ECM proteins in airways using immunohistochemical techniques. We posit that the ECM gene

aberrantly expressed by human ASM cells in response to stimulation with TGF-B1 is a
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contributing agent to small airway disease and subsequent manifestation of patient airway

obstruction.
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2.2 Methods

2.2.1 Ethics statement

The use of human tissue was approved by the Ethics Review Committee of St Vincent’s
Hospital Sydney and the University of Technology Sydney Human Research Ethics Committee
(UTS HREC: ETH16-0507; St Vincent’s Hospital HREC/15/SVH/351). Written informed

consent has been obtained from all volunteers or next of kin.

2.2.2 Primary cell isolation

Airways were isolated from the lung and small airways (<2 mm) of patients undergoing lung
transplantation or lung resection for thoracic malignancies, as previously described (68).
Primary human ASM cells were grown in a T175 flask with Dulbecco modified eagle medium
(DMEM, Thermo Fisher Scientific, Waltham MA, USA) enriched with 10% FBS, 1%
antibiotic/anti-mycotic (Thermo Fisher Scientific, Waltham MA, USA), and buffered with
2.5% HEPES (Amresco, Solon OH USA). The cells were incubated at 37 °C/5% COa. Cells
were passaged at 80% confluence. Cells were first washed with Hanks salt solution (Sigma-
Aldrich, Castle Hill, NSW) and incubated with 3ml Trypsin (0.05% w/v, Thermo Fisher
Scientific, Waltham MA, USA) at 37°C/5% COz for 3 min. Trypsin was inactivated with the
addition of 9ml of growth medium, and the cells were centrifuged at 201 g for 5 min. Cells

were resuspended in the growth medium and grown under required experimental conditions.
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Table 2.1 Patient information. All tissue specimens were obtained with written formal consent from patients or next of kin.
Experiment key: 1 = microarray analysis; 2 = qPCR of TGF-B1 induced ECM gene expression; 3 = HAT activity assay; 4 = HDAC
activity assay; 5 = Epigenetic inhibition; 6 = ChIP-PCR experiments; 7 = JQ1 dose-response relationship with COLI541 and TNC
mRNA.

S | FEV% FVC%
Patient ID Experimentsused Disease Gender Age ample N N FEV1/FVC Hospital Meds Smoking history
type pred Pred
X Grisolvon,
malignant
neoplasm of upper 86% 99% Strathfield Temase, 5-6/day, 30 years, quit
1 1,2,5,6,7 P PP F 71 Resection ° ° 96% ' Locacortem, Y, SUyears, q
lobe bronchus (2.13L) (2.19L) private . 2 months prior
| Vioform,
ung Centrum, Fish Oil
E ker, 50 k
2 17 emphysema M 54 Tx (0.56L)  (2.15L) - StV - X smoker, 50 pac
years
3 3,4,6 COPD F 62 Tx - - - Stv - Current/Ex smoker
23%
4 1-7 emphysema F 44 Tx (0.59L) 95% (2.9L) 20% Stv - 15 pack years
zocor, diabex xr,
malignant novasc,
tasem of 85% 79% Strathfield opri ex smoker, 20-30/day,
5 3,4,6 nelcpbasbmo ‘:qpper M 75 Resection 15°L) o 66"L) 81% rat 'te @ Dpulr'"c’ quit 2002 (sample
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lung stemetil, gangfort
0.3/5
Adenocarcinoma,
NOS/metastatic,
secondary and
ified P 909
6 1-7 unsp‘em ‘e M 61  Resection 88% 0% 73.90% RPA telmesartan 30 pack years
malignant (3.15L) (4.26L)
neoplasm of
intrathoracic
lymph nodes
- -BD
pre pre FEV1/FVC
BD=3.44 =4.79
(102%), (106%) pre=72 Other resp con:
7 1-7 NSSCa M 66  Resection . (97%), P :
post- post- CAL
BD=3.44 BD=4.97 post=69
- ’ (94%)

(102%) (110%)
8 3,4,6 COPD F 52 Tx - - - Stv - Current/Ex smoker

ex smoker, quit

9 16 NSCCa F 60  Resection (;;Z’L) 94%(2.9L)  83% St;"’r'it:':tzld T;’;er;‘:’)xgg 1/8/2010, sample
collected 31/8/2010
Prednisolone,
Augmentin,
0.51 2.03 Tiotropium
10 1,2,5,6,7 Emphysema E 56 . (20%) (69%), stv bromide, asjpirin, Ex-smoker <10 yrs, 30
0.49 2.14 doxycycline, pack years
(20%) post (72%) post perindopril,
Fluticasone-
Salmeterol
11 7 Adenocarcinoma M 60 Resection - - - RPAH - Current/Ex smoker
12 6 emphysema M 59 Tx - - - Stv - Current/Ex smoker
13 2,5,7 COPD F 60 Tx - - - Stv - Current/Ex smoker
14 1,2,5 Emphysema M 64 Tx - - - Stv - Current/Ex smoker
Emphysema + 66% ex-smoker, 20/day X 50
15 1,2,5,7 adenocarcinoma, M 70 Resection (3.191) (4.32L) - RPA - years, quit 3 weeks
COPD prior
16 1,2,5,7 Emphysema M 60 Tx (0.34L) (1.31L) - Stv - 60 pack years

ex-smoker, 50/day * 50
17 2,5,7 Adenocarcinoma F 64 Resection 2.4L 4.15L - RPA - years =100 pack years,
stopped 6 weeks prior

candesartan 16mg

daily oral,
celebrex 200mg
daily oral,
durogesic
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pre pre day topical,
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2.2.3 Study subjects

To identify aberrations specifically attributable to COPD, human ASM cells were obtained
from bronchial airways of subjects with COPD or with no obstructive lung disease as
determined by FEV1 values. Patient information regarding sex, diagnosis, smoking history and
lung function were obtained. Those subjects with diagnosis of asthma, infectious diseases, or
interstitial lung disease were excluded. Considering that smoke exposure significantly alters
the epigenome (81, 82), all subjects were smokers to normalise the effects of cigarette smoke
on the epigenome of our non-COPD and COPD groups. Subjects were classified as follows
according to severity of airflow limitation. Non-COPD susceptible: n = 8, FEVI/FVC >70%
and FEV1 % predicted >80%. 2). COPD: n = 11, FEVI/FVC < 70% and FEV1 % predicted
<80%. All studies were carried out with a targeted 1:1 gender balance, when possible. Table

2.1 contains full patient information.

2.2.4 Cell culture

Primary human ASM cells were seeded at a density of 4.2 x 10* cells/mL into 6 well plates.
Briefly, an 80% confluent T175 flask first washed with Hanks salt solution (Sigma-Aldrich,
Castle Hill, NSW) and incubated with 3 mL Trypsin (0.05% w/v, Thermo Fisher Scientific,
Waltham MA, USA) at 37°C/5% COz for 3 minutes. Trypsin was inactivated with the addition
of 9 ml of growth medium, and the cells were centrifuged at 201 g for 5 min. Cells were
resuspended in the growth medium and an aliquot removed to be stained with Trypan Blue and
loaded onto a hemocytometer for manual cell counting. Growth medium is added to cell

suspension to obtain correct concentration of cells (4.2 x 10* cells/mL). 3 mL of cell suspension
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was carefully added to each well of a 6 well plate and grown at 37°C/5% COz for 72 hours or

until reaching 80% confluency.

2.2.5 Cell stimulation

Upon reaching 80% confluency, cell cycle was arrested in DMEM buffered with 2.5% Hepes
and supplemented with 0.1% Bovine Serum Albumin (BSA), and 1% antibiotic/antimycotic at
37°C /5% COz for 24 hours. Quiescent medium was removed and cells were stimulated with
recombinant human TGF-1 (10ng/ml; R&D Systems, Noble Park North, VIC) in quiescent
medium at 37°C/5% COz for 48 hours as it was previously determined in our lab that this was

the optimal time point for ECM mRNA expression in cells of this type (68).

2.2.6 mRNA sample collection

Upon treating cells as detailed in section 2.2.5, cell culture supernatant was carefully removed,
and the cells were washed twice with ice cold sterile 1x PBS. To effectively lyse cells and
stabilise mRNA, cell lysis buffer provided as part of the Isolate II Mini RNA Kit (BIO52073;
Bioline, NSW Australia) was supplemented with B-mercaptoethanol (BME) (MB148; Sigma
Aldrich, Germany) to a final concentration of 1% (v/v). 350 uL of the cell lysis buffer (BME
1% v/v) was added to each well. Cells were manually agitated with the use of a sterile scraper

to aid lysis and ensure all cells were removed from well bottom. Resultant RNA lysate was

stored at -20°C.
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2.2.7 mRNA purification

mRNA lysates collected according to section 2.2.6 were defrosted on ice and purified using a
commercial kit (Isolate IT Mini RNA Kit; BIO52073) according to manufacturer’s instructions.
Briefly, samples were separated via centrifugation at 11,000 g for 1 min to allow for removal
of cell fragments and protein contaminants. Nucleic acid binding conditions were adjusted with
the addition of 350 pL of 70% EtOH (made up in RNase-free diethylpyrocarbonate (DEPC)
treated H20). After briefly (2 sec) vortexing the sample + 70% EtOH to ensure adequate mixing
of the solution, it was loaded onto a column containing a silica membrane filter to which nucleic
acids bind and centrifuged (30 sec@ 11,000 g). To ensure only RNA remained, it was essential
to carry out a DNA digest. Membrane desalting preceded DNA digestion, which was carried
out using DNase I (provided with kit). Following the DNA digest, the column filter was washed
over numerous steps with a series of wash buffers provided as part of the kit. Total mRNA was
eluted in 60 pL of RNase-free DEPC-treated H2O. UV-Vis Spectrophotometry was used to
asses mRNA purity levels and concentration through use of a Nanodrop 2000 (Thermo Fisher

Scientific, NSW, Australia).

2.2.8 Reverse Transcription

Complementary DNA (cDNA) to our RNA template purified in section 2.2.6 was synthesized
using the SensiFAST cDNA Synthesis Kit (BIO-65053; Bioline, NSW, Australia) according
to manufacturer’s instructions. Each reaction had a minimum of 50 ng purified mRNA added
to 4 uL 5x TransAmp Buffer, 1 pL reverse transcriptase, and n pl RNase-free DEPC-treated
H20 to make up to 20 uL total volume. An Eppendorf Mastercycler (Eppendorf, NSW,

Australia) was used to run the PCR cycle as follows:
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Primer annealing: 10 mins @ 25°C
cDNA synthesis: 15 mins @ 42°C

Inactivation: 5 mins @ 85°C

Synthesized cDNA was stored at -20° C until use in RT-qPCR.

2.2.9 Microarray analysis

Prior to our microarray analyses, cDNA as prepared in section 2.2.8 from basal and TGF-B1
treated cells was pooled into respective non-COPD (n=7) and COPD (n=7) groups to reduce
the effects of biological variation. Microarray analysis was carried out with Tagman® Fast
Array Plates targeting human ECM matrix & adhesion molecules (Life Technologies,
Carlsbad, CA) cycled on a StepOnePlus Real-Time PCR System (Applied Biosystems,
Branchburg, NJ). The array targeted 96 genes, four of which were housekeeping genes and the
remaining two were ECM. See Appendix B for complete list of all genes on the microarray.

Microarray findings were confirmed with quantitative PCR.

2.2.10 Reverse Transcriptase Quantitative PCR

cDNA was synthesised as described in section 2.2.8. A pre-developed, specific primer set for
COLI15A41 Hs00266332 ml, COL541 Hs00609088 ml, ITGAI Hs00235006 ml, or TNC
Hs01115665 m1 with SensiFAST™ Probe Hi-ROX Master Mix (Bioline, Castle Hill, NSW),
and the StepOnePlus Real-Time PCR System (Applied Biosystems, Branchburg, NJ) was used
for real-time PCR (Applied Biosystems, Branchburg, NJ). A pre-developed TagMan reagent

human 18S rRNA (Cat. #4319413; Life Technologies) was included in each real-time RT-
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gqPCR reaction as an endogenous control. Data from the reactions were analyzed using StepOne

Software, v 2.3 (Applied Biosystems, Branchburg, NJ).

2.2.11 Immunohistochemistry

Airway identification and accumulation of col 15al and tenascin-C proteins was assessed in
formalin fixed paraffin embedded sections using hematoxylin & eosin, col 15a1, and tenascin-
C staining (n = 4-5). For hematoxylin and eosin staining, the slides were stained with Mayer’s
hematoxylin and eosin staining after hydration. Immunohistochemisty were performed
according to manufacturer’s instruction with Dako Envision+ System (K400311-2, Dako,
USA). In brief, slides were first hydrated from xylene to water in gradually decreasing
concentrations of ethanol, followed by phosphate buffered saline. Heat-induced epitope
retrieval was applied by microwaving on ‘high’ in citric acid buffer (pH6.0) for 15 mins. The
slides were then blocked with Dako peroxidase block (S202386-2, Dako, USA). The slides
were then incubated with diluted primary antibodies for 1 hour (col 15al (1:500; Sigma-
Aldrich, Castle Hill, NSW); tenascin-C (1:50; Sigma-Aldrich, Castle Hill, NSW)) in antibody
diluent (K8006, Dako, USA). Negative controls were incubated with antibody diluent only
(K8006, Dako, USA). The slides were then incubated with secondary antibody (K400311-2,
EnVision+/HRP Rabbit, Dako, USA) for 40 min at RT, followed and then visualised using
liquid DAB+ (K436811-2, Dako, USA) for 8 min. Sections were subsequently counterstained
with hematoxylin and cover slipped. Imaging was conducted using a Hamamatsu NanoZoomer

(40x) and stain intensity quantified using Fiji Image J.
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2.2.12 Statistical analysis

The data were analysed for parametric distribution, with differences identified by either
unpaired t-test or 2way ANOVA followed by Tukey post-hoc tests as specified. Data analysis
was carried out using Graphpad Prism 8 software wherein a p-value < 0.05 is considered

significant.
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2.3 Results

2.3.1 Microarray Analysis

As a screening step to target aberrant ECM genes attributable to COPD status, rather than
smoking, we treated primary human ASM cells from our cohorts identified in section 2.2.1
with TGF-B1 (10ng/mL) for 48 hours. It is of import to note that TGF{31 stimulation induced
upregulation of all ECM genes in the COPD and non-COPD groups, and our primary objective
was to determine which of those were aberrantly expressed in the COPD susceptible
population. Microarray analyses results in Figure 2.1, expressed as TGF-f1 induced expression
over basal expression, showed COLI5A1 and COL5A1 expression upregulated in COPD.
Whilst, other ECM genes TNC and ITGAI were shown to have augmented expression in non-

COPD susceptible smokers.
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Figure 2.1 Microarray analysis. Primary human ASM cells from COPD (n=5) and non-COPD (n=6) susceptible smokers
were cultured = TGF-B1 (10ng/ml) for 48 hours. mRNA lysates were collected, and cDNA was reverse transcribed using RT-
PCR. Resultant cDNA from treated and non-treated groups was pooled and ran on a microarray targeting a panel of 92 ECM
genes. Results are expressed as TGF-f1 induced fold change over baseline. COL1541 & COL5A1 expression was higher in

COPD, whilst TNC and ITGA1 expression in non-COPD smokers was shown to be higher.
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2.3.2 RT-qPCR Determination of Target Gene Expression

In section 2.3.1, four ECM gene targets were identified to be aberrantly expressed in COPD.
As is the nature of microarrays (173), these results were based on pooled cDNA samples
applied to numerous genes without technical replicates. Therefore, in order to grant prudent
statistical power to our findings, we used RT-qPCR to quantitate the fold change in each

individual patient cDNA sample in triplicate.

In doing so, we found that COLI5A41 expression was significantly (p=0.0155; 63.21+£15.19)
upregulated in COPD, as shown in the microarray analyses. The RT-qPCR results for COL5A4 1
(p<0.9999) and ITGAI (p=0.4555) showed no significant difference between cohorts. Whilst,
contrary to the microarray findings, TNC (p=0.0482; 13.65+3.651) expression was shown to

be significantly upregulated in COPD.
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Figure 2.2 RT-qPCR Validation of TGF-p1 induced ECM gene expression. Primary human ASM cells from COPD (n=7)
and non-COPD (n=7) smokers were stimulated £ TGF-B1 (10ng/ml) for 48 hours. At which point mRNA lysates were
collected, and cDNA was reverse transcribed using RT-PCR. Probe-based RT-qPCR was carried out on COL5A41 (a),
COL15A1 (b), TNC (c), and ITGAI (d). Results were normalised to an endogenous gene (18s) and are expressed as TGF-f1
induced expression over basal expression. Data were analysed using unpaired t-test, (*=p<0.05). COLI541 and TNC

expression were found to be significantly upregulated in COPD. (mean + SEM)

2.3.3 Immunohistochemical Localisation & Quantification of Collagen 1501 and Tenascin-C

The aberrantly expressed mRNA identified in section 2.3.2 includes COLI15A41 and TNC. These
genes encode for collagen type 1501 and tenascin-C, respectively. We have shown in sections
2.3.1 and 2.3.2 that COL1541 and TNC mRNA is expressed in vitro, and in this section, we
aim to demonstrate that the proteins encoded by these genes are located amongst the ASM
layer in human small airways in vivo. To do so we stained sections cut from paraffin embedded

COPD-diagnosed human airways with anti-collagen 150l and anti-tenascin-C antibody.

62



Positive DAB staining within the concentric smooth muscle layer for collagen 15al (Fig. 2.3a)
and tenascin-c (Fig. 2.3b) was noted, thereby confirming that these proteins are deposed in the
small airways of COPD patients in vivo. It is of note that the deposition of collagen 15a1 was

exclusively localised to the ASM layer.

non-COPD COPD

Figure 2.3 Immunohistochemical Staining. Paraffin embedded human lung tissue from a COPD and non-COPD patient
containing small airways was sectioned and stained with (A) anti-collagen 15al antibody and (B) anti-tenascin-C antibody.
Red A denotes positive staining within the concentric airway smooth muscle layer surrounding the small airway; black bar =

50 pm

Further, upon quantifying stain intensity within the ASM layer of COPD airways versus control
samples, we found that collagen 15a1 deposition was significantly (p=0.0242) higher in COPD
airways (0.1969 + 0.05643) compared to control (0.1022 + 0.02856) (Fig 2.4a). Although the

results for tenascin-C deposition were not statistically significant (p=0.1947), we found that
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there was a trend of increased deposition in COPD (0.1456 + 0.0490) compared to control

(0.1076 + 0.02100) (Fig. 2.4b).
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Figure 2.4 Quantification of ECM protein deposition in ASM layer. Airway section from control and COPD patients were
stained with (a) anti-collagen 1501 and (b) anti-tenascin-C and quantified. Collagen 1501 deposition is significantly higher in

COPD airways (*=p<0.05; mean + SEM)
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2.4 Discussion

The aim of this section was to take the first step in elucidating the mechanism underpinning
the rapid decline in lung function experienced by COPD patients. As it is known that (i)
increased ECM deposition within the airway smooth muscle layer is the primary contributing
factor to fibrosis, and that (ii) the extent of fibrosis positively correlates with airway obstruction
experienced by COPD patients, we focused our experiments on isolating those ECM genes that

may be aberrantly expressed.

As expected, our microarray analyses showed an overall upregulation in each ECM gene upon
stimulation with TGF-B1 (Fig. 2.1) in both groups. However, the genes for COLI541 and
COL5AI were shown to be further upregulated in COPD. Whilst TNC and /ITGAI mRNA was
shown to be downregulated in COPD than in non-COPD susceptible smokers. Leading into
our microarray analyses, we pooled cDNA from each cohort to identify the characteristics of
each cohort whilst reducing the effects of biological variation. The latter of which is quite
prevalent when using primary cells. Therefore, we took the information from these arrays into
the next phase of experiments wherein we repeated our model of 48-hour TGF-f1 exposure
with a higher n number and use of quantitative PCR to ensure the sound practice of biological

and technical replicates is fulfilled.

Upon carrying out the aforementioned outlined in section 2.3.2, it was determined that
COL1541 (Fig. 2.2b) expression was significantly upregulated in COPD susceptible smokers.
Whilst ITGAI (Fig. 2.2d) and COL5AI (Fig. 2.2a) upregulation was not validated.
Interestingly, the results for TNC (Fig. 2.2¢) upon the addition of biological and technical

replicates contradicted the microarray analyses and it was determined that TNC mRNA was
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significantly upregulated in COPD susceptible smokers. It is of particular importance to note
that these were not the only genes upregulated by TGF-f1 in COPD, but rather those that
expressed significantly higher upregulation than human ASM of non-COPD smoking patients.
In light of our findings showing that only two of the ninety-two ECM genes on the array
showed significantly higher expression in COPD, we assert that the underlying mechanism is

attributable to individual gene expression rather than TGF-B1 signalling.

In Figure 2.3 we demonstrate that the ECM proteins encoded by COLI541 and TNC are
deposed within the concentric smooth muscle layer surrounding the small airway of a COPD
patient. ECM localised to the ASM layer affirms that in vitro modelling using primary human
ASM cells is the best course to investigate the molecular pathophysiology underlying small
airway fibrosis in COPD. We further demonstrated in Figure 2.4a that there is a measured
increase in amount of collagen 1501 deposed within the ASM layer in COPD airways
compared to those of non-COPD patients. Demonstrating that our in vitro findings translate to
in vivo outcomes within the COPD airway. We note that tenascin-C deposition (Fig. 2.4b)
followed a similar increased trend in COPD, however the results did not attain statistical

significance due to low statistical power.

These findings are consistent with literature showing increased ECM mRNA expression and
protein deposition from COPD smokers (3, 68, 174, 175) in response to stimuli. The most
evident mechanism in which these findings underpin COPD pathophysiology would be the
obstructive effect of increased ECM protein deposition within the airway wall, which would

impose upon the lumen and physically impede conduction of air through the small airways.
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Further, it is well understood that ECM proteins have inherent bioactive properties in addition
to adding bulk to provide structural support. Tenascin-C is a glycoprotein that has been
identified as a driver of fibrosis (176) with tenascin-C deficient mice demonstrating lower
levels of fibrosis in models of acute lung injury (177). The ECM protein has also been shown
to induce myofibroblast formation (178), increase cell migration (179), and ameliorate the
production of other ECM proteins such as collagen from fibroblasts (178), demonstrating that

tenascin-C plays an active role in sustained fibrosis.

Collagen XVal has been detected in basement membranes, and smooth and striated muscle of
numerous organ systems (180) but is one of the lesser understood collagens. Although
increased levels of collagen XVal have been noted in other fibrotic diseases (181), little is
understood of its role in COPD or other pulmonary pathologies. It is known that the C-terminal
fragment of collagens may become cleaved and act as signalling molecules known as
matrikines (78-80). A matrikine comprised of amino acid residue sequence Proline-Glycine-
Proline (PGP) has been described as a damage associated molecular pattern shown to
exacerbate neutrophilic inflammation and induce protease imbalance in the lung (182, 183).
PGP has been considered as a biomarker in COPD (184). Collagens are considered the primary
source of PGPs as they are typically rich with PGP sequences; collagen XV ol contains 15
PGP sequences, most of which are located near the C-terminus (Uniprot ID: p39059). The C-
terminal fragment of collagen XVal is known as restin. Like collagen XV a1, restin is not yet
well understood, but has been shown to inhibit migration of endothelial cell line, ECV 304,
cells in vitro (185). High levels of restin has been detected in tumor cells of patients with in
Hodgkin’s lymphoma (186). The paucity of information regarding collagen XVal and its
bioactive potential highlights a need for further investigation into this protein, particularly in

the context of fibrosis.
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The findings described in this section are significant as they identify aberrant ECM genes
unique to COPD patients, rather than smokers. Further, they do so in primary human cells from
the site of pathological insult within the small airway wall. The method of ECM gene induction
using TGF-B1 further bolsters this work as TGF-B1 is a known pro-fibrotic cytokine that has
been shown to be elevated in COPD. Therein ensuring that using TGF-B1 is biologically
relevant to real-world COPD outcomes, enabling us to effectively investigate the molecular

mechanisms underlying increased small airway fibrosis in Chapters 3 & 4.
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Chapter 3 Investigations into Epigenetic Aberrations Underlying

ECM Expression in COPD

3.1 Introduction

In Chapter 2, it was established that ECM genes COLI54A1 and TNC are significantly
upregulated in COPD, compared to non-COPD susceptible smokers. In this Chapter, the aim

is to screen for any epigenetic variances between the groups.

The epigenome comprises many different epigenetic marks, some of which are made directly
onto the DNA, and others that bind to histones. The overall understanding is that the former
directly blocks transcription factors from accessing transcriptional start sites (TSS) and
promoter regions whilst the latter directly affects chromatin compaction to modulate promoter
accessibility. Of those understood epigenetic mechanisms, we chose to focus on those most

well understood and previously shown to be involved in numerous pathologies:

- DNA Methylation
- Histone Acetylation

- Histone Methylation

DNA methylation refers to the transfer of a methyl (CH3) group from universal methyl donor
S-adenosyl-L-methionine (SAM) to the fifth carbon on cytosine, culminating in 5-
methylcytosine (5SmC). SmC commonly occurs on CpG sites, which are typically clustered

together in regions dense in guanine and cytosine, known as CpG islands. CpG islands are

69



often located within or close to TSS and promoter regions of many genes, including
housekeeping and tissue-specific genes (187). When unmethylated, CpG islands play an active
role in transcriptional initiation by destabilising the nucleosome and therefore promoting
chromatin decompaction (188). Upon becoming densely methylated, CpGs become silenced

and gene expression is subsequently repressed (188).
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Figure 3.1 Maintenance of DNA Methylation by DNA Methyltransferase 1 (DNMT1). During mitosis, fully methylated
DNA (A) undergoes replication. Post-replication, the template strand (solid line) carries on the inherent epigenetic mark whilst
the complementary strand (dashed line) is unmethylated, resulting in hemi-methylated DNA. (B) DNMT1 transfers a methyl
group from S-adenosyl-L-methionine (SAM) onto the complementary strand, resulting in a fully methylated daughter DNA
strand. (C) Upon treatment with 5-azacytidine, DNMTT1 is inhibited and the transient hemi-methylated mark is lost passively,

resulting in a non-methylated daughter DNA strand.

Cytosine methylation is mediated by enzymes known as DNA Methyltransferases (DNTMs).
Among mammals, DNMT1, DNMT3A, DNMT3B, and DNMT3L have been identified (189).
All DNMTs are essential for human development, however DNMT]1 plays the predominant

role in maintaining methylation markers to induce mitotic heritability (190) (Fig. 3.1), whilst
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DNMT3A and DNMT3B induce de novo methylation marks (189); with this in mind, the
DNMTs are classed as either methylation maintenance molecules or de novo methylators. To
investigate the evidence of a methylation mark contributing to COPD pathophysiology, we
sought to inhibit the maintenance of established epigenetic marks in our study groups to reflect
DNA methylation patterns acquired by the patients. To do so we used a well-established

inhibitor of DNMT 1, 5-azacytidine (191).

5-azacytidine — trading under brand name Vidaza — is an FDA approved drug for treatment of
subtypes of myelodysplastic syndrome (192) and further approved for chronic
myelomonocytic leukaemia, and acute myeloid leukaemia by the European Medicines Agency
(EMA). Vidaza’s mechanism of action is attributed to 5-azacytidine’s DNMT1 inhibition, with

use culminating in demethylated regions wherein methylation has contributed to pathology.
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Figure 3.2 Schematic representation of Histone Tails. The octomeric protein complex at the centre of a nucleosome is comprised of
duplicates of histone H2A, H2B, H3, and H4. Each of these histones has an N-terminal tail (two in the case of histones H2A and H2B)
comprised of amino acid residues. These residues are the sites of PTMs made to histones, with lysine (K) and arginine (R) understood

to be the most commonly modified residues. Numerical allocation of residues begins at the N-terminus.

Histone acetylation is a post-translation modification which refers to the addition of an acetyl-
moiety to the lysine residue on a histone tail. Core histones play a significant role in
nucleosome stability, and their inherent positive charge contributes to this function. As DNA
is negatively charged, it is attracted to the histone ‘spools’ thus 146 bps wind tightly around
the histone octomeric complex (comprised of histones H2A, H2B, H3, and H4) and are tethered
by histone H1. This tightly wound nucleosomal complex is referred to as heterochromatin. Due
to its tight coils, heterochromatin is less accessible to transcriptional mediators such as NF-xB
and RNA Polymerase II. The acetyl moiety (C2H30), however, is negatively charged and
consequently, histones with acetylated lysine residues have a less positive charge (193).

Although DNA remains wound around acetylated histones, it is no longer tightly coiled; this
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loosely bound state is known as euchromatin. Euchromatin is inherently more accessible to
transcriptional mediators allowing for transcriptional activation and initiation, therefore
histone acetylation is strongly linked to upregulation in gene transcription. This link was first

identified in 1964 (194) and has since been proven both in vitro and in vivo (145, 195-197).

heterochromatin
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Figure 3.3 Histone Acetylation Mediated by HAT and HDAC. Histone acetylation occurs when acetyl moiety (red) is added
on to the histone by a HAT enzyme, whilst deacetylation occurs when the acetyl moiety is removed by an HDAC enzyme.

The former promotes the tightly wound heterochromatin state, whilst the latter promotes the euchromatin state.

The addition and removal of acetyl moieties to lysine residues is modulated by enzymes histone
acetyltransferase (HAT) and histone deacetylase, respectively. The aforementioned may also
be referred to as lysine acetyltransferases (KATs) and lysine deacetylases (KDACs) as they

have been shown to acetylate non-histone proteins. In the interest of clarity, we will continue
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to use the term HATs and HDAC: in this work. HATs use acetyl-CoA as the acetyl donor to

acetylate the g-amine of lysine residues and are classed into three families:
- GNAT
- MYST

- P300/CBP

Table 3.1 HAT Substrate Specificity. Identified histone specificity of HATs within the three well-understood classes. It is
of import to note that factors that may affect the specificity of an enzyme include method of isolation & purification,

biological context, and nature of histone substrate (i.e. histone peptide fragments, core histones). Source: (198-200). *yeast

homolog
Family/HAT name Target residue(s)
GNAT family
Gen5* H3K9K14K36; H3K9K 14K 18K23KK27K36
p/CAF H3K14
MYST family
Tip60 H4K5K8K 12K 16
MOF H4K16
Sas3 H3K14K23
MOZ H3K14
p300/CBP family
p3()0 H2AKS; H2B; H3K4K9K 14K 18K27K56;
Rtt109* H3K56K9K23
CBP H2AKS5; H2B

Each HAT employs acetyl-CoA to act on a lysine substrate to form acetyl-lysine, however the
difference between classes becomes evident upon examining the sequence of acetylation.
Suggesting that each class demonstrates distinct substrate specificity and biological activity
(198). Although, the exact pattern can vary depending on the biological context and the nature
of the substrates (198, 200, 201). Table 3.1 outlines the identified patterns of histone acetylation

by different HATs.
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In our investigations, we aimed to inhibit HAT activity using a natural inhibitor derived from
turmeric: curcumin. Curcumin’s capacity as a HAT inhibitor has been well demonstrated in
vitro (202-204)and in vivo (202, 204); with its mechanism of action being linked to inhibition

of p300 HAT activity (202, 204).

Table 3.2 Classes & subcellular distribution of histone deacetylases (HDACsS).

Source: (205, 206)

Family/HDAC Subcellular distribution
Class I
HDACI1 Nucleic
HDAC2 Nucleic
HDAC3 Nucleic
HDACS Nucleic & cytoplasmic
Class I1
Class Ila
HDAC4 Nucleic & cytoplasmic
HDACS Nucleic & cytoplasmic
HDAC7 Nucleic, cytoplasmic & mitochondrial
HDAC9 Nucleic & cytoplasmic
Class I1b
HDAC6 Cytoplasmic
HDACI10 Cytoplasmic
Class I1I
Sirtl Nucleic & cytoplasmic
Sirt2 Nucleic & cytoplasmic
Sirt3 Mitochondrial
Sirt4 Mitochondrial
Sirt5 Mitochondrial
Sirt6 Nucleic & cytoplasmic
Sirt7 Nucleic & cytoplasmic
Class IV
HDACI1 Nucleic & cytoplasmic

Acetylation levels are not solely mediated by HATs, as the removal of the acetyl mark by

enzymes known as histone deacetylases (HDACsS) also plays a significant role. Like HATS,
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HDAC:s are at times referred to as protein deacetylases but we will continue to refer to them as
HDAC:s in this work. HDAC:s are classed into four families (I-IV), with table 3.2 outlining the
members of each family. HDAC classes I, II, and IV have Zn dependent catalytic mechanisms
(207), whilst class III HDACs, also known as Sirtuins, depend on oxidized nicotinamide
adenine dinucleotide (NAD") as a cofactor during catalysis (208). HDAC activity has been
shown to correlate with transcriptional repression (209). Aberrant recruitment of HDACs has
been mechanistically linked to numerous malignancies in vitro (210, 211), and a potent HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA), trading under the name Vorinostat, has
been FDA approved for the treatment of cutaneous T-cell lymphoma. Studies investigating
HDAC activity in COPD have shown that immune cells and peripheral lung tissue obtained
from COPD patients had decreased levels of HDAC2 activity which correlate with disease
severity (149). Further, it was shown that restoring HDAC2 activity in immune cells resulted
in a resolution of the impaired glucocorticoid response typical of COPD (129, 148). These
findings underpin the reemergence of interest in Theophylline as a COPD therapeutic.
Previously used as a bronchodilator at high therapeutic concentrations, Theophylline fell out
of favour with patients and prescribers due to its many side effects (212). However, upon
demonstrating that Theophylline activates HDACs and thereby enhances the anti-inflammatory
effect of corticosteroids in vitro (213, 214), the drug has been considered a likely contender for
treatment in COPD exacerbations. Although recent evidence from a pilot clinical trial shows

no improvement in exacerbations in severe COPD patients (215) thus far.

In this Chapter, we inhibited HDAC activity with Trichostatin A (TSA). We chose TSA over
other HDAC inhibitors, such as SAHA, due to its enhanced inhibitory activity at lower
concentrations (216), thereby exerting less cytotoxic effects on primary human ASM cells.

Treatment with TSA has been shown to lead to accumulation of acetylated histones in vitro
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and in vivo (217). TSA’s mechanism is attributed to its capacity as a zinc scavenger, thereby

effectively inhibiting the catalytic properties of HDACs within classes I, 11, and IV.

Histone methylation refers to a PTM wherein a methyl (CH3) group is covalently attached to
amino acid residues on histone lysine tails. It is modulated by enzymes known as histone
methyltransferases and demethylases, which demonstrate affinity for methylating lysine (K)
and arginine (R) residues (218). These are known as lysine methyltransferases (KMTs) and
protein arginine N-methyltransferases (PRMTs). Lysine demethylation is modulated by lysine
specific demethylases (KDMs). Methylated histone tails affect gene transcription by acting as
docking sites for transcriptional upregulators (219) and have been shown to act in concert with
other epigenetic marks to affect chromatin structure (220). Lysine and arginine methylations
have been shown to be involved in multiple cellular processes such as cell signalling, cell fate
determination, X chromosome inactivation, Hox gene patterns, transcriptional regulation, RNA

metabolism, and DNA repair (196, 221-228).
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Table 3.3 Lysine methyltransferases (KMTs), lysine demethylases (KDMs), and protein arginine methyltransferases

(PRMTs). Epigenetic enzymes mediating histone methylation to lysine (K) residues are classed as either KMTs or KDMs,

whilst those methylating arginine (R) residues are PRMTs.

Target Target
KMT residue(s) KDM residue(s) PRMT Target residue(s)
ASHIL H3K4K36 JARIDla- | H3K4 CARMI | H3R17R26R42
DOTIL H3K79 JMIDla-c | H3K9 PRMT1 | H4R3; H2AR3RI11
ESET H3K9 IMJD2b,d | H3K9 PRMT2 | H3RS8
EZH1 H3K27 JMJD2a,c | H3K9K36 PRMTS | H3R2R3R8; H2AR3
EZH2 H3K27 IMJd3 H3K27 PRMT6 | H3R2R3R42; H2AR3R29
G9a H3K9 IMID5 H3K36 PRMT7 | H3R2
GLP H3K9 KDM2A | H3K36 PRMT?7 | H3R2; H4R3R17R19; H2AR3;
MLLI1-4 | H3K4 KDM2B | H3K36
NSDI H3K20K36 | KIA1718 | H3K9K20K27
NSD2 H3K36 LSD1 H3K4
NSD3 H3K36 LSD2 H3K4
PRDM19 | H3K9 NO66 H3K4K36
PRDM3 H3K9 PHF2 H3K9
PRDM9 | H3K4 PHF8 H3K9K20K27
RIZ H3K9 UTXx H3K27
SET1A H3K4
SET1B H3K4
SET2 H3K36
SET3 H3K36
SET7 H3K4
SETS8 H4K?20
SET9 H3K4
SETMAR | H3K4K36
SMYD1,2 | H3K4
SUV-4-20h1 | H4K20
SUV-4-20n2 | H4K20
SUV39h1 | H3K9
SUV39h2 | H3K9
SYMD2 | H3K36
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Histone methylation marks are not as well understood as DNA methylation and histone
acetylation as there is far more complexity in the nature of histone methylation and the resultant
outcomes. For example, a particular residue may be mono-, di-, or tri-methylated and each
outcome may be linked to either transcriptional upregulation or downregulation depending on
the target residue (218, 229). Aberrancies in these enzymes have been linked to disease. For
example, the KMT, G9a, has been shown to contribute to lung cancer metastasis in vivo (230);
whilst increased expression of SETDB1 was shown to contribute to lung tumorigenesis (231).
In the context of respiratory disorders, it was shown that a gene associated with COPD, DEFBI

(232), has been attributed to trimethylation of H3K4 (233).

Due to the large number of enzymes involved in histone methylation we used two small
molecule inhibitors designed by the Structural Genomics Consortium (SGC) to investigate
differences in lysine specific demethylation. The first, GSK-LSD1, was shown to be a potent
inactivator of KDM, LSDI1 (234). Whilst the second, UNC0642, was an inhibitor of KMTs,

G9a and GLP(235).
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3.2 Methods

3.2.1 Ethics statement

Ethics approval was obtained as previously stated in section 2.2.1

3.2.2 Primary cell isolation

Primary cells were collected & cultured as previously indicated in section 2.2.2

3.2.3 Study subjects

Study subjects were identified as previously stated in section 2.2.3

3.2.4 Cell culture

Primary human ASM cells were seeded as described in section 2.2.4.

3.2.5 Stimulation & Epigenetic Enzyme Inhibition

Cells were stimulated as previously described in section 2.2.5.

HAT activity was inhibited with Curcumin (10 uM; Sigma-Aldrich, Germany) for 1 hour prior
to stimulation with TGF-B1. HDAC activity was inhibited with Trichostatin A (TSA; 100 nM;
Sigma-Aldrich, Germany) for 1 hour prior to stimulation with TGF-B1. LSD was inhibited with
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GSK-LSD1 (100 nM; Sigma-Aldrich, Germany) for 1 hour prior to stimulation. DNMT1
activity was inhibited with 5-azacytidine (10 pM) for 48 hours prior to stimulation with TGF-
B1. All inhibitors were dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich, Germany)

vehicle.
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Figure 3.4 Effect of DMSO and TSA on cell viability. Primary human ASM cells were grown to 85% confluence and inhibited
with TSA and DMSO at the above noted concentrations. Cell viability was assessed using an LDH assay. Results are normalised
to non-treated control, no significant difference between all groups (n = 4). This experiment was carried out for each inhibitor
used in this chapter.
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Figure 3.5 Effect of TSA inhibition on HDAC activity over vehicle. Primary human ASM cells were grown to 85% confluence
and inhibited with TSA at the above noted concentrations prior to stimulation. Nuclear fraction was isolated and immediately
used in HDAC activity assay to determine HDAC activity. At 100nM, there was significantly lower HDAC activity compared to
the equivalent volume of DMSO vehicle (n = 5, p = 0.4441). This experiment was carried out for each inhibitor used in this
chapter.
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3.2.6 Nuclear Extraction

Cells were seeded and grown as mentioned above. Nuclear protein fractions were collected
using a commercial nuclear extraction kit (ab113474; Abcam, UK). Briefly, cells were
trypsinised and twice washed in sterile 1x phosphate buffered solution (PBS). Cell numbers
were quantified by manual cell count, and cell lysis buffer — containing freshly added protease
inhibitor cocktail (PIC) and dithiothreitol (DTT) — was added at a concentration of 100 uL per

10° cells. Cells in cell lysis were kept on ice before being vortexed vigorously and centrifuged

(13,400 g/1 min/4°C). The nuclear pellet was then resuspended in nuclear lysis buffer —

containing freshly added PIC & DTT — at a concentration of 10 pL per 10° cells and vortexed

every 3 mins for 15 mins to facilitate nuclear protein extraction. At which point the suspension

is centrifuged (16,300 g/10 mins/4°C). The protein concentration of the nuclear extract was

quantified using a bicinchoninic acid (BCA) assay (Sigma-Aldrich, St Louis, MO) against a

bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO) standard.

3.2.7 HAT activity assay

Histone acetyltransferase activity was determined by a commercial kit (ab239713; Abcam,

UK) according to the manufacturer’s instructions. Results are expressed as amount of catalytic

byproduct (CoA-SH) per pg protein.
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3.2.8 HDAC activity assay

Histone deacetylase activity was determined with an established assay (566328; Calbiochem,

Germany) used according to the manufacturer’s instructions. The results are expressed as

amount of deacetylated histone substrate per ug protein.

3.2.9 Quantitative PCR

Cells were cultured as described above in section 3.2.4 and RT-qPCR was carried out as

outlined in section 2.2.6 for COLI5A41 and TNC.

3.2.10 Statistical analysis

The data were analysed for parametric distribution, with differences identified by either
unpaired t-test or 2way ANOVA followed by Tukey post-hoc tests as specified. Data analysis
was carried out using Graphpad Prism 8 software wherein a p-value < 0.05 is considered

significant.
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3.3 Results

3.3.1 Effect of DNMT1 inhibition on COLI541 and TNC expression

To inhibit DNMT1, we cultured cells with 10uM 5-azacytidine prior to stimulation with TGF-
B1. Upon measuring COL15A41 (Fig. 3.6a) and TNC (Fig. 3.6b) expression with RT-qPCR, it
was shown that DNMT]1 inhibition significantly attenuates COLI5A1 expression in both
COPD (p=0.0015) and non-COPD (p=0.0017) smokers. Whilst 7TNC expression showed no

significant effect upon DNMT1 inhibition.
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Figure 3.6 Effect of DNMT1 inhibition with 5-azacytidine (10uM) on (a) COL15A41 and (b) TNC expression. Primary
human ASM cells from COPD (n=5) and non-COPD (n=5) susceptible smokers were grown in the presence of 5-azacytidine
for 48 hours prior to stimulation with TGF- B1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was
reverse transcribed using RT-PCR. Results are expressed as percentage of TGF- 1 induced expression to control for variations
in TGF- B1 induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOV A and Bonferroni post-hoc

analysis (P<0.05 = significant; mean + SEM).
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3.3.2 Effect of HDAC inhibition on COL15A41 and TNC expression

Upon inhibiting HDAC activity with TSA (100nM), cells were stimulated with TGF- B1 for
48 hours. Levels of COLI5A41 and TNC expression were quantified with RT-qPCR. HDAC
inhibition lead to significantly (p=0.0104) lower levels of TNC (Fig. 3.7b) being expressed by
primary human ASM cells from non-COPD susceptible individuals, when compared to those
cells from COPD susceptible patients. Although the results for COL1541 (Fig. 3.7a) are not

statistically significant, they follow a similar trend to those statistically significant results for

TNC, suggesting that a similar underlying mechanism be in place.
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Figure 3.7 Effect of HDAC inhibition with Trichostatin A (TSA) (100nM) on (a) COL15A41 and (b) TNC expression.
Primary human ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with TSA for 1 hour
prior to stimulation with TGF- B1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was reverse
transcribed using RT-PCR. Results are expressed as percentage of TGF- B1 induced expression to control for variations in

TGF- BI induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni post-hoc

analysis (P<0.05 = significant; + SEM).
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3.3.3 Effect of HAT inhibition on COLI541 and TNC expression

Histone acetyltransferase activity was inhibited with Curcumin prior to stimulation with TGF-
B1. Upon quantifying COL15A41 and TNC expression with RT-qPCR, it was evident that HAT

inhibition lead to no significant difference in TGF- B1 induced COL15A41 (Fig. 3.8a) or TNC

(Fig. 3.8b) expression.
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Figure 3.8 Effect of HAT inhibition with Curcumin (10pM) on (a) COL15A41 and (b) TNC expression. Primary human
ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with curcumin for 1 hour prior to
stimulation with TGF- 1 (10ng/ml). mRNA was collected after 48 hours of treatment, and cDNA was reverse transcribed
using RT-PCR. Results are expressed as percentage of TGF- 1 induced expression to control for variations in TGF- B1

induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOVA and Bonferroni post-hoc analysis

(P<0.05 = significant; £ SEM).

3.3.4 Effect of inhibited KTMs and KDM on COLI15A41 and TNC expression

To determine the effect of histone methylation on COLI541 and TNC expression, we aimed to

inhibit the KTMs G9a and GLP with UNC0642 and the KDM LSD1 with GSK-LSDI.
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However, during our cell viability investigations it was determined that UNC0642 was

cytotoxic to primary human ASM cells at concentrations ranging from 10 nM-10 pM.

Treatment with GSK-LSD1, showed no significant effect on TGF- 1 induced COL1541 (Fig.

3.9a) and TNC (Fig. 3.9b) expression in human ASM cells from either COPD or non-COPD

cohorts.
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Figure 3.9 Effect of lysine specific demethylase 1 (LSD1) inhibition with GSK-LSD1 (100nM) on (a) COL15A41 and (b)
TNC expression. Primary human ASM cells from COPD (n=6) and non-COPD (n=7) susceptible smokers were treated with
GSK-LSD1 for 1 hour prior to stimulation with TGF- B1 (10ng/ml). mRNA was collected after 48 hours of treatment, and
cDNA was reverse transcribed using RT-PCR. Results are expressed as percentage of TGF- 1 induced expression to control
for variations in TGF- 1 induction capacity demonstrated in Chapter 2. Data was analysed with 2way ANOV A and Bonferroni

post-hoc analysis (P<0.05 = significant; £ SEM).

3.3.5 Investigation into basal HAT activity

Our investigations determined that there was no significant difference in baseline levels of

HAT activity (Fig. 3.10) between non-COPD and COPD susceptible smokers.
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Figure 3.10 Histone acetyltransferase activity assay. Nuclear fractions were isolated from primary human ASM cells from
COPD (n=4) and non-COPD (n=5) susceptible individuals and used in a commercial enzyme activity assay. Results are
expressed as amount of catalytic byproduct (CoA-SH) per pg of protein. Data was analysed with unpaired t-test (p<0.05 =

significant; + SEM).

3.3.6 Investigation into basal HDAC activity

Results expressed in Figure 3.11 found that there was no significant difference in overall basal

level of HDAC enzyme activity between non-COPD and COPD susceptible smokers.
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Figure 3.11 Histone deacetylase (HDAC) activity assay. Nuclear fractions were isolated from primary human ASM cells
from COPD (n=4) and non-COPD (n=5) susceptible individuals and used in a commercial enzyme activity assay. Results are
expressed as amount of deacetylated histone substrate per g of protein. Data was analysed with unpaired t-test (p<0.05 =

significant; + SEM).
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3.4 Discussion

In this Chapter we aimed to identify epigenetic aberrations between our non-obstructed
smokers and COPD study subjects to highlight a potential target for specific DNA or chromatin
immunoprecipitation investigations. To screen for such differences, we chose established
inhibitors of enzymes shown to affect DNA methylation, histone acetylation, and histone

methylation.

Our results showed that inhibiting the maintenance of DNA methylation by targeting DNMT1
lead to a significant attenuation of COLI5A1 expression whilst TNC expression remained
unaffected. In looking at histone acetylation, our results found no effect of inhibiting HAT
activity; whilst inhibiting HDACsS lead to a differential TNC expression between human ASM
cells from COPD and non-COPD susceptible smokers. Finally, when investigating histone
methylation, we found that inhibiting G9a and GLP was cytotoxic at a range of concentrations,
suggesting that these enzymes are essential in cell survival. Whilst inhibiting LSD1, thereby
inhibiting the removal of a histone methyl mark, had no significant effect on COL1541 or TNC

expression from either cohort.

Our results shown in Figure 3.6a show that TGF-B1 induced COLI5A41 expression was
significantly attenuated in response to pre-treatment with 5-azacytidine. The mechanism of 5-
azacytidine is to reduce DNA methylation levels. Therefore, when overall levels of DNA
methylation had been reduced, human ASM from COPD and non-COPD susceptible smokers
expressed less COLI5A1. As discussed in section 3.1, the overall effect of DNA methylation
is transcriptional repression, therefore our results do not suggest that there is DNA methylation

at the COL15A41 promoter region as DNMT]1 inhibition would have augmented COLI1541
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expression rather than attenuating it. We postulate that DNMTT inhibition lead to an alteration
in expression of a protein involved in the transcriptional regulation of COLI5A41, causing a
decrease in gene expression. Further, it is of importance to note that this effect was not different
between human ASM cells from non-COPD and COPD susceptible patients. Therefore, we
conclude that the underlying mechanism revealed by DNMT1 inhibition is attributed to

inherent COL15A41 regulation and not likely to contribute to increased ECM deposition.

Our results shown in Figure 3.7b show that HDAC inhibition leads to a significant difference
in TGF- B1 induced TNC expression when comparing human ASM cells from non-COPD and
COPD susceptible smokers. This suggests that there is an inherent difference in acetylation
patterns at the TNC promoter between the cohorts. Further, we find that the gene expression is
significantly lower in non-COPD, when comparing to COPD, after HDAC inhibition. To
summarise, this infers that when general acetylation levels increase, human ASM of non-
COPD patients express comparatively less 7NC whilst those from COPD express more. We
posit that this points to 7NC gene expression in non-COPD depending on factors outside of
acetylation whilst expression in COPD is augmented in line with accumulated acetylation.
Although the results for COL15A41 in Figure 3.7a did not meet statistical significance, there is
an evident trend mirroring those results in TNC, thereby suggesting that the genes may share a
common regulatory mechanism. This is made more likely when considering that both genes

reside on the q arm of chromosome 9.

To further delineate any aberrancies that may contribute to the response to HDAC inhibition
(Fig. 3.7), we sought to investigate the basal activity of enzymes modulating levels of histone
acetylation, HATs and HDACs. As shown in Figures 3.10 and 3.11, there is no significant

difference in HAT or HDAC activity in primary human ASM cells from either group. The
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results for HDAC activity (Fig. 3.11) sit in contrast to a published study wherein HDAC
activity detected in isolated airway macrophages and homogenised peripheral lung tissue from
COPD patients was significantly lower than those samples obtained from non-obstructed
patients. We believe the difference being attributed to the types of cells investigated. Based on
the previously mentioned study (149), we can conclude that immune cells from COPD patients
have altered HDAC activity, however the method of using peripheral lung tissue as a
representation of mesenchymal cells within this study is not robust. In using peripheral lung
tissue, the study does not delineate between the type of mesenchymal cell or control for
macrophages and other immune cells residing in the peripheral tissue that may contribute to
the result. Therefore, we assert that our findings are a more robust investigation into the
inherent HDAC activity when comparing COPD smokers to non-COPD susceptible smokers.
There is no evidence in the literature that sits in contrast with our results for HAT activity (Fig.
3.10). Further, no baseline difference between HAT and HDAC activity implores us to posit
that the aberrant results in response to HDAC inhibition with TSA (Fig. 3.7) is likely to be the
result of a gene specific mechanism, rather than a consequence of a global disparity in
epigenetic enzymatic activity. Based on this evidence, we surmise that the epigenetic mark
most likely to contribute to increased expression of ECM protein genes, COL15A41 and TNC,

is histone acetylation.

However, it is of import to note that epigenetic inhibitors have many off-target effects. For
example, curcumin has been shown to have antioxidant and anti-inflammatory effects (236,
237). Further, enzymes HAT and HDAC have been shown to act on non-histone proteins that
are active in gene transcription, such as NF-«xB (238, 239), therefore by inhibiting the enzymes
we may be inadvertently affecting the activity of numerous proteins involved in gene

transcription. A separate study investigating the off-target effects of epigenetic inhibitors on
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transcriptional activators and mediators showed that treatment with TSA alone leads to
significantly higher levels of NF-xB p65 phosphorylation and p38 MAPK phosphorylation in
non-COPD smokers, when compared to COPD smokers (Appendix C). These findings confirm
that results from studies using these inhibitors cannot immediately be attributed to direct
epigenetic modifications without further investigation. Consequently, it is imperative that any
robust investigations into aberrations in histone acetylation would include methods directly
assessing the incidence of an acetyl mark on the histones. The most robust of which involving

chromatin immunoprecipitation (ChIP).

We must further acknowledge and assert that in this investigation we do not conclusively
exclude the role that other epigenetic marks may play in overall pathology. For example, when
investigating histone methylation, we used inhibitors focused on lysine methylation but not
arginine methylation. In a thorough investigation of DNA methylation it would be ideal to
include PRMT inhibition with a specific inhibitor such as RM65 (240). However, considering
the range of epigenetic enzymes outlined in tables 3.1-3.3 a thorough investigation would need
to employ high-throughput methods. Further, the proposed study would need to be underpinned
by further advancement in the field of epigenetic inhibitors as there is a current dearth of

specific inhibitors for each epigenetic enzyme listed in tables 3.1-3.3.

In this Chapter we used a range of established epigenetic inhibitors on primary human ASM
cells from non-COPD and COPD patients to screen for any epigenetic aberrancies between the
two groups. Our most promising finding was the significantly different response to HDAC
inhibition between COPD and non-COPD human ASM cells. We are further encouraged that
this mechanism plays a specific and targeted role in aberrant ECM gene expression as it is sits

in concert with results showing that overall HDAC activity is not aberrant between the two

93



groups. Therefore, we resolved to pursue our investigations into aberrant COL15A41 and TNC

expression using ChIP rather than Me-DIP.
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Chapter 4 Chromatin Targeted Investigation of Histone Acetylation

4.1 Introduction

In Chapters 2 & 3 we have demonstrated that primary human ASM cells from COPD patients
show aberrant expression of the ECM genes COLI5A1 and TNC, with a likely aberrant
epigenetic response attributed to histone acetylation. In this Chapter, we aim to use the gold
standard of techniques to confirm or abolish the notion of an acetyl mark associated with the
promoter regions for COLI5A1 and TNC: ChIP-PCR. We also include the use of a more
specific epigenetic inhibitor — JQ1(+) — to investigate the link between an acetyl mark and

ECM gene expression.

In section 3.1, we discussed how histone acetylation contributes to an increase in gene
expression by altering histone charge, thereby promoting a loosely bound euchromatin state.
However, there is also a secondary mechanism through which acetylated histones contribute
to gene transcription: through the recruitment of proteins from the bromo- and extra-terminal

domain (BET) family.

The mammalian BET family of proteins includes Brd2, Brd3, Brd4, and BrdT (241); each of
which contains two bromodomains known as BD1 and BD2 and an extra terminal (ET) domain
(242). Brd4 is the most well understood of the BET protein family. The BD1 and BD2 domains
in Brd4 have been shown to recognise and bind to acetylated lysine residues on histones H4

and H3, allowing for the BET protein to dock on the histone tail (243, 244). Considering that
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Brd4 does not contain a DNA binding domain (162), histone acetylation is essential in

recruiting Brd4 to the gene promoter region.

It is common in metazoan genes that are transcribed by RNA Pol II to experience
transcriptional pause. This refers to RNA Pol II being paused immediately after transcription
initiation (245) through association with negative elongation factor (NELF) and DRB-
sensitivity-inducing factor (DSIF) (246). During transcriptional pause, mRNA synthesis is
transiently halted, but RNA Pol II remains bound to the DNA template and nascent RNA
template already transcribed (246). Brd4 acts to reinitiate transcription through recognition of
acetylation marks on histone tails bound to such paused regions. Upon “reading” the acetylated
histone mark, Brd4 recruits positive transcription elongation factor (pTEFb) (247, 248), which
inhibits DSIF and NELF (249) and subsequently releases promoter-proximal pausing of RNA
polymerase II (250, 251); therein initiating gene transcription. Brd4 further contributes to the
first stages of transcriptional elongation while remaining bound to the pTEFb/RNA Pol II
transcriptional complex until productive elongation >36 nucleotides occurs (252). A study into
direct interactions of Brd4 with transcription factors via protein: protein screening found that
Brd4 does not directly interact with RNA Pol 1T (253). The study further demonstrated that
Brd4 only directly interacts with the following specific subset of transcription factors: p53,
YY1, c-Jun, AP2, C/EBPa, C/EBPB, and Myc/Max (253). These findings confirm that
transcriptional elongation aided by Brd4 must be part of a “triad” wherein Brd4 associates with
one of the aforementioned transcription factors already bound to RNA Pol II. It is by acting as
a docking site for Brd4, and Brd4’s subsequent activities in transcriptional elongation, which
acetylated lysine residues on histone tails further promote transcriptional upregulation. Therein
encapsulating a secondary mechanism of promoting transcriptional upregulation in addition to

the primary mechanism of promoting chromatin decompaction to the euchromatin state.
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Figure 4.1 Schematic Representation of Transcriptional Triad. (A) Without an acetylated histone tail to dock on, Brd4 is
unable to associate with chromatin to recruit pTEFb to inhibit DSIF (black) and NELF (yellow) and relieve promoter-proximal
pause. (B) Brd4 can “read” acetylated lysine residue (red), thereby docking on chromatin and subsequently recruiting pTEFb
(blue) to relieve RNA Pol II pause at the promoter region. Allowing for transcriptional elongation to continue. This is a
constitutive function of Brd4. However, Brd4 has been shown to associate with other proteins aside from pTEFb in a more

selective manner (253).

Further, Brd4 also plays a role in transmitting epigenetic memory. During mitosis, it is common
for majority of transcription factors to become displaced from the chromosome. In high
eukaryotes, this correlates with a marked hypoacetylation of histone tails and overall
transcriptional silence typical of cells undergoing mitosis (254-256). However, studies have
shown that Brd4 — previously known as mitotic chromosome-associated protein (MCAP) —
remains bound to acetylated lysine residues on histones H3 and H4 via BD1 and BD2 during
mitosis and remains bound during interphase (242, 257). Whilst being bound during interphase,
it is proposed that Brd4 acts as a ‘mitotic bookmark’ to transmit epigenetic memory to cell
progeny (242, 257). Further, it was shown that post-mitotic chromatin decompaction and
transcriptional kinetics were accelerated by Brd4 propagating the epigenetic mark (258). Thus,
demonstrating the duality of Brd4 in its capacity to act in functional epigenetic memory as well

as transcriptional initiation and elongation.
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JQ1 is a molecule designed by the structural genomics consortium as a selective and potent
Brd4 inhibitor. Although JQI1 has been shown to bind to other members of the BET family,
such as Brd3, it has highest affinity for the acetyl-lysine recognition sites of Brd4 (170). JQ1
does not associate with bromodomain containing proteins outside of the BET family (170).
Further, it has been determined using co-crystal structure analysis that JQ1 binds to the
acetylated lysine recognition sites of Brd4 (170), demonstrating that JQ1’s mechanism is

through competitive inhibition of the acetyl lysine recognition motif.

As of August 2019 there are seven clinical trials investigating inhibitors of BET proteins in the
treatment of multiple myeloma (NCTO03068351; phase I), advanced solid tumors
(NCT02259114; phase Ib; NCT02157636; phase 1), progressive lymphoma (NCT01949883;
phase I), peripheral nerve sheath tumours (NCT02986919; phase II), acute myeloid leukemia
(NCTO02698189; phase I; NCT02308791; phase 1), and myelodysplastic syndrome
(NCT02308761; phase I). JQ1 has been shown to exhibit therapeutic effects in the treatment
of acute myeloid leukemia (259) and Myc- mediated human malignancies (260, 261). Studies
using primary human ASM from asthmatic patients showed pre-treatment with JQ1 prior to
stimulation with TGF-B1 reduced Brd4 binding to the /L6 and CXCLS8 promoters, which
correlated with a decrease in IL6 and CXCLS8 protein expression (262). Demonstrating the

efficacy of this inhibitor in mediating inflammation primary ASM cells.
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4.2 Methods

4.2.1 Ethics statement

Ethics approval was obtained as previously stated in section 2.2.1

4.2.2 Primary cell isolation

Primary cells were isolated & cultured as previously indicated in section 2.2.2 (is 6 well plate

mentioned).

4.2.3 Study subjects

Study subjects were identified as previously stated in section 2.2.3

4.2 .4 Cell culture

Primary human ASM cells were seeded as described in section 2.2.4.

4.2.5 Stimulation & Brd4 Inhibition

Cells were stimulated as previously described in section 2.2.5.

Brd4 inhibition was carried out with JQ1(+) (1 nM, 10 nM, 100 nM, 1 uM; Sigma-Aldrich,

Germany) for 1 hour prior to stimulation with TGF-B1 (10 ng/ml). JQI was made up in
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dimethylsulfoxide (DMSO; Sigma-Aldrich, Germany); none of the working concentrations
used impacted cell viability. The negative enantiomer JQ1(-) showed no effect in any of the

experiments.

4.2.6 mRNA sample collection

Upon treating cells as detailed in section 4.2.5, mRNA samples were collected as detailed in

section 2.2.6.

4.2.7 mRNA purification

mRNA lysates collected according to section 4.2.6 were purified as outlined in section 2.2.7.

4.2.8 Reverse Transcription

Complementary DNA (cDNA) to our RNA template purified in section 4.2.6 was synthesized

as outlined in section 2.2.7.

4.2.9 Quantitative PCR (cDNA)

qPCR was carried out as described in section 2.2.6 for COLI5A41 and TNC.
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4.2.10 ChIP Sample Collection

Cells were treated as outlined in section 4.2.4. Prior to collection, 37% formaldehyde was
added to the well to a final concentration of 1% (v/v) to cross-link histones to DNA. After 10
mins of fixation, formaldehyde was quenched by adding glycine to a final concentration of 0.2
M. Freshly prepared, filtered, ice-cold PBS containing PIC was added to each well and manual
scraping was used to remove cells from well bottom. To ensure enough chromatin was
collected for ChiP, all 6 wells of a 6 well plate was dedicated to each treatment (i.e. 6 wells of

DMEM only, 6 wells of TGF-B1 stimulated, etc.), and thusly were aggregated into one tube

per treatment. This cell extract was spun at 800 g@4’ C for five mins. The supernatant was

removed, and the cell pellet was snap frozen in liquid nitrogen until sonication.

4.2.11 Chromatin Sonication

Cell pellets containing cross linked protein-DNA complexes prepared as detailed in section
4.2.8 were defrosted on ice and resuspended in 200 pL cell lysis buffer with freshly added PIC.
These were incubated on ice for fifteen mins, whilst vortexed briefly (3 sec) every five mins.
The cell suspension was spun at 800 g@4°C for five mins to separate the nuclear fraction, and
the supernatant carefully removed. The nuclear pellet was resuspended in 200 pL nuclear lysis
buffer with freshly added PIC and vigorously pipetted up and down to promote nuclear release.
The nuclear lysates were sonicated using a high throughput Bioruptor Plus (Diagenode, Zurich)
with an in-built cooling system, allowing for uniform processing to yield high quality samples.
Ideal sonication settings were optimized wherein an equivalent amount of primary human ASM
cells suspended in 200 pL nuclear lysis buffer were sonicated for 0, 10, 20, 30, 40, and 50 x
30-second cycles on high and visualized on a 2% agarose gel. The optimal size of sheared
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chromatin fragments for ChIP is 200-800 bps. For our samples, the majority of chromatin
fragments fell in this range after 50 30-second cycles on high. A small quantity of DNA was
obtained from each sample post-sonication to ensure chromatin fragments were the correct size
before carrying out a ChIP Assay. See Figure 4.1 for a representative image of sonicated
chromatin. BCA Assay (Sigma-Aldrich, St Louis, MO) against a BSA standard was used to

verify presence of protein.

Figure 4.2 Chromatin Fragments Post-Sonication. 2% Agarose gel visualisation of chromatin fragments after being
sonicated for 50 x 30-second cycles on high. Lane 1 contains a 100 bp standard ladder (1000 bp top, 100 bp bottom), whilst 2

& 3 contain representative samples of sonicated chromatin.

4.2.12 Chromatin Immunoprecipitation Assay

Chromatin Immunoprecipitation (ChIP) assay was carried out as previously described (263)
using a commercial kit (EZ-ChIP; Millipore, Bayswater, VIC) according to the manufacturer’s
protocol. Briefly, 50 pL of sheared chromatin prepared as described in section 4.2.9 was placed
in a tube with 450 pL dilution buffer (containing freshly added PIC) and mixed gently. 5 uL
of this mixture was removed as sample “input” to normalize for amount of chromatin at

beginning of assay. To complete our IP Mix, we added 20 pL of well mixed magnetic protein
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A/G bead slurry and x ug of antibody of interest. For each sample we carried out four

immunoprecipitations as outlined in table 4.1.

Table 4.1 Immunoprecipitations (IPs) Per Sample. Four immunoprecipitations were carried out for each sample. Wherein
IPs 1 & 2 for our antibodies of interest and IPs 3 & 4 were our positive and negative control. Our antibodies of interest were
rabbit polyclonal and their immunogen properties are as follows: acetylated H3 (H3ac): anti-H3K9acK 14ac. Acetylated H4

(H4ac): anti-H4K5acK8acK 12acK16ac.

IP1 P2 IP3 IP 4
Experimental Negative
Ab of interest Ab of interest Positive Control
purpose Control
Ab Anti-H3ac Anti-H4ac Anti-RNA Pol II | Rabbit IgG
Amount used Sug 4ug 4ug 4ug

We used pre-validated purified rabbit polyclonal antibodies to target anti-H3K9acK14ac (5 pg)
and anti-H4K5acK8acK12acK16ac (4 pg) antibodies (Millipore, Bayswater, VIC). Each
antibody used was pre-validated by the supplier (Millipore, Bayswater, VIC) to work with the
kit being used, however preliminary antibody titrations were carried out to confirm the
recommend amount against our cell type. We found the suppliers recommended amounts gave

the best results and therefore did not deviate from manufacturer’s recommendations.

The IP was carried out by incubating the IP Mix at 4°C overnight with rotation. After which,
the magnetic bead + ab + protein/chromatin complexes were magnetically separated using a
MagnaGrIP Rack (20-400; Millipore, Bayswater, Vic) and washed thoroughly with ice-cold
buffers supplied with the kit. Finally, the chromatin/protein complexes were eluted and proteins

digested by adding 100 pL elution buffer containing 10 pg proteinase K to washed beads and
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incubating at 62°C for two hours with shaking on an Eppendorf ThermoMixer (Eppendorf,

NSW, Australia) and finally at 95°C for ten mins to deactivate the proteinase K.

Figure 4.3 Detection of gDNA via PCR against GAPDH. PCR of immunoprecipitated samples was carried out against

human GAPDH for positive detection of human gDNA and visualised on a 2% agarose SYBR safe stained gel via
electrophoresis. Gel denoted “h3” refers to samples immunoprecipitated with anti-H3ac, whilst “h4” refers to anti-H4ac.
Lane 1 & 14 contain a 100 bp standard ladder (1000 bp top, 100 bp bottom), whilst 2 - 13 represents different patients’

immunoprecipitated chromatin sample.

After each IP, eluted chromatin samples were purified using a Nucleospin gDNA Cleanup Kit
(740230; Macherey-Nagel, Germany) and analysed via PCR against housekeeping gene
GAPDH for positive detection of human gDNA (Fig. 4.2). The primer sequence for GAPDH
was:

Forward: TAC TAG CGG TTT TAC GGG CG

Reverse: TCG AAC AGG AGG AGC AGA GAG
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Quantification of COL15A41 and TNC was carried out by real time qPCR using SYBR Green
on a StepOnePlus Real-Time PCR System (Applied Biosystems). Data is presented as fold
enrichment adjusted for input sample (2*CtinPud-CCChIP)y compared with the IgG negative

control.

4.2.13 Primer Design

Primers against immunoprecipitated genomic DNA (gDNA) were designed with the aid of the
National Centre of Biotechnology Information’s (NCBI) Genome Data Viewer (GDV). Using
the aforementioned, a search for chromosomal location and sequence for COL15A41 and TNC
was carried out within assembly GRCh37.p13. This was used in concert with the Ensembl
Genome Browser which provided additional information pertaining to promoter location. To
ensure our primers target gDNA and not mRNA transcripts, we designed each primer to
straddle at least one intron-exon junction. Keeping in mind that our chromatin was sheared to
200-800 bp fragments, we set 200 bp as the maximal product size. We used the NCBI primer

BLAST on selected intron-exon spanning regions with the following parameters:

Minimum product size: 100 bp
Maximum product size: 200 bp
Optimal Tm: 60°C

Minimal GC Clamp: 3

Maximum GC in primer 3’ end: 4

105



Table 4.2 List of COL1541 and TNC transcription variants. Within the known H. sapien genome (GRCh38.p12), there are

five discovered transcripts of COL15A41 and fourteen of TNC.

Name
COL15A1-201
COL15A1-205
COL15A1-203
COL15A1-204
COL15A1-202
TNC-202
TNC-210
TNC-201
TNC-203
TNC-212
TNC-211
TNC-213
TNC-209
TNC-214
TNC-207
TNC-206
TNC-204
TNC-208
TNC-205

Transcript ID

ENST00000375001.8
ENST00000610452.1
ENST00000471477.1
ENST00000496686.1
ENST00000467052.1
ENST00000350763.9
ENST00000535648.5
ENST00000341037.8
ENST00000423613.6
ENST00000542877.5
ENST00000537320.5
ENST00000544972.1
ENST00000534839.1
ENST00000635336.1
ENST00000481475.1
ENST00000476680.1
ENST00000460345.1
ENST00000498724.5
ENST00000473855.1

bp

5223
5422
1412
771
276
8500
7508
6786
6281
5517
4946
1844
734
69
823
696
651
566
386

Protein
1388aa
1374aa
No protein
No protein
No protein
2201aa
1838aa
2019aa
1928aa
1838aa
1564aa
615aa
92aa

23aa

No protein
No protein
No protein
No protein
No protein

Biotype

Protein coding
Protein coding
Retained intron
Retained intron
IncRNA

Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
IncRNA
IncRNA

IncRNA

IncRNA

IncRNA

CCDS
CCDS35081

CCDS6811

UniProt
P39059

RefSeq Match
NM_001855.5

AOA087X0KO -

P24821
F5H7V9
J3QSU6
E9PC84
F5H7V9
P24821
HOYGZ3
F5H5D6

NM_002160.4

AOAOU1RRS( -

We avoided primers with nucleotide runs >5, high self-complementarity scores, and those

forward and reverse sets with large Tm discrepancy. Further, we ensured that the selected

genomic region encoded for proteins and was conserved across all transcript variants. See table

4.2 for list of known transcript variants. Based on the aforementioned parameters, we selected

two of the best primer sets for COLI5A1 and TNC for optimization of primer conditions.

Selected primer sets were ordered from and manufactured by Integrated DNA Technologies

(Coralville, Iowa) and provided as 100 uM concentration in pH 8.0 lab-ready solution.
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4.2.14 Polymerase Chain Reaction

cDNA amplification was carried out using a Tagman DNA Polymerase Kit (BIO-21105;
Bioline, NSW, Australia). Briefly, in each reaction 1ul of cDNA was added to 2.1 pL 5x
MyTaq Reaction buffer, 0.5 uL each of 10 uM forward and reverse primers, 0.2 pul MyTaq
DNA Polymerase, and DEPC-treated H20 to make up 10 pl volume. The reaction mix was
cycled in an Eppendorf Mastercycler (Eppendorf, NSW, Australia) for 32 cycles at optimal Tm
determined in section 4.2.13 and visualized via SYBR safe (Bioline, NSW, Australia) stained
2% agarose gel electrophoresis. Images were captured under UV light exposure with a Gel Doc

EZ Imager (Bioline, NSW, Australia).

4.2.15 Optimisation of PCR Primer Conditions

A 1:10 dilution of provided primers in DEPC-treated H20 was made to obtain a 10 pM
working solution. Primer sets were optimized for Tm to determine which primer set would
produce the best product — determined by clearest band with minimal non-specific binding —
closest to 60°C to facilitate in SYBR qPCR. PCR was carried out in an Eppendorf Mastercycler
gradient thermal cycler (Eppendorf, NSW, Australia) at temperatures ranging from 55°C to
65°C. DNA bands were visualized using 2% agarose Gel electrophoresis (Fig. 4.4) using recipe

in table 4.3.

Table 4.3 2% Agarose Gel Recipe for Electrophoresis

Reagent Amount
Agarose gel 40¢g
1x TBE 200 mL
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Figure 4.4 Temperature Optimisation for COL1541 primer set. Forward and reverse primer sets designed as outlined in

section 4.2.11 were PCR cycled at temperatures ranging over 55-65°C to determine the optimal PCR temperature for each
primer set. Lane 6 (59°C) produced the brightest product, whilst lane 7 (62°C) produced the clearest product, therefore we
deemed this a suitable primer to use at 60°C. Lanes 1 & 10 contain 100 bp standard ladder. Products were visualised on a 2%

agarose SYBR safe stained gel via electrophoresis.

Upon completion of optimization the decided primer pairs sequences for COLI1541 and TNC
were as follows:

COLI15A41 forward: 5’-TCTTTGGTGTGTCACAGGGG-3’;

COLI15A1 reverse: 5’-GGAACAGAATGATCGCAGCC-3’;

TNC forward: 5>-TATGTCCACAGC CCGAAGGC-3’; and

TNC reverse: 5’- CTGTCATTATTCAGAACAAGCCCC-3".

4.2.16 Optimisation of SYBR qPCR conditions

To determine the optimal concentration of our primers designed in section 4.2.11 for SYBR
qPCR, we ran each primer with pooled gDNA at concentrations ranging from 100 nM — 500
nM primer. qPCR was carried out using StepOnePlus Real-Time PCR System (Applied
Biosystems), followed by a subsequent melt curve analysis to validate sequence specificity. It

was determined that 300 nM was the optimal concentration when considering both
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amplification and melt curve efficiency. Amplified PCR product was run on a 2% agarose
SYBR safe (Bioline, NSW, Australia) gel to validate amplification of a single product of the

correct size.

4.2.17 Quantitative PCR (gDNA)

Table 4.4 SYBR qPCR Reaction Setup. COL15A41 and TNC templates in ChIP eluted gDNA were quantified using SYBR

qPCR set up as outlined below.

Reagent Volume
KiCqStart SYBR Green qPCR | 5ul
ReadyMix (2X)

Forward primer (10uM) 0.3ul
Reverse primer (10uM) 0.3ul
DEPC-treated H,O 8.6ul
gDNA template 3ul
Final Volume 10ul

Quantification of all gDNA products post-ChIP as outlined in section 4.2.10 were carried out
using the intercalating dye system, KiCqStart SYBR Green qPCR Readymix (2x) with ROX
(KCQS02; Merck, Germany). Reactions were set up as denoted in table 4.4 and cycled on a
StepOnePlus Real-Time PCR System (Applied Biosystems) according to the following

protocol:
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Initial denaturation: 95°C, 20 seconds
PCR cycling (40 cycles): 95°C, 3 seconds

Post-extension data collection: 60°C, 30 seconds

With the addition of a continuous post-run melting analysis for sequence verification as

follows:

Disassociation ramp: 95°C, 15 seconds
Reanneal ramp: 60°C, 1 min

Dissociation ramp: 95°C, 15 seconds

4.2.18 Statistical analysis

The data were analysed for parametric distribution, with differences identified by 2-way
ANOVA followed by Bonferroni post-hoc tests as specified. Data analysis was carried out

using Graphpad Prism 8 software wherein a p-value < 0.05 is considered significant.

4.2.19 In silico genomic analysis

Information pertaining to chromosomal location, genomic sequence, and transcript variants
was obtained with use of National Center for Biotechnology Information (NCBI) Genome Data
Viewer (GDV) (Bethesda MD, USA) and the Ensembl Genome Browser (Cambridge, UK).
Chromosomal Ideograms representing target genes were generated by overlaying tracks
downloaded from the NCBI GDV and Ensembl to the NCBI Genome Decoration Page

(Bethesda MD, USA).
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4.3 Results

4.3.1 Quantification of 7NC template bound to acetylated histone H3

We carried out ChIP-PCR using an anti-H3ac antibody to determine if the promoter region for
TNC was associated with acetylated histone H3. After IP pull down and subsequent gene
amplification using SYBR, it is evident (Fig. 4.4) that there is no significant difference
(p=0.8469) in the basal levels of H3ac associated with the TNC promoter region between
COPD (5.436 = 1.715) and non-COPD (2.687 + 1.124) smokers. Similarly, stimulation with
TGF-B1 (p=0.8400) did not induce a significant increase in H3ac levels associated with the

TNC promoter in COPD (6.615 £ 0.310) or non-COPD (9.432 £ 7.100) smokers.
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Figure 4.5 TNC bound to acetylated H3 determined via ChIP-PCR. Sonicated chromatin collected from primary human
ASM cultured in DMEM + TGF-B1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H3ac antibody using ChIP
assay and 7NC template was subsequently quantified using SYBR qPCR. It is evident that there is no significant difference
between levels of TNC bound to acetylated H3 in either group basally or in response to stimulation. Results are expressed as
fold change over negative IgG control (mean + SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc

analysis.

4.3.2 Quantification of COL1541 template bound to acetylated histone H3

We carried out ChIP-PCR using an anti-H3ac antibody to determine if the promoter region for
COL15A41 was associated with acetylated histone H3. After IP pull down and subsequent gene
amplification using SYBR, it is evident (Fig. 4.5) that there is no significant difference (p =
0.9957) in the basal levels of H3ac associated with the TNC promoter region between COPD

(13.760 + 9.161) and non-COPD (6.423 + 3.481) smokers. Similarly, stimulation with TGF-

112



B1 (p=0.7841) did not induce a significant increase in H3ac levels associated with the TNC

promoter in COPD (11.209 + 8.585) or non-COPD (6.089 + 3.439) smokers.

i I

Basal TGF-B
Treatment

(against IgG control)

COL15A1 fold enrichment

Figure 4.6 COL15A1 bound to acetylated H3 determined via ChIP-PCR. Sonicated chromatin collected from primary
human ASM cultured in DMEM + TGF-f1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H3ac antibody using
ChIP assay and COLI5A1 template was subsequently quantified using SYBR qPCR. Results are expressed as fold change
over negative IgG control. It is evident that there is no significant difference between levels of COL1541 bound to acetylated
H3 in either group basally or in response to stimulation. Results are expressed as fold change over negative IgG control (mean

+ SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis.
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4.3.3 Quantification of TNC template bound to acetylated histone H4

We carried out ChIP-PCR using an anti-H4ac antibody to determine if the promoter region for
TNC was associated with acetylated histone H4. After IP pull down and subsequent gene
amplification using SYBR, it is evident (Fig. 4.6) that there is no significant difference (p >
0.9999) in the basal levels of H4ac associated with the TNC promoter region between COPD
(49.393 £ 6.482) and non-COPD (40.811 £ 10.988) smokers. Interestingly, stimulation with
TGF-B1 lead to a significant induction of acetylation of histone H4 at the TNC promoter in
COPD only (p = 0.0339). Causing a significant difference (p=0.0074) in levels of H4
acetylation in response to TGF-B1 stimulation when comparing primary human ASM cells

from COPD (152.378 + 42.788) to those from non-COPD (31.830 + 16.211).
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Figure 4.7 TNC bound to acetylated H4 determined via ChIP-PCR. Sonicated chromatin collected from primary human
ASM cultured in DMEM + TGF-B1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H4ac antibody using ChIP
assay and 7NC template was subsequently quantified using SYBR qPCR. It is evident that there is no significant difference
between levels of 7TNC bound to acetylated H4 in either group basally whilst TGF-B1 stimulation induced histone H4
acetylation at the TNC promoter in COPD only. Results are expressed as fold change over negative IgG control (mean + SEM)

and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (*p<0.05; **p=<0.01).
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4.3.4 Quantification of COLI541 template bound to acetylated histone H4

We carried out ChIP-PCR using an anti-H4ac antibody to determine if the promoter region for
COL15A41 was associated with acetylated histone H4. After IP pull down and subsequent gene
amplification using SYBR, it is evident (Fig. 4.7) that there is no significant difference (p >
0.9999) in the basal levels of H4ac associated with the COL/5A41 promoter region between
COPD (3.725 + 1.494) and non-COPD (14.688 = 12.235) smokers. Interestingly, stimulation
with TGF-B1 lead to a significant induction of acetylation of histone H4 at the COLI5A41
promoter in COPD only (p=0.0326). Causing a significant difference (p=0.0355) in levels of
H4 acetylation in response to TGF-B1 stimulation when comparing primary human ASM cells

from COPD (79.584 + 26.523) to those from non-COPD (21.297 + 6.819).

116



150 -

‘E *

g — |

£ 2 :

€8 100 T

£ 0

- ©

= 9

&

% 2 501

wn ©

38 = X

o —

o 0 i ,
Basal TGF-B

Treatment

Figure 4.8 COL15A1 bound to acetylated H4 determined via ChIP-PCR. Sonicated chromatin collected from primary
human ASM cultured in DMEM + TGF-f1 (10ng/ml) for 48 hours was immunoprecipitated against anti-H4ac antibody using
ChIP assay and COL15A41 template was subsequently quantified using SYBR qPCR. It is evident that there is no significant
difference between levels of COL1541 bound to acetylated H4 in either group basally whilst TGF-B1 stimulation induced
histone H4 acetylation at the COL1541 promoter in COPD only. Results are expressed as fold change over negative 1gG

control (mean = SEM) and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (*p<0.05).

4.3.5 Vehicle test

Cells were treated with equivalent amounts of DMSO to those used in the JQ1 treatments and
analysed alongside the samples in all equivalent assays. We found no significant effect
attributed to DMSO only treatment when compared to basal expression (data not shown).
Statistical analysis was carried out on Graphpad Prism 8 with differences assessed by unpaired

t-tests (p < 0.05 deemed significant).
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4.3.6 Dose-response relationship between Brd4 inhibition and 7NC expression

In this section, we used JQ1 to competitively inhibit Brd4’s acetyl lysine recognition site.
Inhibiting Brd4 acetyl-lysine recognition allows us to determine if acetylated lysine residues
play a role in the expression of 7TNC mRNA. JQI1 treatment had no effect on 7TNC mRNA
expression at InM (p > 0.9999) and 10nM (p > 0.9999); whilst pre-treatment with 100 nM
(p<0.0001; 1.208 £ 0.375) and 1 puM (p<0.0001; 0.552 + 0.083) demonstrated robust
attenuation of TGF-B1 induced TNC mRNA expression in primary human ASM cells of COPD
smokers. It should be noted that the suppression of TGF-1 induced 7NC mRNA expression
in non-COPD susceptible smokers was not significantly abrogated at any of the JQI
concentrations noted in Figure 4.8, although a trend of decreased TNC mRNA expression with

increased JQ1 concentration expression is evident.
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Figure 4.9 Dose response of 7NC mRNA expression post-Brd4 inhibition. Primary human ASM cells were stimulated with
TGF-B1 (10ng/ml) £ 1-hour JQ1 pre-treatment (1 nM, 10 nM, 100 nM, 1 pM). RNA lysates were collected at 48 hours and
cDNA synthesized via RT-PCR. TNC template was quantified using probe-based PCR. All results were normalised against
endogenous housekeeping gene 18s and are expressed as TGF-B1 induced fold change over basal expression. Data is expressed

as mean = SEM and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis (****p < 0.0001).

4.3.7 Dose-response relationship between Brd4 inhibition and COL15A41 expression

In this section, we used JQ1 to competitively inhibit Brd4’s acetyl lysine recognition site.
Inhibiting Brd4 acetyl-lysine recognition allows us to determine if acetyl lysine residues play
arole in the expression of COL1541 mRNA. JQ1 treatment had no effect on COLI541 mRNA
expression at 1 nM (p > 0.9999) and 10 nM (p > 0.9999); whilst pre-treatment with 100 nM (p
=0.0009;3.557+1.528) and 1 uM (p =0.0003; 0.309 + 0.102) demonstrated robust attenuation

of TGF-B1 induced COLI541 mRNA expression in primary human ASM cells of COPD
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smokers. It should be noted that the suppression of TGF-B1 induced TNC mRNA expression
in non-COPD susceptible smokers was not significantly abrogated at any of the JQI
concentrations noted in Figure 4.9, although a trend of decreased COL1541 mRNA expression

with increased JQ1 concentration is evident.
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Figure 4.10 Dose response of COLI5A1 mRNA expression post-Brd4 inhibition. Primary human ASM cells were
stimulated with TGF-B1 (10ng/ml) + 1-hour JQ1 pre-treatment (1 nM, 10 nM, 100 nM, 1 uM). RNA lysates were collected at
48 hours and cDNA synthesized via RT-PCR. COL1541 template was quantified using probe-based PCR. All results were
normalised against endogenous housekeeping gene 18s and are expressed as TGF-B1 induced fold change over basal
expression. Data is expressed as mean £ SEM and analysed by 2way ANOVA followed by Bonferroni post-hoc analysis

(**%p<0.001).
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4.3.8 Quantification of TNC template bound to acetylated histone H4 post Brd4 inhibition

We established that pre-treatment with 100 nM and 1 uM of JQ1 significantly abrogates TGF-
B1 induced TNC mRNA expression. To determine whether this effect was isolated to Brd4’s
recognition of acetyl lysine residues and subsequent transcriptional initiation, we carried out
ChIP against acetylated histone H4 on primary human ASM cells that had been pre-treated
with JQ1 at the effective concentrations (100 nM and 1 uM). Results displayed in figure 4.10
demonstrate that JQI pre-treatment lead to a significant abrogation of the TGF-B1 induced
acetyl lysine mark on histone H4 associated with the TNC promoter in COPD smokers at both
100 nM (p = 0.0018; 33.950 + 22.507) and 1 pM (p = 0.0002; 6.984 + 3.246). Just as with
mRNA expression in Figure 4.8, there is a trend of decreased H4 acetylation in response to
JQI treatment in primary human ASM cells of non-COPD susceptible smokers, however

statistical significance was not achieved.
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Figure 4.11 TNC bound to acetylated H4 post-Brd4 inhibition determined via ChIP-PCR. Sonicated chromatin collected
from primary human ASM cultured in DMEM = TGF-B1 (10ng/ml) for 48 hours + pre-treatment with JQ1 (100 nM & 1 pM)
was immunoprecipitated against anti-H4ac antibody using ChIP assay. TNC template was subsequently quantified using SYBR
qPCR. Pre-treatment with JQ1 at 100 nM and 1 pM significantly abrogates histone H4 acetylation at the 7NC promoter.
Results are expressed as fold change over negative IgG control (mean = SEM) and analysed by 2way ANOVA followed by

Bonferroni post-hoc analysis (**p<0.01; ***p<0.001).

122



4.3.9 Quantification of COL15A4 1 template bound to acetylated histone H4 post Brd4 inhibition

Further, it was established that pre-treatment with 100nM and 1puM of JQI1 significantly
abrogates TGF-B1 induced COL1541 mRNA expression. To determine whether this effect was
isolated to Brd4’s recognition of acetyl lysine residues and subsequent transcriptional
initiation, we carried out ChIP against acetylated histone H4 on primary human ASM cells that
had been pre-treated with JQI1 at the effective concentrations (100 nM and 1 pM). Results
displayed in Figure 4.10 demonstrate that JQ1 pre-treatment lead to a significant abrogation of
the TGF-B1 induced acetyl lysine mark on histone H4 associated with the COL15A41 promoter
in COPD smokers at both 100 nM (p =0.0017; 6.797 £2.636) and 1 uM (p = 0.0008; 1.337 +
0.271). Those cells from non-COPD susceptible smokers did not respond to 100 nM treatment
with JQ1, whilst 1 uM induced a non-significant decrease in histone H4 acetylation bound to
the COLI15A41 promoter in non-COPD susceptible smokers. These findings suggest that the
level of acetylation that exists at a constant in non-COPD human ASM cells is less dependent

on Brd4 to maintain the mark.
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Figure 4.12 COL15A1 bound to acetylated H4 post-Brd4 inhibition determined via ChIP-PCR. Sonicated chromatin
collected from primary human ASM cultured in DMEM + TGF-B1 (10 ng/ml) for 48 hours + pre-treatment with JQ1 (100 nM
& 1 pM) was immunoprecipitated against anti-H4ac antibody using ChIP assay. COLI541 template was subsequently
quantified using SYBR qPCR. Pre-treatment with JQ1 at 100 nM and 1 uM significantly abrogates histone H4 acetylation at
the COL15A1 promoter. Results are expressed as fold change over negative IgG control (mean + SEM) and analysed by 2way

ANOVA followed by Bonferroni post-hoc analysis (**p < 0.01; ***p <0.001).

4.3.10 Chromosomal location of ECM target genes in microarray analysis

Upon investigating the chromosomal location of each ECM gene in the microarray analysis we
determined that COLI1541 and TNC were both located on q arm of chromosome 9 with the
former encoded by region bp 98,930,652 — 99,083,532, and the latter bp 115,009,706 —
115,128,124. Of all 92 genes assessed by ECM microarray Analysis only four were located on
chromosome 9, all of which on the q arm (Fig. 4.9). See Appendix B for complete list of

chromosomal location of each ECM gene assessed via microarray Analyses in Chapter 2.
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Figure 4.13 Chromosome 9. Depiction of chromosomal location of (a) all ECM genes residing on chromosome 9 that were
included in our ECM microarray analyses in Chapter 2 (orange); and (b) the genes shown to be aberrantly expressed in COPD
smokers in response to stimulation with TGF-81 (10ng/ml) (red); Chromosomal ideogram was obtained from NCBI’s GDP

with tracks overlayed from NCBI’s GDV and Ensembl Genome Browser (Genome assembly: GRCh38.p12).
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4.4 Discussion

In this Chapter, we have used ChIP-PCR to detect whether acetylated histones H3 and H4 are
bound to the promoter region of genes of 7NC and COL1541. ChIP-PCR is considered the
gold-standard technique used to characterize histone modifications within a defined region of
the genome (264). We selected these genes of interest based on evidence presented in Chapter
2, where it was shown that TNC and COL15A41 expression was significantly higher in response
to stimulation with TGF-B1. Our choice to focus on the epigenetic mechanism of histone
acetylation was based on our findings presented in Chapter 3, where it was shown that HDAC
inhibition lead to differential expression of TGF-B1 induced 7NC mRNA when comparing

primary human ASM cells from COPD to non-COPD susceptible smokers.

We have shown that neither histone H3 nor H4 demonstrate differential baseline acetylation
levels at the COL15A1 or TNC promoter between cohorts (Fig. 4.4-4.7). These results indicate
that the difference in gene expression measured between COPD and non-COPD cohorts is not
attributable to a basal difference in acetylation of histone H3 or H4 bound to the promoter
region for COLI5A1 or TNC. The absence of a basal difference in acetyl-lysine marks
corresponds with the absence of aberrant ECM mRNA expression at baseline shown in Chapter
2. However, what should be noted is that although there is no significant difference in basal
acetylated histones H3 and H4 bound to the COLI541 and TNC promoter, there is fold
enrichment against the IgG control in all instances, suggesting that a proportion of cells do
express acetylation at the COLI541 and TNC promoters at any given time in COPD and non-

COPD.
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Upon treating cells with TGF-B1, ChIP-PCR detected no significant induction of histone H3
acetylation bound to the COLI541 (Fig. 4.5) or TNC (Fig. 4.4) promoter region. When
immunoprecipitating against anti-acetyl H4, however, it was shown that TGF-f1 stimulation
significantly augmented levels of histone H4 acetylation associated with the promoter region
for COL15A1 (Fig. 4.7) and TNC (Fig. 4.6) in COPD only. The differential acetylation patterns
established demonstrate a differential response in COPD that follows the pattern of increased
expression of COL1541 and TNC mRNA demonstrated in Chapter 2. These results are induced
by TGF-B1 stimulation, rather than during basal expression, suggesting that the differences in
response to this cytokine is where the mechanism underlying aberrant ECM expression resides.
Using TGF-B1 to stimulate the response is relevant to COPD as levels have been shown to be
elevated in COPD (67-70 via koenigshoff). Therefore, studying TGF-B1’s effect on COPD is
especially pertinent. We propose that SMAD2 and SMAD3 may be involved in the induction
of histone acetylation as they have been shown to recruit histone acetyl transferases p300 and
CBP to gene promoter regions (265, 266), however we assert that the aberrancy does not lie in
overall TGF-B1 signalling as we did not see aberrant expression of all TGF-B1 induced ECM

proteins in COPD.

To elucidate whether this acetyl mark directly contributed to the expression of COL15A41 and
TNC, we used a competitive inhibitor (JQ1) of the acetyl-lysine binding pockets of Brd4. In
doing so we demonstrated that pre-treatment with both 100 nM or 1 uM significantly attenuated
expression of COLI5A1 and TNC, whilst lower concentrations (10 nM and 1 nM) did not.
These findings confirm that Brd4 recognition of acetyl-lysine residues plays a direct role in the
transcriptional expression of COL15A41 (Fig. 4.8) and TNC (Fig. 4.9) and subsequently, directly
linking histone H4 acetylation at the COL1541 and TNC promoter to the increased expression

of these ECM genes in COPD. It should be noted that although only the COPD group showed
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statistically significant attenuation of COL1541 and TNC mRNA expression, there was a trend
of reduced expression in non-COPD. These results are compatible with those shown in Figures
4.4-4.7 where basal expression of TNC and COL15A1 was not at zero, indicating that there was
a level of histone acetylation associated with the promoter region of these genes at baseline in
both groups. Therefore, we posit that the trend of decreased ECM gene expression in non-
COPD human ASM cells in response to JQI stimulation is via inhibiting recognition of

baseline acetylation.

Considering the duality of Brd4’s epigenomic function — with a role in epigenetic memory in
addition to transcriptional regulation — we decided to investigate the effect of Brd4 inhibition
on histone H4 acetylation. Upon performing anti-acetyl H4 ChIP-PCR on cells treated with the
effective concentrations of JQ1 (100 nM and 1 uM), we demonstrated a significant ablation of
the TGF-B1 induced acetyl-lysine mark on histone H4 associated with COL1541 (Fig. 4.11)
and TNC (Fig. 4.10). The loss of acetylated marks post-inhibition with JQ1 demonstrates that
Brd4 plays a role in propagating epigenetic memory to underpin aberrant expression of
COL15A41 and TNC in COPD. Interestingly, the efficacy in doing so is less potent in cells from
non-COPD susceptible smokers in terms of COL15A1 expression (Fig. 4.11) where it is evident
that 100 nM JQ1 pre-treatment had no effect on COL1541 mRNA expression. Based on these
results we posit that the acetyl histone H4 marks bound to the COL15A41 promoter detected in
the non-COPD susceptible cohort are de novo PTMs and not propagated through mitosis after
treatment with TGF-B1; whilst the significantly higher levels of TGF-B1 induced histone H4
acetylation in cells from COPD patients is maintained by Brd4 activity. Based on these
findings, we infer that cells from COPD patients demonstrate aberrant COL1541 and TNC
expression due to TGF-B1 induced histone H4 acetylation that is dependent on Brd4 to maintain

and propagate acetyl H4 marks to cell progeny.
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To delineate why certain genes were responding this way to TGF-B1 stimulation without an
established inherent difference in acetylation at baseline we considered the chromosomal
location of each ECM gene on our microarrays used in investigations detailed in Chapter 2.
Upon doing so we determined that our two target genes resided on the same arm (q) of
chromosome 9 (Fig. 4.12). Two other genes from the ECM array included on Chr9 included
ADAMTSI13, which encodes for a protease involved in blood clotting by cleaving von
Willebrand factor (267), and COL5A41, which was initially picked up by our microarray
analyses but did not meet statistical significance. It should be noted that our target genes were

proximal to one another.

Late research that has shown Brd4 to demonstrate inherent histone acetyltransferase capacities
(199) suggests that our findings may be explained by this phenomenon. However, we posit that
Brd4 acting as a HAT 1is an unlikely explanation of our findings as any aberrations in histone
acetyltransferase capacity of the COPD ASM cells would have been revealed in our HAT

activity assays

In summary, this Chapter demonstrates that TGF-B1 stimulation of primary human ASM cells
from COPD patients induces histone H4 acetylation at the promoter region for COLI5A41 and
TNC. We demonstrate that competitive inhibition of acetyl-lysine recognition by Brd4
significantly attenuates COL1541 and TNC mRNA expression and leads to a loss of the acetyl-
lysine mark on histone H4. These results suggest that Brd4 plays a role in transcriptional
regulation and epigenetic memory in specific and targeted manner in COPD. Apart from the
data presented in this thesis, no other reports have examined the interaction between TGF-1

stimulation and acetylation of promoter regions associated with ECM genes in COPD.
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Chapter 5 Summary, Future Directions, and Conclusion

5.1 Introduction

COPD is a disease characterised by persistent loss of lung function, manifesting in persistent
shortness of breath. COPD is a progressive disease with no current cure, leaving transplantation
the only medical intervention available to patients wanting to avoid significant disability and
inevitable mortality. Although the disease is characterised by two primary phenotypes: small
airways disease prominent and emphysematous destruction prominent, it has been established
that small airways disease precedes emphysematous destruction. Thorough investigations into
pathophysiological changes underpinning small airways disease have shown that the primary
cause of airway obstruction in COPD is increased ECM deposition. It has further been shown
that ECM deposition within the ASM layer contributes to small airway obstruction, and the
degree of which inversely correlates with FEVi. The relationship between ECM, the ASM and
FEV1demonstrates the role ASM plays in small airway fibrosis and subsequent obstruction. /n
vitro investigations have shown that primary mesenchymal cells from COPD patients deposit
more ECM in response to stimuli than those cells from non-COPD patients, independent of
differences in transcription factor activity (68). Considering the aforementioned alongside
established epidemiological evidence highlighting a hereditary link in COPD and statistics
demonstrating that only a small proportion of smokers develop COPD, we hypothesized that
there is an underlying epigenetic mechanism modulating small airway fibrosis in COPD and
therein bestowing a “COPD susceptible” population.

The aim of this study was to carefully identify study subjects based on known lung function
measurements and smoking history. In doing so, we carefully selected a cohort of smokers with

and without airway obstruction, which we labelled “COPD susceptible smokers” and “non-
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COPD susceptible smokers”, respectively. We used primary ASM cells from these cohorts in

all of the investigations in this study.

5.2 Determination of aberrantly expressed ECM genes in COPD

To investigate an aberrant ECM gene response, we aimed to use a stimulus that was proven
capable to induce ECM expression that was relevant to COPD. We decided upon the cytokine
TGF-B1 as it fulfilled the aforementioned criteria. It has been well established in numerous
studies in our lab and labs of others that TGF-B1 is an appropriate stimulus to generate an ECM
induction response from our cell type. Prior temporal analyses of ECM upregulation
demonstrated that the 48-hour time point coincided with peak ECM gene expression in our cell
type. Upon carrying out a microarray analysis targeting 92 ECM genes in DMEM only and
TGF-B1 stimulated samples, it was shown that four genes (TNC, COL15A1, COL5A1, and
ITGAT) were differently expressed in response to TGF-1 stimulation in pooled cDNA samples
from COPD susceptible smokers when compared to those sampled from non-COPD
susceptible smokers. Further qPCR validation confirmed that 7TNC and COLI5A1 were

significantly upregulated in response to TGF-B1 stimulation in COPD susceptible smokers.

To demonstrate that the ECM proteins encoded for by these genes were deposed within the
ASM layer in vivo, we carried out IHC staining against anti-collagen 1501 and anti-tenascin-c
on paraffin embedded sections of small airway from COPD explant tissue. We noted positive
staining for collagen 15a1 and tenascin-c within the airway wall. Interestingly, collagen 15a1
deposition appeared predominantly localised to the ASM layer, suggesting that ASM cells are

the primary source of collagen 15al deposition in the small airway. We further showed that
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collagen 1501 deposition was significantly higher in in vivo thereby demonstrating that this

protein is a primary contributor to increased ECM deposition in COPD airways.

It is of import to note that not every ECM gene induced by TGF-B1 had aberrant expression in
COPD, with significantly higher upregulation being unique to COLI541 and TNC, thereby
indicating that the aberrance is gene specific rather than an overall enhanced TGF-f1 response
in COPD. We posit that if our results were reflecting the former, many more ECM genes

induced by TGF-1 would be aberrantly expressed.

5.3 Investigations into epigenetic aberrations underlying ECM expression in COPD

To identify epigenetic aberrations between COPD and non-COPD susceptible peoples’ ASM
cells, we used established inhibitors of well understood epigenetic modifications — DNA
methylation, histone acetylation, and histone methylation. We used the ECM genes identified
to be aberrantly expressed in COPD in Chapter 2 as a target and cultured primary human ASM
cells with and without aforementioned inhibitors to screen for different outcomes in target gene
expression between our cohorts. Pre-treatment with inhibitors for LSD and HAT showed no
significant difference in TGF-B1 induced COLI5A41 or TNC expression in cells from either
cohort. Whilst DNMT 1 inhibition lead to significant abrogation of COL15A41 expression from
each cohort, with no significant difference in expression level between them. HDAC inhibition
lead to significantly different expression of 7NC when comparing non-COPD to COPD
susceptible smokers. Although pre-treatment did not lead to significant changes from baseline,
the differential response between the two cohorts suggested that histone acetylation mediated
transcriptional regulation at the promoter regions for TNC differ. Although the differential

results for COLI5A41 expression by non-COPD and COPD human ASM cells post-HDAC
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inhibition did not attain statistical significance, they followed the same trend as TNC which

suggested that the underlying mechanisms in expression of our target genes may be shared.

To elucidate whether this was an effect in overall HAT or HDAC activity, we obtained nuclear
lysates from human ASM cells of our study groups and carried out enzyme activity assays. Our
results found no significant difference in HAT or HDAC activity between non-COPD and
COPD susceptible smokers. These findings assert that the mechanism underlying increased
COLI15A41 and TNC expression isn’t a consequence a global dysregulation of histone modifying
enzymes and further underpin our earlier supposition that the aberrancy in 7TNC and COL1541

expression by COPD human ASM cells is at the gene specific level.

Our results from the HDAC activity assay sit in contrast with a study on immune cells and
peripheral lung tissue from COPD patients wherein it was shown that those samples from
COPD patients had significantly lower levels of HDAC activity. It was further shown that
HDAC?2 expression was lower in these samples and other studies demonstrated that restoring
HDAC?2 expression enhanced the glucocorticoid response in COPD. It is well established that
different epigenetic modifications dictate cell fate lineage, therefore different cell types will
exhibit different epigenetic modifications. Further, immune cells have been shown to be
demonstrate enhanced phenotypic plasticity and therefore are more susceptible to variations in
epigenetic enzymes as these variations underpin their role in the innate immune system. Apart
from the data presented in this thesis, no other reports have examined epigenetic modulation

of small airway fibrosis in COPD.
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5.4 Chromatin targeted investigation of histone acetylation

To directly assess the level of acetylated histones H3 and H4 we performed ChIP-PCR on TGF-
B1 stimulated human ASM cells of our selected cohorts. We found that there was no significant
difference in basal H3 and H4 acetylation levels bound to the promoter for COL15A41 nor TNC.
However, we did note that there was positive fold change in basally treated human ASM cells
of either cohort bound to each target gene’s promoter. This finding demonstrates that a

proportion of lysine residues are acetylated at baseline.

Upon stimulating with TGF-f1, we measured a significant upregulation in histone H4 acetyl-
lysine residues bound to the promoter regions for both TNC and COL15A41. Whilst there was
no significant difference in histone H3 acetylation bound to the target gene promoter regions.
This is the first study demonstrating a direct induction of an aberrant epigenetic mark
associated with an ECM gene in COPD. Our results showing increased histone acetylation in
COPD human ASM whilst global HAT activity remains unaltered between cohorts determines
that these findings cannot be attributed to a global shift in enzymatic activity. This correlates
with in vivo experiments showing cigarette smoke induced histone H3 & H4 acetylation at
specific lysine residues independent of global HAT upregulation in a murine model (268, 269).
These findings are further corroborated in lungs of non-COPD and COPD susceptible smokers

(270). Demonstrating that acetylation can be induced in a targeted and specific manner.

To demonstrate that histone H4 acetylation played a role in the expression of TNC and
COL15A41, we performed dose-response experiments using an inhibitor of the epigenetic reader
Brd4: JQI. JQ1 competitively and selectively binds to the acetyl-lysine recognition motif on

Brd4. We showed that pre-treatment with 100 nM of JQ1 was enough to significantly attenuate
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both COLI1541 and TNC mRNA expression and the attenuation persisted at a pre-treatment
concentration of 1 pM. These findings demonstrate that the recognition of acetylated lysine
residues by Brd4 is essential in the transcriptional elongation of COL1541 and TNC. Brd4’s
role in relieving transcriptional pause and conferring mRNA elongation has been described to
be constitutive. Therefore, the aberrancy would not lie in Brd4’s transcriptional capacity and
the epigenetic reader’s role in pathology would be limited to the expression of an aberrant
acetyl lysine mark. However, given that Brd4 does not directly interact with DNA or RNA Pol
IT and subsequently relies on an “interacting partner” (253), the known panel of transcriptional
regulators capable of recruiting and interacting with Brd4 should be investigated to delineate
any aberrancies in their activity levels in COPD. A detailed protein interaction analysis showed
Brd4 capable of interacting with p53, YY1, AP2, c-June, C-Myc/Max, C/EBPa, C/EBPp, Acfl,
and GY9a (253). The aforementioned study was the first to identify two conserved regions in
Brd4 separate to the acetyl binding residues BD1 and BD2. These were referred to as basic
residue-enriched interaction domain (BID) and phosphorylation dependent interaction domain
(PDID). It was further shown that the regulatory domain of p53 interacts with Brd4 via PDID
to selectively regulate transcription at the gene specific level. The identification of these
domains reveal how a transcriptional triad through an interacting partner would work to confer

gene specificity to an otherwise constitutive function of Brd4.

Further, Brd4 has been described to have dual roles with its second being that of an epigenetic
bookmark to carry acetyl-lysine marks through mitosis. This function has been described to be
more gene specific and gives Brd4 the capacity to conservatively propagate specific acetyl-
lysine marks to cell progeny. To investigate whether Brd4 was acting in this capacity we carried

out ChIP-PCR on cells pre-treated with the effective concentrations of JQ1. Interestingly, JQ1
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pre-treatment lead to a complete abrogation of TGF-Blinduced histone H4 acetylation at the
COLI1541 and TNC promoter region. This finding demonstrates that Brd4 plays a role in
maintaining histone H4 acetylation in COPD. Based on this evidence, we posit that the
augmented histone H4 acetylation at the promoter region for COLI541 and TNC is maintained

by Brd4’s capacity as an epigenetic bookmark.

Figures 5.1, 5.2, and 5.3 summarise the major findings of the preceding Chapters, in addition

to established literature about ECM production and epigenetic modulation in COPD.
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Aim 1

TGF-B1 \

Primary hASM cells from
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COPD patients secrete in vitro
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Figure 5.1 ASM cells produce more ECM in COPD in vitro and in vivo. Text in black indicates previously known effects.

Text in blue indicates new findings presented in this thesis.

137
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Figure 5.2 Summary of Aim 2 Findings. In this screening step, we found that HDAC inhibition showed a significantly
different response in COPD whilst overall activity levels of histone acetyl modifying enzymes did not differ. Therefore, we
surmised to investigate targeted chromatin modifications using ChIP-PCR. Text in black indicates previously known effects.

Text in blue indicates new findings presented in this thesis.
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Figure 5.3 TGF-B1 induces Brd4 mediated H4ac in COPD. Text in black indicates previously known effects. Text in blue

indicates new findings presented in this thesis.
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5.5 Future Directions

This is the first report on epigenetic modulation of ECM expression in primary human ASM
cells. Therefore, our findings can be considered the first step in delineating the intricate
epigenetic mechanisms underlying small airway fibrosis in COPD. In Chapter 2, we identify
two ECM genes with augmented expression in COPD. It is known that increased ECM
deposition contributes to ASM bulk within the airway wall. What remains to be elucidated is
the specific bioactive effect of increased COLI541 and TNC on ASM and other surrounding
cells in the airway wall. Therefore, our first recommendation is for future studies to thoroughly
investigate the propensity of these ECM proteins to initiate a positive feedback cascade that
would accelerate further fibrosis, inflammation, and subsequent airway obstruction.
Experiments would focus on cell migration, cytokine production, and ECM deposition from
cells cultured on collagen 15a1 and tenascin-C substrates. Given the progressive nature of
small airway fibrosis and COPD pathogenesis overall, it is likely that such a cascade is

contributing to disease progression.

In Chapter 3 we carried out epigenetic screening experiments. The extent of our investigation
as a screening step between two cohorts was particular to this study, however we assert that
they do not conclusively exclude the role other epigenetic marks may play in overall pathology.
It is well established that epigenetic marks have been shown to interact with one another. /n
vitro experiments have shown DNMT]1 interacting with G9a to induce DNA methylation (271)
and DNA methylation outcomes being dictated by H3K9 methylation (272). Therefore, we
recommend ongoing investigation into other epigenetic marks that may interact with the

increased histone H4 acetylation mark induced by TGF-p1.
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Our findings demonstrate an increase in H4 histone acetylation at the promoter region for
COLI15A41 and TNC in response to TGF-B1 treatment unique to COPD susceptible smokers.
Through use of competitive inhibitor JQ1, it was further shown that Brd4 played a significant
role in transcription of 7TNC and COLI15A41. Most interestingly, Brd4 inhibition lead to a loss
of TGF-B1 induced histone H4 acetylation demonstrating that Brd4 plays a role in epigenetic
memory of TGF-Blinduced histone H4 acetylation. Another route of inquiry should surround
proteins upstream from Brd4 recruitment to the promoter region. It has been shown that Brd4
cannot directly interact with RNA Pol II, but does bind with p53, YY1, c-Jun, AP2, C/EBPa,
C/EBPB, and Myc/Max (253). These findings underpin the theory that Brd4 dependant gene
expression depends on a “triad” of factors at the promoter region (i) RNA Pol II in a state of
transcriptional pause; (ii) a transcription factor capable of interacting with Brd4 (“interacting
partner”); and (iii) subsequent recruitment of Brd4 by the interacting partner to relieve
transcriptional pause and commence elongation. Therefore, it would be beneficial for future
investigations to use ChIP-PCR using antibodies for the aforementioned proteins to determine
if there is a discrepancy between the levels of these transcription factors bound to the promoter
region of our target genes when comparing non-COPD to COPD susceptible smokers. In order
to build upon our findings and further delineate specific mechanisms contributing to increased
ECM gene expression it is imperative for future reports to investigate the levels of Brd4
interacting molecules in COPD. Future investigations would consider the chromatin targeting

specificity of each interacting partner and subsequent recruitment of JQI.

We established that our target genes share a chromosomal location, highlighting a possible
mechanism underlying the mirrored response by the two ECM genes in our investigations. To
widen the scope of our investigation outside of those genes on the microarray we identified all

known genes nearby COLI5A41 and TNC and their established function. We found that
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TGFBR1 which encodes for the type I TGF-B1 receptor AKLS (table 1.2) resides between
COLI15A41 and TNC. Furthermore, it is of import to note that TGFBRI is directly downstream

from COL15A41. See Appendix D for a GDV screen excerpt of gene proximity.

Investigations into 7TGFBRI fell out of the scope of this study, however a study using peripheral
lung tissue from non-smokers, non-COPD smokers, and COPD susceptible smokers found no
significant difference in TGFBRI expression between non-COPD and COPD susceptible
smokers (273). It should be noted that these results are of homogenized tissue samples and
therefore are only indicative of baseline differences, which do not occur in our target genes.
Given that an established mechanism of TGF-B1 signal modulation is internalization and
subsequent degradation of activated TGF-B1 receptors, we posit that stimulating our primary
human ASM may have triggered TGF-B1 receptor endocytic trafficking, leading to eventual
degradation of expressed receptors. Ergo, necessitating receptor replenishment which is likely
fulfilled via epigenetic activation of TGFBRI. Considering that evidence of transgenic
acetylation patterns across a chromosomal region has been established (274, 275), this may be
one possible mechanism contributing to TGF-f1 induced acetylation at the promoter region for
our target genes COLI541 and TNC. However, it is to be noted that due to the paucity of
investigations into the effect of TGF-f1 on TGFBRI expression and the mechanism underlying
TGF-B receptor trafficking, this position is based on indirect evidence and is merely a
hypothesis. We infer that this is a promising field of investigation in further elucidating

epigenetic mechanisms contributing to COPD.
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5.6 Conclusion

The overall aim of this investigation was to determine why ASM cells from COPD patients
produce more ECM in response to fibrotic stimulus. Our hypothesis was that the aberrancy was
epigenetic, which is best described by Riggs (276) as “mitotically or meiotically heritable
changes in gene function” not attributable to changes in DNA sequence. What lies at the crux
of every epigenetic investigation is the question: which came first, the epigenetic modification
or the disease? Investigating a disease that commonly presents in smoking populations, we
aimed to address this question by ensuring we were making comparisons between two
populations of smokers to control for the confounding effect of cigarette smoke induced
epigenetic change. To delineate the epigenetic effect, we identified a pathophysiological
mechanism that contributed to small airway fibrosis and subsequent obstruction — ECM
deposition within the ASM layer — and modeled our epigenetic investigations around this
pathology. We, for the first time, showed that the underlying mechanism of increased ECM
gene expression in COPD is induction of histone H4 acetylation at the promoter region for
COL15A41 and TNC. Further, we demonstrated that Brd4 plays a role in maintaining histone
H4 acetylation, thereby unveiling the molecular mechanism underpinning the mitotic
heritability of TGF-B1 induced histone H4 acetylation and a possible therapeutic target for
small airway fibrosis in COPD. These findings are bolstered by our model using human
mesenchymal cells from the primary site of pathological insult in COPD. The data presented
in this thesis are novel in the field of respiratory cell and molecular biology, as no other reports

have examined the epigenetic mechanisms modulating small airway fibrosis in COPD.
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Appendix A — Publications Included as an Adjunct to This Work
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Abstract: Maternal smoking leads to glucose and lipid metabolic disorders and hepatic damage in
the offspring, potentially due to mitochondrial oxidative stress. Mitoquinone mesylate (MitoQ) is a
mitochondrial targeted antioxidant with high bioavailability. This study aimed to examine the impact
of maternal cigarette smoke exposure (SE) on offspring’s metabolic profile and hepatic damage, and
whether maternal MitoQ supplementation during gestation can affect these changes. Female Balb/c
mice (eight weeks) were either exposed to air or SE for six weeks prior to mating and throughout
gestation and lactation. A subset of the SE dams were supplied with MitoQ in the drinking water
(500 umol/L) during gestation and lactation. Intraperitoneal glucose tolerance test was performed in
the male offspring at 12 weeks and the livers and plasma were collected at 13 weeks. Maternal SE
induced glucose intolerance, hepatic steatosis, mitochondrial oxidative stress and related damage
in the adult offspring. Maternal MitoQ supplementation reduced hepatic mitochondrial oxidative
stress and improved markers of mitophagy and mitochondrial biogenesis. This may restore hepatic
mitochondrial health and was associated with an amelioration of glucose intolerance, hepatic steatosis
and pathological changes induced by maternal SE. MitoQ supplementation may potentially prevent
metabolic dysfunction and hepatic pathology induced by intrauterine SE.

Keywords: ROS; liver fibrosis; MitoQ; glucose intolerance

1. Introduction

Tobacco cigarette smoking during pregnancy has been associated with an increased risk of
metabolic disorders in the offspring, especially type 2 diabetes in adulthood [1]. In utero smoke
exposure (SE) increases oxidative stress and damage in the offspring’s liver [2], which can lead to
mitochondrial dysfunction. Mitochondria are essential for glucose and fatty acid metabolism to generate
energy in the form of ATP. The process of mitochondrial oxidative phosphorylation results in the
generation of reactive oxygen species (ROS), which are normally cleared by endogenous mitochondrial
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antioxidants [2]. Within the mitochondria, the imbalance between excessive ROS and antioxidant
capacity leads to oxidative stress and mitochondrial damage. Adaptive mechanisms respond to
damaged mitochondria through the processes of mitophagy and mitochondrial biogenesis [4]. However
hepatic mitochondrial dysfunction (increased oxidative stress or impaired adaptive mechanisms) can
lead to glucose intolerance and triglyceride accumulation, which could underlie the development
of type 2 diabetes and non-alcoholic fatty liver disease [5]. Increasing evidence, including our own
work, has suggested that in utero SE can induce mitochondrial damage in multiple organs, increasing
mitochondrial ROS output and impairing metabolic function [6-9], Therefore, the impacts of maternal
SE on metabolic disorders in the offspring could be related to liver mitochondrial damage. As a result,
the liver was chosen as the focus of this study because it represents an important and novel field
of investigation.

Mitoquinone mesylate (MitoQ) is a mitochondrial targeted antioxidant with high oral
bicavailability, derived from covalently attaching a triphenylphosphonium cation moiety to Coenzyme
Q10(CoQ10) [10]. CoQ10is an endogenous antioxidant with reduced levels in the plasma of smokers [11]
and diabetic patients [12]. The positively charged moiety of MitoQ promotes its accumulation within
the negatively charged inner mitochondria membrane, directly reducing mitochondrial oxidative
stress [10]. We have demonstrated that maternal MitoQ supplementation during gestation and
lactation alleviates the adverse effects of maternal smoking in the offspring’s lung and kidney [13,14].
Additionally, in a phase II clinical trial on patients with chronic hepatitis C, oral MitoQ administration
decreased plasma alanine aminotransferase (ALT) activity, a marker of liver damage [10]. Thus, in
a mouse model, we aimed to determine if maternal MitoQQ supplementation during gestation and
lactation could ameliorate the metabolic dysfunction and hepatic damage caused by SE.

2. Materials and Methods

2.1. Animal Model

The animal experiments were approved by the Animal Care and Ethics Committee of the
University of Technology Sydney (ACEC #2014-638 and ACEC #2016-419) and carried out according to
the Australian National Health and Medical Research Council Guide for the Care and Use of Laboratory
Animals. After acclimatisation, virgin female Balb/c mice (eight weeks old, Animal Resource Centre,
WA, Australia) were randomly assigned to two groups with equal starting body weight. Mice were
either exposed to ambient air (Sham group, n = 9) or cigarette smoke (SE group, # = 19) generated from
two cigarettes (Winfield Red, <16 mg tar, <1.2 mg nicotine, and <15 mg of CO; VIC, Australia) twice
daily for six weeks prior to mating and throughout gestation and lactation as previously described [15].
The female mice were exposed to the smoke generated by each cigarette for 15 minutes, with a 5-minute
interval between the two cigarettes. As indicated by plasma cotinine concentrations in both mothers
and offspring, this model represents light human smokers, as we have previously published [8,16]. At
mating, a sub-group of the SE dams were administered with MitoQ in the drinking water (500 umol/L)
during gestation and lactation (SE + MQ group, n = 9) [13]. MitoQ in the drinking water provided to
the dams has previously been shown to reach the neonatal liver [17]. Male breeders and suckling pups
were not exposed to cigarette smoke.

Male offspring were studied because they are more susceptible to the adverse impacts of maternal
smoking, as elucidated in our previous studies [8,15]. Male offspring were weaned at postnatal day
20 and maintained without additional intervention until 12 weeks of age, when an intraperitoneal
glucose tolerance test (IPGTT) was performed as previously described [18]. After 5 hours of fasting,
baseline blood glucose levels were measured followed by glucose injection (2 g/kg, ip). Blood glucose
was measured at 15, 30, 60, and 90 minutes post-injection. The area under the curve (AUC) of the
blood glucose curve was calculated for each mouse. At 13 weeks of age, after the induction of deep
anaesthesia (4% isoflurane), blood was collected via cardiac puncture and the plasma was stored at
=20 °C for further analysis. The livers were weighed and then snap frozen at -80 °C or fixed in 10%
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neutral buffered formalin for further analysis, One male offspring from each litter was used for tissue
analyses (Figure 1),

Male Offspring
-0 weeks -3 weeks o0 20 days 12 weeks
Gestation Lactation
Mating
Mothers
Exposure
Sham
SE
SEHE s SEYMQ

Figure 1. Schematic diagram of animal experiments. SE: cigarette sinoke exposure, SE + MQ: SE with
mitoquinone mesylate (MitoQ) supplementation.

2.2, Bionssiys

Plasma ALT activity was measured using the Alanine Transaminase Colorimetric Activity Assay
Kit (Cayman Chemical, Ann Arbor, M1, USA) according to the manufacturer’s instructions. Plasma
insulin concentration was measured by ELISA (Abnova, Taiwan) according to the manufacturer’s
instructions. Liver lipids were extracted using the Folch method [14]. Briefly, liver samples were
homogenised in a chloroform:methancl (2:1) mixture. After agitation, the samples were washed with
0.6% saline solution and centrifuged at low speeds. The lower organic phase was then extracted and
dried. Plasma, liver extracts and glycerol standards (Sigma-Aldrich, MO, USA) were incubated with
triacylglycerol reagent {Roche Diagnostics, Basel, Switzerland) using an in-house assay [18].

2.3. Real Time-PCR

Total mRNA was extracted from frozen liver tissue with TriZol reagent (Life Technologies,
Carlsbad, CA, USA) and first strand cDNA was generated using M-MLV Reverse Transcriptase, RNase
H, Point Mutant Kit (Promega, Madison, W1, USA). Target gene expression was quantified with
manufacturer pre-optimised and validated TagMan primers and probes (Table S1, Thermo Fisher, San
Jose, CA, USA) and standardised to 185 RNA. The probes of the target genes were labelled with FAM
and those for housekeeping 185 RNA were labelled with VIC. The Sham group was assigned the
calibrator against which all other results were expressed as fold changes.

2.4, Western Blotting

Protein samples were separated on NulPage Novex 4%-12% Bis-Tris gels (Life Technologies,
Carlsbad, CA, USA} and transferred to PVDF membranes (Pierce, Rockford, IL, USA). After blocking
with 5% skim milk, the membranes were incubated with primary antibodies (microtubule associated
1A/1B light chain protein 3 (LC3A/B, 1:2000, Cat# 4108 S, Cell Signalling Technology, Danvers, MA, USA),
manganese superoxide dismutase (MnSOD, 1:2000, Cat# 06-984, Millipore, MA, USA), glutathione
peroxidase 1 (GPx1, 1:250, Cat# AF3798, R&D systems, Minneapolis, MN, USA), mitochondrial dynamin
like GTPase (OPA-1, 1:2000, Cat# NB110-55290, Novus Biotechnology, Centennial, CO, USA), dynamin
related protein 1 (DRP-1, Cat# NB110-55237, 1:2000, Novus Biotechnology, Centennial, CO, USA),
fission 1 protein (Fis-1, 1:500, Cat# FL-152, Santa Cruz Biotechnology, Dallas, TX, USA), EGF-like
module-containing mucin-like hormone receptor-like 1 (F4/80, 1:1000 Cat# sab5500103, Sigma-Aldrich,
St. Louis MO, USA)) followed by the corresponding secondary antibody (Abcam, Cambridge, UK).
Bands were detected with SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific,
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CA, USA) and Fujifilm LAS-3000 (Fujifilm, Tokyo, Japan) and then quantified with Image] (National
Institutes of Health, Bethesda, MD, USA). Results were expressed as a ratio against the housekeeping
protein f-actin or cytochrome ¢ oxidase subunit (COX) IV.

2.5, Immunohistochemistry

Formalin fixed, paraffin embedded livers were sectioned at 5 um. Sections were deparaffinised
and rehydrated in xylene and decreasing grades of ethanol. Antigen retrieval was performed [7] before
the sections were incubated with anti-rabbit collagen III (1:50, Cat# NB600-594, Novus Biotechnology,
Centennial, CO, USA) or cluster of differentiation 68 (CD68) (1:600, Catfi OABB0M472, Aviva Systems
Biology, San Diego, CA, USA) primary antibody and horseradish peroxidase anti-rabbit Envision
system (Dako Cytochemistry, Tokyo, Japan). Sections were counterstained with haematoxylin and
quantified with Image] (National Institutes of Health, Bethesda, MD, USA).

2.6. Second Harmonic Generation

Images were acquired on a Leica SP8 multi-photon microscope equipped with a Mai Tai DeepSee
laser tuned to 930 nm. Second harmonic generation signal was collected between 455-475 nm using
a HyD detector in photon counting mode and the autoflucrescence was collected from 480-600 nm.
Channel separation and stitching were performed within the Leica Application Suite X software
(Leica Microsystems, Wetzlar, Germany) controlling the microscope, before being deconvolved with
Huygens Professional version 18.04 (Scientific Volume Imaging, Hilversum, The Netherlands). The data
was 3D median filtered to remove noise, the background subtracted, and the amount of collagen
quantified using Image] (National Institutes of Health, Bethesda, MD, USA). A Fast Fourier Transform
(FFT) filter was applied to the autofluorescence channel to remove stitching artifacts. Image projections
are summed slices of the 3D z stack, and to enable visualisation of the total amount of collagen,
spanning the entire dynamic range in a single image, a gamma correction of 0.2 was applied.

2.7. Mitechondrial Density and ROS

Frozen livers were sectioned to quantify mitochondrial density and ROSlevels. Liver mitochondria
were visualised using MitoTracker Green (Thermo Fisher Scientific, Waltham, MA, USA) and images
were acquired at 488 nm excitation wavelength and detected in the 510-550 nm emission range as
previously reported [14]. For total reactive oxygen species (ROS), CellROX Deep Red (Thermo Fisher
Scientific, Waltham, MA, USA} was used and images were acquired at 633 nm excitation wavelength
and detected in the 640680 nun emission range. All imaging parameters including laser intensities,
photomultiplier tubes voltage and pinholes were kept constant during imaging. The MitoTracker and
CellRox images were overlayed to provide information on mitochondrial specific ROS. Data were
generated using Image] (National Institutes of Health, Bethesda, MDD, USA).

2.8. Lipidomics

Lipids were extracted from frozen liver tissue using methyl-tert-butyl ether [20]. Cryohomogenised
liver tissues were incubated with methanol and then methyl-tert-butyl ether, before centrifugation
to induce phase separation. The top organic phase was dried and then resuspended in
methanol:isopropanol (2:1) mixture.

Using a Vanquish Ultra Performance Liquid Chromatography (UPLC) system (Thermo Fisher
Scientific, Waltham, MA, USA), 2 uL of the sample was loaded at 400 mL/min onto an Accucore™
C30 (2.1 x 150 mm, 2.6 pm) column with a 70:30 A:B solvent mix (A: 60% Acetonitrile (ACN)/40%
HO containing 10 mM ammonium formate and 0.1% formic acid (FA). B: 90% isopropyl alcohol
(IPA)/10% ACN containing 10 mM ammonium formate and 0.1% FA). Retained lipids were eluted
from the column and into the Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) using the following program: 30—43% B over 2 min, 43-55% B over 0.1 min, 55-65% B for
9.9 min, 65-85% for 6 min, 85-100% B over 2 min, held at 100% B for 5 min, 30%-100% B over 0.1 min
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and re-equilibration for 5 min. The eluting peptides were ionised. A data dependent MS/MS and
selected ion monitoring (dd-MS2 - dd-5IM) experiment was performed, with a survey scan of 250-1200
Da performed at 140,000 resolution with an AGC target of 1 % 10° and maximum injection time of
100 ms. Jons listed on the inclusion list were selected for fragmentation in the higher-energy collisional
dissociation cell using an isolation window of 1.0 m/z, an AGC target of 1 = 10 and maximum
injection time of 100 ms. Fragments were scanned in the Orbitrap analyser at 17,500 resolution and the
production fragment masses measured over a mass range of 200-2000 Da. The mass of the precursor
peptide was then excluded. The data files were searched using the Lipidex software package [21]in
conjunction with Compound Discoverer (Thermo Fisher Scientific, Waltham, MA, USA).

2.9, Statistical Analysis

Results are expressed as mean = SEM and were analysed using one-way ANOVA with Fisher's
least significant post hoc test if the data were normally distributed. If the data were not normally
distributed, they were log transformed to achieve normality of distribution before analysis (GraphPad
Prism 7.03, San Diego, CA, USA). p < 0.05 was considered the threshold for statistical significance.

3. Results

3.1. Body and Liver Weights

Birth weight and body weight can be used as an indication of intrauterine and postnatal
development in mice. Male offspring from SE mothers had lower birth weight compared to male
offspring from Sham mothers, which was normalised when MitoQ was administered to the SE mothers
(p <0.01, SE + MQ vs. SE, Table 1). At13 weeks, SE offspring remained smaller compared to the Sham
offspring (p < 0.05), which was reversed in the SE + MQ group (p < 0.01, Table 1). SE offspring also had
reduced liver weights when compared to the Sham offspring (p < 0.05) at 13 weeks; again, this was
reversed by maternal MitoQ supplementation (p < 0.01, SE + MQ vs. SE, Table 1). However, when
liver weights were expressed as a percentage of body weight, there were no differences among the
three groups. Maternal SE resulted in intrauterine growth restriction in male offspring, which was
reversed by MitoQ supplementation during pregnancy.

Table 1. Birth weight and parameters in 13 weeks old male offspring,.

Sham SE SE+ MQ
(m=19) (n=20) (n=14)
Birth weight (g) 1.51 + 0.03 1.30 + 0.06# 1.65 +0.05 "
Body weight at 13 weeks (g) 25,2402 242+02% 251 + 02"
Liver weight (g} 112 + 0.019 1.05 + 0,019 * 115 =0.02%
Liver weight (% of body weight) 442 + 0073 437 + 0.079 4.55 + 0.08
Liver triglycerides (mg/g liver) 408 +0.41 6.03 049" 4.04 + 0617
Liver PE 34:1 intensity (cps) 121,000 + 8900 203,000 + 29,000 * 170,000 + 19,000
Liver PE 38:1 intensity (cps) 13,100 + 1600 21,700 + 3000 * 17,000 + 1900
Liver PE 38:2 intensity (cps}) 12,500 + 2400 23,000 + 4700 * 12,700 + 1200 %
Liver PE 40:5 intensity (cps) 88,200 + 7000 156,000 =+ 25,000 * 104,000 + 15,000
Plasma triglycerides (mg/mL}) 2.36 £ 0.19 231+021 240+ 0.29
Plasma ALT (U/L) 8.03+1.1 11.2£09* 7.75+07%
Plasma insulin (ng/mL) 0.0702 + 0.014 0.103 = 0.083 0.111 £ 0.010
AUC of IPGTT (mM-min) 1150 + 20 1280 £ 41 * 1130 + 38#

Data are expressed as mean + SEM (n = 14-20 for birth weight, body weight at 13 weeks, liver weight, and AUC of
IPGTT; n = 6-8 for liver triglycerides, plasma triglycerides, plasma ALT, plasma insulin; # = 5 for liver PE). * p < 0.05,
*p < 0.01 vs. Sham. * p < 0.05, # p < 0.01 vs. SE. ALT: alanine aminotransferase, AUC: area under the curve, [IPGTT:
intrapetitoneal glucose tolerance test, PE: phosphatidylethanolamine, SE: cigatrette smoke expostre, SE + MQ: SE
with MitoQ supplementation.
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3.2. Glucose Metabolic Markers

Impaired glucose clearance is associated with insulin resistance and type 2 diabetes. The IPGTT
demonstrated that blood glucose was increased in the SE group compared to Sham group (p < 0.05)
which was normalised in the SE + MQ group (p < 0.05 vs. SE, Table 1). However, hepatic expression
of glucose transporters (Glutl, Glut2, and Glutd), glyeolysis marker phosphofructokinase (PFK),
gluconeogenesis markers (phosphoenolpyruvate carboxykinase 1 (PCK1), and forkhead box protein
O1 (FOXO1)), and liver insulin sensing marker peroxisome proliferator-activated receptor gamma
(PPAR-y) were not different among the groups (Figure 2a—g). Maternal MitoQ supplementation
reversed glucose intelerance induced by intrauterine tobacco smoke exposure, however, hepatic
glucose metabolic markers were not affected.

Glutl b Glut2 c. Glutd
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Figure 2. Liver mRNA expression of markers involved in glucose metabolism (a-g ) and lipid metabolism
(h—j) in 13 weeks old male offspring. Results are expressed as mean + SEM (n = 6-8). *p < 0.05
ATGL: adipose triglyceride lipase, CPTla: carnitine palmitoyltransferase 1a, FASN: fatty acid synthase,
FOXO1: forkhead box protein O1, Glut: glucese transporter, PFK: phosphofructokinase, PPAR-y:
peroxisome proliferator-activated receptor gamma, SE: cigarette smoke exposure, SE + MQ: SE with
MitoQ supplementation.
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3.3. Lipid Metabolic Markers

Since blood glucose was increased in the SE group and hepatic steatosis is closely associated
with the development of type 2 diabetes, liver lipid content was evaluated. Hepatic triglyceride (TG)
concentration was increased in the SE group compared to the Sham group (p < 0.05), which was
normalised in the SE + MQ group (p < 0.05 vs. SE, Table 1). Hepatic fatty acid synthase (FASN) mRNA
expression was significantly increased in the SE group compared to the Sham group (p < 0.05) which
again was normalised in the SE + MQ offspring (p < 0.01 vs. SE, Figure 2h). Adipose triglyceride
lipase (ATGL) and carnitine palmitoyltransferase 1a (CP'T1a) mRNA levels were only increased in the
SE + MQ group {p < 0.05vs. Sham, Figure 2i,j).

From lipidomics analysis, liver concentrations of certain phosphatidylethanolamine (PE) species,
specifically PE 34:1, PE 38:1, PE 38:2, and PE 40:5 were increased in the SE group compared to the Sham
group (p < 0.05), with PE 38:2 being normalised in the SE+ MQ group (p < 0.05 vs. SE, Table 1). No
differences in other lipid species detected during lipidomics analysis were observed (see Table 52).
In addition, plasma TG concentrations were not different among the three groups (Table 1). Overall,
increased hepatic de novo lipogenesis could be responsible for elevated hepatic TG concentrations in
the SE group. Furthermore, maternal MitoQ supplementation normalised liver TG concentration in
the offspring via a normalisation of de novo lipogenesis and an increase in mitochondrial fatty acid
P-oxidation.

3.4. Liver Injury Markers

Plasma ALT activity and hepatic markers of inflammation and fibrosis are often elevated during
liver injury. Plasma ALT was significantly increased in the SE group compared to the Sham group
(p < 0.05); this was reversed in the SE + MQ group {p < 0.05 vs, SE, Table 1). Hepatic tumour necrosis
factor (TNF)-ot mRNA expression was significantly increased in the SE group compared to the Sham
group (p < 0.01, Figure 3a) and was nearly normalised in the SE + MQ offspring (p = 0.06 vs. SE,
Figure 3a). However, mRNA expression of interleukin (IL}-13 was not different between the groups
(Figure 3b). Protein expression of surface macrophage markers, CD68 and F4/80, and mRNA expression
of the macrophage chemokine, monocyte chemoattractant protein 1 (MCP-1), were not different among
the three groups (Figure 3c—e). Stellate cell activity marker, a-smooth muscle actin («-SMA), was
increased in the SE group (p < 0.05 vs. Sham, Figure 3f) which was reversed in the SE + MQ group
(p = 0.05vs. SE, Figure 3f). The deposition of hepatic collagen 1al, collagen III and total collagen
was increased in the SE group compared to the Sham group (p < 0.05, Figure 3g-i), with collagenlal
deposition being normalised in the SE + MQ group (p < 0.05 vs. SE, Figure 3g). Elevated liver injury
markers in the offspring from the SE dams were mostly reversed by maternal MitoQ supplementation

during pregnancy. However, this did not seem to be associated with changes in resident macrophages.
3.5, Quxidative Stress and Mitochondrial Integrity

Oxidative stress and mitochondrial damage are implicated in the development of metabolic
disorders and hepatic steatosis. There was a significant decrease in mitochondrial density in the
SE group compared to the Sham group (p < 0.05) which was normalised in the SE + MQ group
(p < 0.05 vs. SE, Figure 4a). Furthermore, an increase in total ROS and mitochondrial ROS levels was
observed in the SE group compared to the Sham group (p < 0.05), which was normalised in the SE + MQ
group (p <0.05 vs. SE, Figure 4b,c). Protein expression of the endogenous antioxidant MnSOD
was reduced in both SE and SE + MQ groups compared to the Sham group (p < 0.05 and p <0.01
respectively, Figure 4d); whereas, GPx1 protein was increased in the SE + MQ offspring compared to
both the Sham and SE offspring (p < 0.05, Figure 4e). Mitochondrial biogenesis marker peroxisome
proliferator-activated receptor gamma coactivator (PGC)-1a mRNA expression was increased in the
SE + MQ group {p < 0.01 vs. Sham, Figure 4f).
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Figure 3. Markers of liver inflammation TNF-a, 1L-1( (a,b), macrophage markers MCP-1, CDA8 and
F4/80 (c-e), stellate cell activation marker a- SMA (f) and fibrous deposition of collagen 1al, collagen [11,
and total collagen (g-i

n 13 weeks old male offspring. Results are expressed as mean + SEM (n = 4-8).
*p <005, % p <001, Representative images of hepatic CDE8 (j, positive staining indicated by arrows)
and collagen III (k, positive staining indicated by arrows) immunchistochemistry staining in 13 weeks
old male offspring, bar = 50 um. (1} Representative images of SHG showing total collagen staining after
gamma correction (collagen is green/vellow), bar = 1000 um. a-5MA: alpha-smooth muscle actin, CO68:
cluster of differentiation 68, F4/8: LGI-like module-containing mucin-like hormone receptor-like 1,
TL-14: interleukin 1 beta, MCP-1: monocyte chemoattractant protein 1, SE: cigarette smoke exposure,
SE+ Mt
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Figure 4. Hepatic mitochondrial density (a, green signal), ROS (b, red signal) and mitochondrial specific
ROS (¢, orange signal), endogenous mitochondrial antioxidants MnSOD (d) and GPx1 (e), marker of
mitochondrial biogenesis PGC-1a (f) and markers of mitophagy (g-j) in 13 weeks old male offspring.
Results are expressed as mean + SEM (n = 6-8). *p < 0.5, * p < 0.01. DRP-1: dynamin related protein 1,
Fis-1: fission 1 protein, GPx1: glutathione peroxidase 1, LC3A/B II/I: microtubule associated 1A/1B
light chain protein 3, MnSOD: manganese superoxide dismutase, OPA-1: mitochondrial d ynamin like
GTPase, PGC-1a: peroxisome proliferator-activated receptor gamma coactivator 1-a, ROS: reactive
oxygen species, SE: cigarette smoke exposure, SE + MQ: SE with MitoQQ supplementation.

Both mitochondrial fission markers DRP-1 and Fis-1 were not significantly changed in the
SE offspring, but increased in the SE + MQ group compared to both the Sham and SE groups
(p < 0.05, Figure 4g,h). Mitochondrial fusion marker OPA-1 was not altered in the SE offspring, but
significantly increased in the SE + MQ group (p < 0.05 vs. Sham, Figure 4i). The ratio of LC3A/B 11
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to LC3A/B I was reduced in the SE group (p < 0.05 vs. Sham) but normalised in the SE + MQ group
(p < 0.05 vs. SE, Figure 4j). Increased liver steatosis and damage in the SE offspring could be due to
increased mitochondrial injury and impaired mitochondrial antioxidant defense capacity, leading to
mitochondrial ROS accumulation. Increased liver markers of mitophagy and mitochondrial biogenesis
by maternal MitoQ supplementation suggest an improvement in mitochondrial repair machinery. This
was asscciated with a normalisation of mitochondrial ROS level, and improved hepatic steatosis and
liver damage.

4. Discussion

The mechanisms underlying intrauterine underdevelopment and disease induced by maternal
smoking are not well understood. Evidence from genetically modified mice suggests that these
changes could be due to increased oxidative stress, rather than nicotine [22]. In this study, increased
mitochondrial oxidative stress and resulting mitochondrial insufficiency are proposed as the underlying
mechanisms. In our model, the offspring from the SE mothers had low birth weight, glucose intolerance,
hepatic steatosis, inflammation, and fibrosis in adulthood. Maternal supplementation with the
mitochondrial-targeted antioxidant, MitoQQ, during gestation and lactation rescued body weight at
birth, and decreased mitochondrial oxidative stress in the offspring's liver, prevenling hepatic changes
in the offspring. As MitoQ reduces mitochondrial oxidative stress, our results suggest that it could
be used as a novel treatment to prevent the metabolic dysfunction and liver damage induced by
maternal SE.

In humans, intrauterine exposure to tobacco cigarette smoke leads to intrauterine growth
restriction [23], insulin resistance [24], and hepatic steatosis [25], which were all observed in this
study. In conjunction with our previous studies, this indicates the reproducibility and reliability of
our model in reflecting human pathophysiology [1,8,9,15,25-29]. Cigarette smoke exposure causes
vasoconstriction, limiting placental nutrient delivery and increasing the risk of low birth weight,
leading to the development of type 2 diabetes and non-alcoholic fatty liver disease (NAFLD) in
adulthood [25,26]. Inflammation is also important, as it leads to insulin resistance, interrupting lipid
metabolism and causing liver steatosis and cellular damage, leading to fibrosis [30]. However, previous
studies have only found modifications of genes related to fibrosis in the human male foetus, suggesting
an increased risk of cirrhosis, but not steatosis [31]. In the present study, although hepatic glucose
metabolic markers were not affected by maternal SE, de novo lipogenesis as indicated by upregulated
FASN expression in adult SE offspring, contributing to increased liver triglyceride accumulation.
Plasma PE levels are increased in patients with non-alcoholic steatohepatitis (NASH) [32]. We found
increased PE levels in the SE offspring, accompanied by increased inflammation and fibrosis, suggesting
an increased risk of NASH.

Of particular interest, maternal MitoQ supplementation reversed intrauterine growth restriction
in the offspring. MitoQ has been shown to improve vascular function in both human and animal
studies [33,34]. Therefore, we postulate that MitoQ) may prevent the vasoconstriction induced by
maternal SE, restoring nutrient supply to the foetus. This was reflected by an increase in birth weight in
the SE + MQ offspring compared to the SE offspring, indicating better nutrient supply and intrauterine
development. This may be due to increased ulerine vasodilation since oxidative stress is closely related
to smoking-induced vasoconstriction [35]. Previous studies have shown that MitoQQ supplementation
or increased cellular CoQ10 levels can reverse hepatic steatosis by inhibiting de novo lipogenesis
and enhancing fatty acid 3-oxidation [36-38]. Consistently, maternal MitoQ supplementation not
only normalised systemic glucose metabolism and a marker of de novo lipogenesis (FASN), but also
increased expression of lipid catabolism markers (ATGL and CPT-1a) in the offspring.

Mitochondrial oxidative stress and injury have been observed in patients with NAFLD and
NASH [39,40].  In this study, we identified mitochondrial oxidative stress and mitochondrial
insufficiency as a critical mechanism in the foetal origin of hepatic steatosis and fibrosis resulting from
maternal smnking. In addition, a similar situation was found in the brain and kidnnys, associaled with
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functional disorders [8,9,13,28]. We found maternal SE impaired markers of mitophagy, which may
be due to both oxidative stress and lipid overaccumulation [41]. Mitechondrial oxidative stress is a
well-known trigger of inflammation and in this study was reflected by increased production of TNF-a
in the SE offspring. Interestingly, this did not appear to be the result of increased macrophage numbers
(CD68 and F4/80 positive cells). Thus, the increase in TNF-« expression could be due to increased
macrophage activity, or increased inflammatory responses within hepatocytes or stellate cells [42].
Reduced levels of the endogenous mitochondrial antioxidant MnSOD has been consistently observed
in multiple organs from in utero cigarette smoke exposure in murine [13,14,43] and non-human primate
models [44]. This study, together with those from a series of studies in the same model [13,14], have
established the key role of systemic mitochondrial insufficiency and mitochondrial specific oxidative
stress in foetal underdevelopment induced by maternal smoking [27].

Unlike other conventional antioxidants, MitoQ rapidly accumulates within the inner mitochondrial
membrane to suppress oxidative stress [10]. In the MitoQ treated mothers, the offspring had a normal
hepatic mitochondrial function, accompanied by reduced inflammation, fibrosis and lipid profiles.
We suggest that this is an effect not driven by the inhibition of inflammation, as previous studies
have found that depletion of Kupffer cells (resident liver macrophages) failed to protect the liver
from fibrotic injury [33]; thus, normalising mitochondrial oxidative stress is the key. Oxidative stress
may promote the activation of fibrogenic myofibroblasts, as indicated by a-SMA expression which
was associated with ROS and fibrosis levels [45]. Here, there was an increase in the endogenous
mitochondrial antioxidant GPx1, the mitochondrial biogenesis mediator PCGla, and the mitochondrial
self-renew machinery—DRP-1, Fis-1, OPA-1, and LC3A/B. However, another mitochondrial antioxidant
MnSOD was not changed. [t has been suggested that MitoQ) mimics the function of MnSOD, which
neutralises superoxide radicals. Therefore, there may be no need to increase MnSOD in the presence of
MitoQ. However, the level of GPx1, which acts downstream of MnSOD, was increased, suggesting
enhanced ROS scavenging capacity. Increased DRP-1 and Fis-1 by maternal MitoQ supplementation
can facilitate the separation of healthy and damaged mitochondrial fragments due to oxidative injury.
Increased OPA-1 can improve the recycling of healthy mitochondrial fragments to generate new
mitochondria. The damaged fragments are further degraded by autophagosomes formed by LC3A/B
to protect cells from their toxic effects [4]. Thus, taken together, maternal MitoQ supplementation
restored mitochondrial integrity and oxidative stress level in the offspring’s liver and prevented the
development of metabolic disorders. MitoQQ also appears to protect offspring from liver steatosis better
than the non-mitochondrial targeted antioxidant L-carnitine as we showed previously [27].

In this study, a low dosage of tobacco cigarette smoke was administered to the mothers, which
may only apply to light smokers who continue to smoke during pregnancy. The effect of maternal
MitoQ supplementation in mice exposed to high doses of cigarette smoke requires further investigation.
In addition, the offspring were fed a balanced diet after weaning. Future studies can add a secondary
insult {e.g., high fat diet or high carbohydrate diet [46]) to determine whether the risk of metabolic
disorders in the liver can be mitigated.

We suggest that MitoQ can inhibit some of the detrimental effects of in utero cigarette smoke
exposure on liver health. We are not suggesting that it is safe to smoke and use MitoQQ, but in situations
where mothers are unable to quit smoking there might be a beneficial effect of using MitoQ. Similarly,
there might be efficacy against the detrimental effects of other endogenous inhaled oxidants, such as
pollution or workplace noxious gasses. Although sold as an over-the-counter supplement, the safety of
MitoQ during pregnancy has not been evaluated in humans. Nevertheless, the current study provides
evidence for MitoQ) supplementation in women who are unable to quit smnking during pregnancy to
protect offspring from metabolic dysfunction.

Supplementary Materials: The following are available online at http:/fwww. mdpicom/207 2-6643/11/7/1669/1,
Table 51: TagMan Probe sequence (Life Technologies, CA, USA) used for ri-PCR, Table S2: Lipid species in the
liver detected by lipidomics analysis.
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Dietary Fatty Acids Amplify Inflammatory Responses to Infection
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Abstract

Obesity is an important risk factor for severe asthma exacerbations,
which are mainly caused by respiratory infections. Dietary fatty acids,
which are increased systemically in obese patients and are further
increased after high-fat meals, affect the innate immune system and
may contribute to dysfunctional immune responses to respiratory
infection. In this study we investigated the effects of dietary fatty acids
on immune responses to respiratory infection in pulmonary
fibroblasts and a bronchial epithelial cell line (BEAS-2B). Cells were
challenged with BSA-conjugated fatty acids (w-6 polyunsaturated
fatty acids [PUFAs], w-3 PUFAs, or saturated fatty acids [SFAs])
+/{— the viral mimic polyinosinic:polycytidylic acid (poly[L:C])

or bacterial compound lipoteichoic acid (LTA), and release of
proinflammatory cytokines was measured. Inboth cell types, challenge
with arachidonic acid (AA) (w-6 PUFA) and poly(L:C) or LTA led to
substantially greater IL-6 and CXCLS release than either challenge
alone, demonstrating synergy. In epithelial cells, palmitic acid (SFA)
combined with poly(I:C) also led to greater IL-6 release. The
underlying signaling pathways of AA and poly(EC)- or LT A-induced
cytokine release were examined using specific signaling inhibitors and
IB. Cytokine production in pulmonary fibroblasts was prostaglandin

of ancasllrlz, MNewcastie, Australa;
stralia: and "Centre for Inflarmmation,

dependent, and synergistic upregulation occurred via p38 mitogen-
activated protein kinase signaling, whereas cytokine production in
bronchial epithelial cell lines was mainly mediated through JNK and
P38 mitogen-activated protein kinase signaling. We confirmed these
findings using rhinovirus infection, demonstrating that AA enhances
rhinovirus-induced cytokine release. This study suggests that during
respiratory infection, increased levels of dietary w-6 PUFAs and SFAs
may lead to more severe airway inflammation and may contribute to
and/or increase the severity of asthma exacerbations.

Keywords: viral infection; asthma exacerbations; dietary fatty
acids; primary lung fibroblasts; obese asthma

Clinical Relevance

Obesity is an important risk factor for severe asthma
exacerbations, which are most commeonly caused by respiratory
infections. We show for the first time that dietary fatty acids,
which are increased in obese individuals, enhance immune
responses to bacterial and viral infection in human lung eells.
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Maore than 2 billion people around the world
are overweight or obese with a body mass
index (BMI) of 25 kp’m: or more (1), This
global epidemic is associated with many
chronic diseases, including asthma. A
number of epidemiological studies show
that obesity is an important risk factor for
asthma development, increasing the risk
by 2.7-fold compared with normal body
weight (2). However, the underlying
mechanisms are still poorly understood.

Clinical studies suggest that asthma in
obese individuals differs from the classical
phenotype of the disease. The obese asthma
phenotype is characterized by greater
severity, poorer control and quality of
life, and lack of atopy, with neutrophilic
inflammation being specifically reported in
obese women (2-5). Obesity also increases
the risk of exacerbations and obese patients
are almost five times more likely to be
hospitalized for asthma exacerbations than
lean patients (3, 6, 7). A higher BMI
appears to particularly increase the risk
of autumn/winter exacerbations in more
severe forms of asthma (6).

The major cause of asthma
exacerbations Is respiratory infection with
rhinovirus (RV), which accounts for up to
80% of all exacerbations (8). Viral-induced
exacerbations in asthma are associated with
increased levels of IL-6, the neutrophil
chemoattractant CXCL8, and neutrophilic
inflammation (9, 10). Some studies have
reported that bacterial infection is also
related to asthma exacerbations (11, 12);
however, this relationship is less evident.
The impact of obesity on immune
responses to infections is not clear, but
obesity is associated with more severe
outcomes after respiratory infection (13,
14). Several studies showed associations
between obesity and hospitalization and
mortality after infection with pandemic
influenza A/HINT 2009 (15, 16). A recent
study by Campitelli and colleagues showed
that obesity increases the risk of outpatient
visits after respiratory infection compared
with a normal body weight (14).

The innate immune system is the
first line of defense against pathogens and
its aim is to rapidly clear the body of
pathogens. To do so, the innate immune
system triggers an immediate inflammatory
response that induces migration and
activation of immune cells into infected
sites. However, an excessive inﬂammatory
response may induce greater tissue damage
than that caused by pathogens and can
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contribute to the cause and severity of
exacerbations (8).

Obesity is the result of a continuous
overconsumption of nutrients. The Western
diet contributes to obesity, being rich in
saturated fatty acids (SFAs) and w-6
polyunsaturated fatty acids (PUFAs) and
low in w-3 PUFAs (17). It has been shown
that the consumption of high-fat meals
leads to increased levels of circulating fatty
acids and modulates the innate immune
system, as shown by increases in the levels
of CXCLS8 as well as the proportion of
neutrophils in the circulation and sputum
(18, 19). Obesity itself is also associated
with increased fatty acid levels (20). The
serum levels of SFAs and w-6 PUFAs are
substantially higher than those of w-3
PUFAs (21-23). w-6 PUFAs and SFAs have
predominantly been associated with
proinflammatory effects, and current
evidence suggests that SFAs promote
inflammation through activation of a
family of receptors involved in innate
immunity, known as Toll-like receptors
(TLRs) (24). Several studies have
suggested that ©-3 PUFAs have
antiinflammatory and immunosuppressive
properties and may be beneficial in
treating infectious diseases. w-3 and w-6
PUFAs act as bioactive molecules that are
metabolized by cyclooxygenase (COX) and
lipoxygenase into prostaglandins (PGs) and
leukotrienes, respectively, which have
potential anti- and proinflammatory
actions of their own (25).

An emerging hypothesis to explain
why obese patients have more frequent
and severe asthma exacerbations is
dysfunctional innate immune responses to
viral and/or bacterial respiratory infections.
Increased levels of dietary fatty acids could
potentially contribute to these dysfunctional
immune responses.

The bronchial epithelium has always
been considered as the primary site of
infection. However, in vivo evidence
shows that infection also occurs in
submucosal cells, including pulmoenary
fibroblasts (26). In this study we
investigated the effect of dietary fatty
acids on primary human pulmonary
fibroblasts (HPFs) and a bronchial
epithelial cell line (BEAS-2B) in vitro,
and specifically examined the possible
enhancement of respiratory infection by
measuring the release of inflammatory
mediators inveolved in immune responses
against infection.

Methods

Cell Culture

HPFs were isolated from the parenchyma
of lungs from patients undergoing lung
transplantation or lung resection for
thoracic malignancies, as previously
described (27). Ethical approval for all
experiments involving the use of human
lung tissue was provided by the Sydney
South West Area Health Service, and
written informed consent was obtained.
Table 1 shows the patient demographics.
We also used the bronchial cell line BEAS-
2B (ATCC). Details regarding the methods
used for culture of HPFs and BEAS-2B are
provided in the data supplement.

Preparation of BSA-conjugated

Fatty Acids

Stock solutions of 0.5 M ©-3 PUFAs
(docosahexaenoic acid [DHA],
eicosapentaenoic acid [EPA], and
a-linolenic acid [ALA]), saturated fatty acid
(SFA) (palmitic acid [PA]), and 0.3 M w-6
PUFA (arachidonic acid [AA]) (Sigma
Aldrich) were prepared in 100% ethanol
and stored at —20°C. Working water-
soluble solutions of 10 mM were generated
by incubating the fatty acids in 10%
endotoxin and fatty acid-free BSA (Sigma
Aldrich) as previously described by Gupta
and colleagues (28).

Treatment of Cells

The cells were challenged with DHA, EPA,
ALA, PA, or AA (100 pM) or vehicle
(ethanol/BSA/cell culture medium) 4 hours
before stimulation with or without the
viral mimic polyinosinic:polycytidylic acid
(poly[I:C]) (10 pg/ml) or the bacterial
compound lipoteichoic acid (LTA) (10 j.g/ml)
(Sigma Aldrich). All <ells were incubated at
37°C with 5% CO, for 24 hours.

Determination of IL-6, CXCLS,
Granulocyte-Macrophage Colony-
Stimulating Factor, and CCL5 Levels
The levels of supernatant IL-6, CXCL8,
granulocyte-macrophage colony-stimulating
factor (GM-CSF), and chemokine (C-C motif)
ligand 5 (CCL5) were measured using
commercial ELISA kits (R&D Systemns)
according to the manufacturer’s instructions.

Western Blotting

Total protein concentrations were obtained
using a bicinchoninic acid assay (Sigma-
Aldrich) according to the manufacturer’s
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Table 1. Summary of Patient Demographics

Donor # Diagnosis
1 Emphysama
3 BOS
4 COPD
5 NSCLC
5] Adenocarcinoma
7 Emphysema
8 Healthy
9 Healthy
10 COPD
11 Adenocarcinoma
12 COPD
13 COPD
14 Emphysema
15 Adenocarcinoma
16 PAH
17 IPF
18 Adenocarcinoma
19 Adenocarcinoma
20 IPF
21 Emphysema
22 PAH
23 COPD
24 PAH
25 Emphysema
26 Emphysema
27 COPD
28 IPF
29 Emphysema
30 NSCLC and COPD
31 IPF
32 Emphysema
33 COPD
34 Interstitial pneumonitis
35 IPF
36 NSCLC
37 Adenocarcinoma and COPD
38 IPF
39 Squamous cell carcinoma
40 Adenocarcinoma
H PF

Age Sex Surgery Experiment

&1 F Explanted lung Fatty acids and bacterial/viral mimics

43 M Explanted lung Fatty acids and bacterial/viral mimics

60 F Explanted lung Fatty acids and bacterial/viral mimics

62 F Lung resection Fatty acids and bacterialfviral mimics

60 F Lung resection Fatty acids and bacterial/viral mimics

65 F Explanted lung Fatty acids and bacterial/viral mimics

65 M Explanted lung Fatty acids and bacterial/viral mimics

41 F Explanted lung Fatty acids and bacterial/viral mimics

65 M Explanted lung Fatty acids and bacterial/viral mimics

72 F Lung resection Fatty acids and bacterial/viral mimics

61 F Explanted lung Western blotting, inhibitors, fatty acids and
bacterial/viral mimics

62 F Explanted lung Western blotting, inhibitors

65 F Explanted lung Western blotting, Inhibitors

57 F Lung resection Western blotting, inhibitors

57 F Explanted lung Western blotting, inhibitors

67 M Explanted lung Western blotting

76 F Lung resection Western blotting, inhibitors, RV16 infection

64 F Lung resection Western blotting, inhibitors, RV16 infection

63 M Explanted lung Western blotting, inhibitors, RV16 infection

59 M Explanted lung Western blotting, inhibitors, RV16 infection

57 F Explanted lung Western blotting, inhibitors, RV16 infection

62 F Explanted lung Western blotting, inhibitors, RV16 infection

30 F Explanted lung Western blotting, inhibitors, RV16 infection

62 F Explanted lung Inhibitors

59 M Explanted lung Inhibitors

56 F Explanted lung Inhibitors

58 F Explanted lung Inhibitors

64 M Explanted lung Inhibitors

58 M Lung resection Inhibitors

64 M Explanted lung Inhibitors, RV16 infection

61 M Explanted lung Inhibitors, RV16 infection

69 F Explanted lung Mixed »-6:0-3 PUFAs, ALA and EPA

59 M Explanted lung Mixed o -3 PUFAs, ALA and EPA

64 M Explanted lung Mixed o -3 PUFAs, ALA and EPA

71 F Lung resection Mixed o -3 PUFAs, ALA and EPA

75 F Lung resection Mixed o -3 PUFAs, ALA and EPA

63 F Explanted lung Mixed o -3 PUFAs, ALA and EPA

65 M Lung resection Mixed o -3 PUFAs, ALA and EPA

72 F Lung resection Mixed w-6:0-3 PUFAs, ALA and EPA

54 M Explanted lung Mixed o-6:0-3 PUFAs, ALA and EPA

Definition of abbreviations: ALA = a-linclenic acid; BOS = bronchiclitis obliterans syndrome; COPD = chronic obstructive pulmonary disease; EPA =
sicosapentaenoic acid; IPF = idiopathic pulmonary fibrosis; F = female; M = male; NSCLC = non—small cell lung carcinoma; PAH = pulmonary arterial
hypertension; PUFAs = polyunsaturated fatty acids; RV16 = hurman rhinovirus 16.

instructions. Cell lysates (10 p.g) were
separated by SDS-PAGE on 10% gels and
transferred to polyvinylidene fluoride
membranes. The membranes were
incubated with rabbit monoclonal
antibodies against total and phosphorylated
NF-«B p65, p38 mitogen-activated protein
kinase (MAPK), or stress-activated protein
Kkinase/c-Jun NH2-terminal kinase
(SAPK/INK) (all 1:1,000; Cell Signaling
Technology) and anti-mouse GAPDH
(1:5,000; Merck Millipore). Primary
antibodies were detected with goat anti-
rabbit or rabbit anti-mouse horseradish
peroxidase (HRP)-conjugated secondary
antibodies (DAKO) and visualized by

enhanced chemiluminescence (Image
Station 4000MM; Kodak Digital Science).
GAPDH served as the loading control.
Details regarding the methods used are
provided in the data supplement.

Signaling Pathway Inhibition

HPFs and BEAS-2Bs were treated with
inhibitors of p38 MAPK (SB239063, 3 pM,
ICsp = 44 nM) (Toeris), JNK (SP600125,

10 WM, ICsy = 40 nM for JNK-1 and JNK-2,
and 90 nM for JNK-3) {(Calbiochem), COX
(indomethacin, 10 wM, IC5o=0.23 pM for
COX-1 and ICsy=0.63 pM for COX-2)
(Sigma), and NF-«B (BAY-117082, 10 uM,
1Cs0 =10 pM) (Sigma) for 1 hour before

stimulation with AA (100 pM) with or
without poly(I:C) (10 pg/ml) or LTA
(10 pg/ml).

RV Infection

Major group human RV serotype-16
(RV16) was a kind gift from Prof. &
Johnston (Imperial College UK).

RV16 was grown in Hela cells and
infectivity titer was determined using a
titration assay as previously described (29, 30).
HPFs were unstimulated or treated with
AA (100 pM) 4 hours before infection with
or without live RV16 at a multiplicity of
infection (MOI) of 1. Plates were incubated at
37°C with 5% CO, for 24 hours.
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Statistical Analysis

Statistical analysis was conducted using
GraphPad Prism version 7 software.
Comparisons of the data were performed by
one-way ANOVA with repeated measures
followed by a Bonferroni post test when
appropriate unless otherwise specified. A
P value of <<0.05 was considered significant.

Results

Stimulation with AA and poly(l:C)
Leads to Greater Cytokine Release
from Fibroblasts

To assess whether dietary fatty acids
modulate the response to viral infection,
HPFs were challenged with 100 pM of
DHA, PA, or AA before stimulation with
poly(I.C) (10 pg/ml), and IL-6, CXCLS8,
GM-CSF, and CCL5 release was measured.
AA alone, but not DHA or PA, induced
IL-6 and CXCL8 release (n =11, P<0.05)
(Figure 1). poly(I:C) alone also induced
IL-6 and CXCLS release (n=11, P < 0.05).
Challenge with the combination of AA and
poly(I:C) resulted in substantially greater
IL-6 and CXCLS8 release than AA alone
(n=11, P<0.01) (Figures 1A and 1B). The
effect of the combination of AA with poly(L.C)
on IL-6 and CXCL8 release was greater
than the sum of the individual effects of AA
and poly(I.C), demonstrating a synergistic
effect. There was no interaction between
DHA or PA and poly(I:C) on IL-6 and
CXCLS8 release. None of the treatments
induced GM-CSF release from the HPFs
(data not shown). CCL5 was induced upon
poly(I:C) challenge and, interestingly, AA
and DHA suppressed poly(I:.C)-induced
CCL5 release (n=>5-8, P <<0.05) (Figures
1C and 1F).

Stimulation with AA and LTA Leads to
Greater Cytokine Release from
Fibroblasts

To evaluate whether there is an interaction
between dietary fatty acids and bacterial
infection, HPFs were treated with dietary
fatty acids before stimulation with LTA
(10 pg/ml). LTA alone did not induce IL-6 or
CXCLS release (Figure 2). However, release
of both IL-6 and CXCL8 (n=11, P < 0.05)
was greater upon challenge with the
combination of AA and LTA than with
AA alone (Figures 2A and 2B), also
demonstrating synergistic effects. Again,
there was no interaction between DHA or
PA and LTA. In addition, there was no
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induction of GM-CSF or CCL5 with any of
these treatments (data not shown).

w-3 PUFAs Do Not Suppress
Combined AA and poly(l:C)-induced
Cytokine Release

The w-3 PUFA DHA did not affect poly(I:C)-
induced 1L-6 and CXCLS release in

HPFs. To confirm that w-3 PUFAs do not
affect 1L-6 and CXCLS release, we investigated
the effects of the other w-3 PUFAs, ALA and
EPA, and found that these fatty acids also did
not affect the response to poly(I:C) (see Figure
El in the data supplement). Because nutrients
do not oceur in isolation, and a healthy diet
consists of -3 PUFAs:w-6 PUFAs in a 14
ratio (31), we next investigated the effects of
DHAAA, EPAAA, and ALA:AA ina 1:4
ratio on poly(I:C)-induced cytokine release.
There was no difference in the response to
AA with or without DHA, EPA, or ALA in
combination with poly(I:C) (see Figure E2),
showing that w-3 PUFAs do not suppress
AA and poly(I:.C)-mediated inflammatory
responses in HPFs.

Stimulation with AA and poly(l:C) or
LTA also Leads to Greater Cytokine
Release from Epithelial Cells

To explore whether other structural lung
cells respond similarly to HPFs, we repeated
selected experiments in the bronchial epithelial
cellline BEAS-2B. A A alone did not induce IL-6
or CXCLS release from BEAS-2Bs; howevet,
AA in combination with poly(I:C) resulted
in greater IL-6 release (n =6, P <0 0.05) than
poly(LC) alone (Figure 3A), showing
responses similar to those observed in
HPFs. PA in combination with poly(I.C)
also resulted in greater IL-6 release (n =6,
P << 0.05) than poly(L.C) alone (Figure 3G).
DHA did not affect poly(I:C)-induced IL-6
or CXCL8 release, but suppressed poly(L.C)-
induced CCL5 release (n=7, P < 0.05)
(Figure 3F). Furthermore, LTA alone did not
induce cytokine release from BEAS-2BS.
However, the combination of AA and LTA
resulted in significant IL-6 and CXCL8
release (n=6, P << 0.01) (Figures 4A and 4B).
There was no interaction between DHA or
PA and LTA (Figures 4C~4F).

p38 MAPK Hyperactivation in
Pulmonary Fibroblasts upon

Challenge with AA and poly(l:C)

To investigate the mechanisms underlying
the effects of AA- and combined AA and
poly(I:C) or LT A-induced IL-6 and CXCL8
release in HPFs, we used protein IB to

investigate the activation of three main
signaling pathways (p38, NF-xB, and
SAPE/INE), all of which have been
shown to play a role in PG- or infection-
mediated inflammatory responses (32, 33).
Phosphorylation of p38 MAPK was
inereased after stimulation with AA alone
(n=8, P=_0.01) and in combination with
poly(1:C) (P=20.001) or LTA (P = 0.01),
whereas poly(l:C) and LTA alone did not
affect p38 MAPK phosphorylation

(Figure 5A). The combination of AA and
poly(I:C) led to greater phosphorylation of
P38 MAPK than AA alone (n=8, P<0.05),
indicating that hyperactivation of this pathway
is the mechanism by which synergism occurs.
NF-kB phosphorylation was increased upon
challenge with poly(I.C) (n =8, P << 0.01)

and LTA alone (n=8, P <0.01), but not

in combination with AA (Figure 5B).
Phosphorylation of SAPK/JNK was increased
upon challenge with AA in combination with
poly(LC) (n=7, P<C 0.05), but not with any
other challenge (Figure 5C). Total p38 MAPK,
NF-kB, and SAPK/INK did not change with
any treatment (Figures 5D-5F).

AA and poly(l:C) or LTA-induced
Cytokine Release in Pulmonary
Fibroblasts Is Mediated via p38 MAPK
Signaling

To further investigate and confirm the
mechanisms underlying the effects of

AA- and combined AA and poly(I.C) or
LT A-induced IL-6 and CXCLS8 release,
specific inhibitors were used to block p38
MAPK, JNK, and NF-«B activation.
Inhibition of p38 MAPK suppressed IL-6
and CXCL8 (n=9-14, P<<0.01) release
induced by AA alone (Figures 6A and 6B)
or the combinations of AA and poly(I:C)
(Figures 6E and 6F) and AA and LTA
(Figures 6G and 6H), but did not affect
cytokine release induced by poly(I:C) alone.
Inhibition of JNK attenuated IL-6 release
induced by poly(L:C) alone (n =10, P <
0.0001) (Figure 6C) and AA combined with
poly(I:.C) (n=10, P<<0.01) (Figure 6E).
Inhibition of NF-xB only suppressed IL-6
release induced by AA in combination with
LTA (n=14, P<<0.01) (Figure 6G).

Inhibition of COX Suppresses AA and
poly(l:C) or LTA-induced Cytokine
Release in Pulmonary Fibroblasts

AA is abioactive molecule and is a precursor
that is metabolized by COX to produce
eicosanoids, induding the PGs (25, 34).
PGs are known to play a key role in the
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Figure 1. Greater cylokine release was achisvad wilth combined arachidonic acid (A4) and polyinosinic: polycylidylic acid (poly:Cll challangs than wath
aither alone. (A-C) Human primary pulmonary fibroblasts wers unstimulated or challenged with the «-8 polyunsaturated fatty acid (PUFA) AA (7= 8-11)
{patients), (0-F) the w-3 PUFA docosshaxasncic acid (DHA), (7 = 5-8) (patients), or (G- the saturated fatty acid (SFA) palmitic acid (PA), (= 3-3) (patients)
in 0.1% BSA-Dulbecco’s modified Eagle medium (BSA-DMEM, 100 wM) for 4 hours with or without the viral mimic poly{:C} (10 pg/mi) for ancther

24 hours. Cell-free supsmatants were collected and (A, D, and G) IL-6, (B, E, and H) CXCL8, or (C, F, and /) CCLS releass was maasured using ELISA,
All data ara reprasantad as meaan + SEM. All challenges ara comparad with control, and challanges with poly(l:C) ars comparsd with their raspactive
challenge without poly(l:C) and challenge with poly(l:C) alone, using a one-way ANOVA with a Bonferroni post test. Significance is represented as
*P<0.05, *P<0.01, **P < 0.001, or **P < 0.0001.

generation of inflammatory responses. To (Figures 6E and 6F), and AA in combination ~ AA and poly(l:C) or LTA-induced
investigate whether COX-mediated PGs with LTA (Figures 6G and 6H) (n=9-14, Cytokine Release in BEAS-2Bs Is
contribute to the induction of IL-6 and P < 0.01). However, indomethacin Mainly Mediated by JNK and p38
CXCLS release, we pretreated HPFs with the  pretreatment did not affect cytokine release ~ MAPK Signaling

nonselective COX inhibitor indomethacin. induced by poly(I:C) alone. The COX and We also investigated the underlying

We found that indomethacin (107° M) P38 MAPK signaling pathways were the only  mechanisms in BEAS-2Bs and found that
pretreatment suppressed IL-6 and CXCL8 two involved in both AA and poly(L.C)- as phosphorylation of p38 MAPK was

release induced by AA alone (Figures 6A well as AA and LTA-induced I1-6 and IL-8  increased 30 minutes after stimulation with
and 6B), AA In combination with poly(L.C) release. AA alone, and with AA in combination
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with poly(I:C) or LTA (n=8, P < 0.05)
(Figure 7A). NF-kB phosphorylation was
increased upon challenge with poly(I.C)
and LTA alone, and with AA in
combination with poly(.C) (n=7, P <
0.05) (Figure 7B). Phosphorylation of

Rutting, Zakarya, Bozier, et al.: Dietary Fatty Acids Amplify Immune Responses to Infection

SAPK/JNK was increased upon challenge
with AA in combination with LTA (n=7,
P <0.05) (Figure 7C).

In addition, inhibition of p38 MAPK or
JNK suppressed IL-6 and CXCLS8 release
induced by poly(I:C) alone, AA in

combination with poly(I:C), and AA in
combination with LTA (n=7, P<0.05)
(Figure 8). Inhibition of NF-«B suppressed
IL-6 and CXCL8 release induced by AA in
combination with poly(.C) (n=7, P <
0.05) (Figures 8A and 8B), and CXCL8
release induced by poly(I:C) alone (P <
0.05) (Figure 8D). Inhibition of JNK
resulted in the greatest suppression of
combined AA and poly(1.C)- or
LTA=induced I1-6 and CXCLS release.
Inhibition of COX did not suppress 1L-6 or
CXCLS release in BEAS-2Bs. These results
show that the responses in BEAS-2Bs are
different from those in HPFs and are
mediated through NF-xB, INK, and p38
MAPK (but not COX) signaling, and suggest
that [NK signaling is the dominant pathway.

Infection with Human RV16 Leads to
Greater AA-induced Cytokine Release
To ensure that the results we obtained with
pathogen components are reflective of a
live infection, we next assessed whether
the innate immune response to RV was
modulated by AA. RV was chosen because it
is the most common cause of common colds
and has been shown to be a major cause of
asthma exacerbations (8). Challenge with
AA (100 uM) in combination with RV16
infection at an MOI of L0 resulted in
substantially greater IL-6 and CXCLS (P <
0.05) release than AA or RV alone from
HPFs (n=9) (Figures 9A and 9B) and
BEAS-2Bs (n=7) (replicates) (Figures 9C
and 9D). The effect of the combination of
AA with RV16 on 1L-6 and CXCL8 release
was greater than the sum of the individual
effects of AA and RV16 in both cell types,
demonstrating synergistic effects.

Discussion

Obese patients with asthma have more
frequent and severe exacerbations, which
may be a result of excess dietary fatty acids
enhancing the innate immune response to
viral and/or bacterial infection. This study is
the first to examine the effects of dietary
fatty acids in this context.

This study demonstrates that the w-6
PUFA AA in combination with the viral
mimic poly(I:C) results in greater IL-6 and
CXCLS8 release than either AA or poly(I:C)
alone. Interestingly, the effect of the
combination on cytokine release was
substantially greater than the sum of the
individual effects of AA and poly(I:C),
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which indicates that these effects are
synergistic. We also examined the effects of
dietary fatty acids on respiratory infection
in epithelial cells. Interestingly, we found
that epithelial cells were unresponsive to
AA along, but the combination with poly(I.C)
resulted in synergistic cytokine release.

In addition, PA enhanced poly(L.C)-
induced cytokine release from epithelial

560

cells. These results show that dietary fatty
acids have different effects on different lung
cells, and suggest that increased levels of
AA and PA during viral infection may lead
to more severe airway inflammation.

The current study focused mainly on
the cytokines IL-6 and CXCLS, as these are
crucial drivers of neutrophilic inflammation
and are clinically important in both the

pathogenesis of asthma and clinical
outcomes in severe and obese asthma,
including virus-induced exacerbations.
However, multiple cytokines and
chemokines are important for driving
granulocyte recruitment and activation

in asthma. We also measured CCL5
(RANTES) and GM-CSF release. There was
no induction of GM-CSF in both cell types.
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Figure 4. Greater cyloking release was achieved with combined AA and LTA challenge than with sither alone in BEAS-26s. (& and 5 The human
bronchial epithelial cell line BEAS-28 was unstimulated (control) or challenged with the w-6 PUFA AA (n = 6) (replicates), (C and D) the v-3 PUFA DHA
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However, DHA reduced poly(I:C)-induced
RANTES in HPFs and BEAS-2Bs. In
addition, AA reduced poly(I:C)-induced
RANTES in fibroblasts, but not BEAS-2Bs,
We interpret these results as further
evidence that the immune response in obese
asthma is skewed toward neutrophilic
inflammation. If GM-CSF induction had
occurred, this would have been evidence of a
granulocytic response, as it promotes the
proliferation, differentiation, and activation
of monocytes, neutrophils, eosinophils, and
dendritic cells, and acts as a cofactor for
superoxide production and degranulation
(35, 36). The suppression of CCL5
(RANTES) by AA further reinforces
neutrophilic inflammation, as it typically
recruits monocytes, T cells, and eosinophils,
and has been associated with eosinophilic
airway inflammation in asthma (37, 38).
RV is the most commoen cause of virus-
induced exacerbations in both children and
adults with asthma (8, 39). In the past, RV
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was considered as an upper-respiratory
pathogen only. However, in vivo studies
have conclusively shown that RV can also
replicate in the lower airways (26, 40) and
can infect submucosal cells, including
pulmonary fibroblasts and airway smooth
muscle cells. Other investigators and we
have shown that RV infects primary
pulmonary fibroblasts, inducing
proinflammatory mediators such as IL-6
and CXCL8 (41, 42). Fibroblasts are located
within the airway submucosa where airway
blood vessels are found, and therefore are
directly exposed to constituents of tissue
fluids (plasma), including dietary fatty
acids, and are likely to be key cells in
driving inflammatory responses to serum-
derived factors. As such, this study focused
primarily on pulmonary fibroblasts.
Viruses activate the innate immune
response through activation of the
molecular pattern recognition receptors
TLR3, TLR7, and TLRS (43) via the

activation of specific transeription factors,
including NF-kB and AP-1. poly(I:C) is a
synthetic analog of double-stranded RNA
(dsRNA) and is known to activate TLR3
(44). TLR7 and TLR8 detect single-
stranded RNA, whereas TLR3 detects
dsRNA, which occurs when single-stranded
RNA viruses, including RV, replicate (43).
We used an agonist for TLR3 rather than
TLR7 or TLRS based on previous studies
showing that RV induces cytokines via
activation of TLR3, but not TLR7 or TLRS,
in bronchial epithelial cells. Furthermore,
we have previously shown that RV-induced
cytokine release in fibroblasts is replication
dependent (i.e., the cells detect and respond
only to dsRNA) (41). To confirm that AA
increases RV-induced inflammation, we
also assessed the response to AA in
combination with RV16 infection. We
found that challenge with AA in
combination with RV16 infection resulted
in substantially greater cytokine release
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than either AA or RV16 alone in HPFs and
BEAS-2Bs.

Less is known about bacterial infections
in asthma. Some bacterial pathogens are
more frequently found in the airways of
patients with asthma than in healthy
individuals (12), but their role in
exacerbations is unclear. Studies have
reported mycoplasmal infection in up to
25% of children with wheezing (11) and in
20% of children with asthma requiring
hospitalization due to exacerbations.
However, not all studies have confirmed
these findings (45). In the current study, we
also investigated the effect of dietary fatty
acids on bacterial infection. To model
bacterial infection, we challenged cells
with the bacterial endotoxin LTA. We
found that challenge with AA in
combination with LTA resulted in greater
IL-6 and CXCL8 release from pulmonary
fibroblasts and epithelial cells than either
alone. The effect of the combination on
cytokine release was substantially greater
than the sum of the individual effects of AA
and LTA, which indicates that these
effects are synergistic. These results indicate
that exposure to AA during bacterial
infection may lead to more severe

Rutting, Zakarya, Bozier, et al.: Dietary Fatty Acids Amplify Immune Responses to Infection

airway inflammation. There was no
interaction between the other dietary fatty
acids and LTA. Bacterial recognition is
dependent on TLR2 and TLR4. TLR4
mainly senses LPS, which is a major
component of the outer membrane of
gram-negative bacteria. TLR2 is the
primary innate immune receptor for gram-
positive bacteria. We used LTA, an
important cell wall polymer found in gram-
positive bacteria that has been shown to
cause innate immune responses mediated
through TLR2 (46).

LTA alone, however, did not
induce cytokine release from either HPFs or
BEAS-2Bs. Presumably, even though
bronchial epithelial cells express TLR2,
challenge with LTA is not potent enough
to induce the production of IL-6 or
CXCLS in epithelial cells, and a
cochallenge is needed. Other studies
have reported similar findings. Armstrong
and colleagues found that LTA alone
did not induce the production of CXCL8
or IL-6 in bronchial epithelial cells (47),
and a low responsiveness of lung epithelial
cells to LTA (small increase in CXCL8
release) was observed in another in vitro
study (48).

The effects of dietary fatty acids on
immune responses have been an area of
interest for many years. However, there is
a great deal of conflicting data. DHA and
AA serve as important cell membrane
components as well as precursors for
biologic mediators with many effects,
including numerous roles in immune
function and inflammation. In general, w-6
PUFAs and SFAs have predominantly been
associated with proinflammatory effects,
whereas the w-3 PUFAs are associated with
antiinflammatory and immunosuppressive
effects (25, 34). None of the w-3 PUFAs
(DHA, EPA, and ALA) suppressed poly(L:C)-
induced cytokine release, or combined
AA and poly(I:C)-induced inflammatory
responses in HPFs, suggesting that w-3
PUFAs do not have antiinflammatory
effects in these lung cells. SFAs, including
PA, initiate innate immune responses
through activation of TLR2 and TLR4 in
adipocytes and macrophages (24, 49, 50).
These results have been replicated in
human studies, which showed that within
4 hours of consumption of a high-fat meal,
innate immune responses were activated
with increased TLR2, TLR4, and NF-kB
activity in mononuclear and
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Figure 9. Grealer cylokine relsase was achieved with combined AA and human rhinovirus 16 (V16
challengs than with either alensg in human pulmonary fibreblasts and BEAS-28s. {4 and B) Human
primary pulmonary fibroblasts {n = &) (patients) or (& and O BEAS-28s {n = 7} (replicates) wera

unstimulated (control) or challs
infection with BV16 at a multipl

o with AAIn 0.1% BSA-DMEM (100 pM) for 4 hours before
ity of infaction of 1 for another 24 hours, Cell-free supesmatants were
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polymorphonudear cells (51, 52). The
nonresponsiveness to PA observed in this
study may be explained by the lack of
functional TLR4 signaling in pulmonary
fibroblasts. Lung mesenchymal cells do not
express CD14, which acts as a coreceptor
for TLR4 (53, 54). This is also why we used
LTA (TLR2 agonist) and not LPS (TLR4
agonist). SFAs were previously shown to
inhibit virus replication in a mouse model
of chronic hepatitis B infection (55);
however, another mouse model study
showed that SFAs increase bacterial load in
Staphylococcus aureus infection (56). Studies
looking at the effects of w-6 PUFAs

on inflammatory processes and infections
have reported conflicting data. A study in
healthy men found that supplementation
with w-6 PUFAs significantly increased the
number of circulating neutrophils and
production of LPS-induced leukotriene

B4 from leukocytes (57). Conversely,
supplementation with AA did not affect

in vitro secretion of TNF-a by peripheral
mononuclear cells, nor did it affect
peripheral blood mononudear cell

566

proliferation and natural killer cell activity.
A study by Jordao and colleagues found
that AA enhanced bacterial killing

of Mycobacterium tuberculosis in
macrophages, but increased pathogen
survival in a mouse model of tuberculosis
(58). In the current study, a <lear
proinflammatory effect of AA on bacterial
and viral infection was observed.

To understand the underlying
mechanisms involved in (synergistic) AA
and poly(L.C)- or LTA-induced IL-6 and
CXCL8 production, signaling pathways
were investigated. We observed activation of
P38 MAPK upon challenge with AA alone
and in combination with pely(I.C) or LTA.
Challenge with poly(I:C) and LTA alone led
to increased phosphorylation of NF-kB,
while challenge with the combination of
AA and poly(I.C) caused increased
phosphorylation of SAPK/JNK. AA in
combination with poly(I:C) led to greater
phosphorylation of p38 MAPK than
challenge with AA alone, indicating p38
MAPK signaling to be the mechanism by
which synergism occurs. We further

investigated and confirmed the underying
mechanisms involved in AA and poly(l:C)-
or LTA-induced IL-6 and CXCL8 release
using specific signaling inhibitors at
concentrations previously shown to be
effective in human airway cells (26-28).
SB239063 is a potent and selective inhibitor
of p38 MAPK and displays specific and
high-affinity binding (1C50 = 44 nM) (59).
It suppressed IL-6 and CXLCS release
induced by AA alone and the combinations
of AA and poly(L.C) or LTA. These data
suggest that AA in combination with poly(I:C)
or LTA activates the p38 MAPK

pathway, leading to both IL-6 and CXCL8
release. Inhibition of JNK with SP600125
suppressed IL-6 release induced by poly(1:C)
alone and in combination with AA, but
did not affect CXCLS release. Inhibition of
NF-k B with BAY-117082 partially suppressed
IL-6 release induced by the combination

of AA and LTA, again indicating the
involvement of multiple pathways. These
results, which showed that BAY-117082
suppressed AA and LTA-induced [L-6 but
not CXCL8 release while SP600125
suppressed poly(I:C)- and AA/poly(1:C)-
induced 11-6 but not CXCLS release, are
unexpected. Previous studies have shown IL-6
and CXCL8 transcription to be regulated by
the same transcription factors: NF-xB, CREB
protein, AP-1, and CCAAT/enhancer binding
protein (C/EBP) (60, 61). However, it appears
that in this study the dominant transeription
factors regulating CXCL8 are different to
those regulating IL-6 with p38 MAPK being
the only comumon transcription factor for
both cytokines.

PGs, including PGE,, are COX
metabolites of AA. PGE, induces IL-6
release from bronchial epithelial cells, and
CXCLS8 release from lung mesenchymal
cells (62, 63). To investigate whether COX-
mediated PGs contribute to IL-6 and
CXCLS release, we pretreated pulmonary
fibroblasts with indoemethacin, which
inhibits both COX-1 and COX-2.
Indomethacin inhibited AA-induced IL-6
and CXCLS8 release alone and in combination
with poly(I:C) or LTA. However,
indomethacin did not affect cytokine release
induced by poly(I:C) alone. Our data suggest
that IL-6 and CXCL8 production in HPFs is
PG mediated. We consider these effects to be
mediated through COX-2 rather than COX-1,
as COX-1 is responsible for constitutive
production under basal conditions, whereas
COX-2 is upregulated during inflammation
and is responsible for PGE, biosynthesis at
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sites of inflammation (64). We consider the
combination of the production of COX-
mediated PGs and the activation of
transcription factors to be the most logical
mechanism for synergistic cytokine release
in HPFs,

We also investigated the underlying
mechanisms in BEAS-2Bs and found that
p38 MAPK signaling is involved in poly(I:C)-,
combined poly(1:C) and AA-, and
combined LTA and AA-induced IL-6 and
CXCLS release in BEAS-2Bs. However,
inhibition of COX did not suppress IL-6 or
CXCLS release in BEAS-2Bs, which is
different from what we observed in
fibroblasts. This is consistent with the lack
of cytokine induction by AA in BEAS-2B.
In addition, i ition of JNK signaling
resulted in the greatest suppression of
combined AA and poly(I:C)- or
LTA=induced IL-6 and CXCLS release in
BEAS-2BS. These results suggest that there

is a differential response in BEAS-2Bs
compared with fibroblasts. Although we
used primary HPFs here, an important
limitation of this study is that all
experiments were done in vitro. In future

studies, we plan to investigate the effects of

dietary fatty acids on immune responses to
infection using an in vivo model.

In summary, this study demonstrates
that exposure of HPFs and epithelial cells
to w-6 PUFAs causes an amplification of
the inflaimmatory responses to viral and
bacterial components, as measured by
IL-6 and CXCLS release. In HPFs the
responses were PG dependent and
mediated through p38 MAPK signaling,
whereas the responses in BEAS-2Bs were
mainly mediated through [NK and p38
MAPK signaling, suggesting that p38
MAPK inhibitors might be effective in
obese patients with asthma to prevent
exacerbations. In epithelial cells, exposure

to PA also enhanced the inflammatory
response to viral infection. These results
suggest that during respiratory infection,
increased levels of dietary w-6 PUFAs and
SFAs may lead to more severe airway
inflammation and might contribute to
and/or increase the severity of asthma
exacerbations in obese patients with
asthma. B
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 Tein vestigate the effect of maternal MitoQ treatment on renal disorders caused by maternal cigarette
. smoke exposure (SE). We have demonstrated that maternal 5E during pregnancy increases the

. risk of developing chronic kidney disease (CKD) in adult offspring. Mitochendrial exidative damage

i contributesto the adverse effects of materal smoking on renal disorders. MitoQ is a mitochondria-

. targeted antioxidant that has been shown to protect against oxidative damage-related pathologies

in many diseases. Female Balbjc mice (8 weeks) were divided into Sham (exposed to air), SE (exposed

. tocigarette smoke) and SEMQ (exposed to cigarette smoke with MitoQ supplemented from mating)

: groups. Kidneys from the mothers were collected when the pups weaned and those from the offspring
: were collected at 13 weeks. Maternal MitoQ supplementation during gestation and lactation

- significantly reversed the adverse impact of maternal 5E on offspring’s body weight, kidney mass and

. renal pathology. MitoQ administration also significantly reversed the impact of SE on the renal cellular
: mitochondrial density and renal total reactive oxygen species in both the mothers and their offspring

in adulthood. Our results suggested that MitoQ supplementation can mitigate the adverse impact of

: maternal SE on offspring’s renal pathology, renal oxidative stress and mitochondrial density in mice
. offspring.

¢ It has been increasingly recognised that maternal programming during fetal development predisposes the off-
¢ spring to future disease. Maternal smoking imposes a significant adverse impact on fetal renal development that
¢ determines the future risk of chronic kidney disease (CKD) inadulthood'. Human studies have shown that int rau
| terine exposure to cigarette smoke (SE) is closely linked to impaired fetal renal growth’. Maternal smoking is asso
¢ ciated with a 1.24-times increased risk of child proteinuria compared with offspring of non-smoking mothers®.
i 'These phenomena have also been confirmed in our mouse model of maternal smoking, which demonstrated that

maternal SE leads to renal underdevelopment in offspring at birth and renal dysfunction in adulthood®.
Mitochondria are intracellular organelles that generate the energy required for cellular functions through

¢ oxidative phosphorylation, which involves a series of oxidation- reduction reactions. During this process, reac-
¢ tive oxygen species (ROS) are released as a by-product. Thus, mitochondria are the major source of ROS during
¢ energy synthesis®, which is subsequently cleared by the endogenous antioxidants, such as manganese superoxide
¢ dismutase (MpSOD). Mitochondrial abnormalities, such as the accumulation of mitochondrial DNA mutations
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and damaged mitochondria structure due to metabolic stress, can overconsume the antioxidant enzymes
or impair the production of antioxidants leading to oxidative stress which in turn triggers pro-inflammatory
response™’. Renal tubular cells contain abundant mitochondria, therefore mitochondrial density plays a fun-
damental role in the pathe is of kidney di Growing evidence suggests that mitochondrial damage is
implicated in the pathophysiology of renal discases®”. It has been reported that nicotine can aceumulate in the
kidney'". Several studies indicated that maternal smoking is closely related to increased levels of oxidative stress
in the mothers, infants and newborns'™ ", and reduced levels of the antioxidant enzymes superoxide dismutase
{SOD) in the arteries of offspring from nicotine treated rats". Moreover, we also demonstrated that oxidative
stress and mitochondrial dysfunction are closely associated with the adverse effects of maternal smoking on the
kidney pathology in the male offspring****.

Coenzyme (310 (CoQQ10) is a mitochondrial endogenous antioxidant. It has been shown that CoQ 10 sup
plementation in mice can lower hepatic oxidative stress and inflammation associated with diet-induced obe
sity in mice'®. Amniotic fluid Col}10 levels are significantly lower among women delivering preterm babies, a
risk which is increased by maternal smoking'™'%. In addition, plasma CoQ10 levels are reduced in smokers'”.
Heowever Co(l10is not a viable treatment option due to poor bioavailability and delayed mitochondrial uptake-""’.
Mitoquinone mesylate, also known as MitoQ, is a mitochondria-targeted antioxidant. It consists of a ubiquinone
moiety, the same structure to the ubiquinone found in CoQ10, which allows its rapid uptake and accumulation
in the mitochondria to restore the antioxidant efficacy of the mitochondrial respiratory complex™. As such, it has
been rt:portcd that MlLoQ hd.& a protective role against oxidative damage-related pathologies in metabolic™ and
neurodeg ive . Mareover, our previous study demonstrated that maternal MitoQ supplementa-
tion during pregnancy and lactation is beneficial in reducing lung inflammatory and oxidative stress responses
caused by maternal SE in the adult offspring”®, Therefore, this study aimed to investigate whether maternal MitoQ
supplementation can also mitigate the adverse impact on renal disorders caused by SE and whether the benefits
of Mito() administered to the SE mother are transmitted to the fetus and result in reduced future risk of CKD.

Materials and Methods

Animal experiments. The animal experiments were approved by the Animal Care and Ethics Committee
at the University of Technology Sydney (ACEC#2014-638 and #2016-419). All protocols were performed accord
ing to the Australian National Health & Medical Research Council Guide for the Care and Use of Laboratory
Animals. Female Balb/c mice (8 weeks) were housed at 20+ 2°C and maintained on a 12:12 hour light/dark cycle
with ad libitum access to standard laboratory chow and water. After the acclimatisation period, mice were divided
into three groups: SHAM (exposed to air), SE (exposed to cigarette smoke from 2 cigarettes twice daily. 6 weeks
before mating and throughout gestation and lactation, as previously described®), and SEMQ (SE mothers supplied
with MitoQ (500 uM in drinking water’*") during gestation and lactation). Male breeders and suckling pups
stayed in the home cage when the mothers were exposed to normal air or cigarette smoke. Pups were weaned at
postnatal day 20 and maintained without additional intervention.

Since we have previously demonstrated that maternal SE have a greater impact on the male offspringw, only
male offspring were assessed in this study. One cohort of pups were randomly selected at postnatal day | from
each litter to prevent selection bias™. The rest of the pups were kept to week 13, The birthweight of the latter group
was not measured to avoid disturbance to the new born litter and mothers and problems with attachment which
may influence later results™, Briefly, male offspring were euthanized (4% isoflurane, 1% O, Veterinary companies
of Australia, Kings Park, NSW) at adulthood (13 weeks). A terminal urine collection was undertaken via direct
bladder puncture and the blood was collected via cardiac puncture after mice were anesthetized. The kidney tis
sies were collected and stored at —80°C for later analysis.

Albumin and creatinine assays. The levels of urinary albumin and creatinine were measured using
Murine Microalbuminuria ELISA kit (Albuwell M) and Creatinine Companion kit, respectively (Exocell Inc, PA,
USA) following the manufacturer’s instructions.

Kidney histology. Kidney structure was examined in the male offspring at 13 weeks as previously described.
Briefly, fixed kidney samples were embedded in paraffin and sectioned. Kidney sections were stained with hematox-
ylin and eosin (H&E) and periodic acid-Schiff (PAS). Glomerular number and size were assessed as we have previ-
ously described and quantitated using Image | software (National Institute of Health, Bethesda, Maryland, USA).

Confocal Microscopy Imaging. Confocal laser scanning microscopy images of frozen kidney sections
were acquired using Leica SP2 confocal laser scanning microscope (Leica, Wetzlar, Germany). Data was gener
ated from 5-6 animals/group. Four to 6 Images were collected from each kidney and averaged before the anal
ysis. All imaging parameters including laser intensities, Photomultiplier tubes voltage and pinholes were kept
constant during imaging. For total reactive oxygen species (ROS) detection, CellROX Deep Red (Thermo Fisher
Scientific, Australia) was used at 5 uM final concentration, images were acquired at 633 nm excitation wavelength
and detected in the 640-680 nm emission range. MitoTracker Green (Thermo Fisher Scientific, Australia) was
used for staining the mitochondria at 200 0M final concentration, Images were acquired at 488 nm excitation
wavelength and detected in the 510-550 nm emission range.

Western blo‘l'ting. Kidney tissues were homogenized in lysis buffer with phosphatase inhibitors {Thermo
Fisher Scientific, CA, USA). Protein concentrations were measured using DC Protein assay (Bio-rad, Hercules,
CA, USA). Equal amount of proteins (20 pg) were separated on 4-12% Criterion™ XT Bis-Tris Protein Gel
{Bio-rad, Hercules, CA, USA) and transferred to PVDF membranes. The membranes were blocked with TBS
0.05% Tween 20 (TBS-T}) containing 5% BSA or skim milk for 1 h, before incubation with primary antibod
ies against endogenous antioxidant Manganese superoxide dismutase (MnSOD, 1:2000, Millipore, Billerica,
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MA, USA). translocase of the outer membrane-20 (TOM-20, 1:2000, Santa Cruz Biotechnology), fibronectin
(1:1000, Abcam, Cambridge, UK), phospho-extracellular signal-regulated kinase-1/2 (Erk1/2, 1:1000, Cell
Signaling Tech nology Inc), Erk1/2 (1:1000, Cell Signaling Technology Inc), phospho-JINK (1:1000, Cell Signaling
Technology Inc, MA, USA), ¢-JUN N-terminal kinase (INK, 1:500, Cell Signaling Technology Inc), phospho-p38
Mitogen-activated protein kinase (MAPK, 1:1000, Cell Signaling Technology Inc), p38 MAPK (1:1000, Cell
Signaling Technology Inc), transcription factor nuclear factor-r-light-chain-enhancer of activated B cells (NFrB,
1:1000, Cell Signaling Technology Inc), phospho-NFrB (1:1000, Cell Signaling Technology Inc), F4/80 (1:1000,
Sigma Aldrich, New South Wales, Australia), Collagen | (1:500, Santa Cruz Biotechnology, Texas, USA), Collagen
111 (1:500, Santa Cruz Biotechnology, Texas, USA) and Collagen [V (1:500, Santa Cruz B]olechnology, Texas,
USA) overnight at 4°C, then followed by secondary antibodies (p idase-conj d goat anti-mouse or
anti-rabbit IgG or rabbit anti-goat 1g(G,1:2000,5anta Cruz B]otechnology Inc). The blots were then incubated in
Super Signal West Pico Chemiluminescent substrate {Thermo Fisher Scientific, CA, USA) and the membranes
were then visualized by an Amersham Imager 600 (GE Healthcare, NSW, Australia). Protein band density deter-
mined using Image] software (National Institute of Health, Maryland, USA) was used for densitometry, and
[-actin (1:5000, Santa Cruz Bictechnology, Texas, USA) was used as the control.

Quantitative real-time PCR. Total mRNA was isolated from kidney tissues using TRIzol Reagent
(LifeTechnologies, CA, USA). First strand cDNA was generated using M-MLV Reverse Transcriptase, RNase H,
Point Mutant Kit (Promega, Madison, WI, USA). Genes of interest were measured using pre-optimized SYBR
green primers (Sigma-Aldrich) and RT-PCR master mix (LifeTechnologies, CA, USA). The primers used in
real-time RT-PCR experiments were as follows: macrophage chemoattractant protein (MCP)-1 forward primer:
5-GTTGTTCACAGTTGCTGCCT-3, and reverse primer: 5-CTCTGTCATACTGGTCACTTCTAC-3".
Interleukin (IL)-1o, IL-6 and cluster of differentiation (CD) 68 mRNA expressions were measured using Tagman
probe (IL-1o: ACCTGCAACAGGAAGTAAAATTTGA, NCBI gene references: NM_010554.4, mCT192405.0,
BC003727.1, ID: Mm00439620_m]1; IL-6: ATGAGAAAAGAGTTGTGCAATGGCA, NCBI gene references:
NM_031168.1, X06203.1, X54542.1, ID: Mm00446190_m1; CD68: CACTTCGGGCCATGTTTCTCTTGCA,
NCBI gene references: NM_001291058.1, ID: Mm03047343_m1). The average expression of the control group
was assigned as the calibrator against which all other samples were expressed as fold difference. The 185 rRNA
was used as the house-keeping gene for all gene of interest.

Mitochondrial DNA copy number.  Genomic DNA was extracted from renal tissue using the DNeasy blood
and tissue kit (Qiagen). The content of mtDNA was calculated using real-time quantitative PCR by measuring the
threshold cycle ratio (ACt) of the mitochondrial-encoded gene cytochrome c oxidase subunit 1 (COX1) (forward
primers 5- ACTATACTACTACTA A-CAGACCG-3/, reverse primers 5-GGT TCTTTTTTTCCGGAGTA-3') vs.
the nuclear-encoded gene cyclophilin A (forward primers 5-ACACGCCATAATGGCACTGG-3, reverse prim-
ers 5-CAGTCTTGGCAGTGCAGAT-3 as we have previously shown',

ATP assay. ATP determination kit (Thermo Fisher Scientific, CA, USA) was used to extract ATP accord
ing to manufacturer instructions. In brief, kidney tissues (15-20 mg) were homogenized in 0.5 ml ice-cold
Phenol-TE (Sigma-Aldrich, New South Wales, Australia). Chloroform (200 pl) and de-ionised water (200 pl)
were added and followed by twenty seconds shaking. Aqueous phase was extracted and ATP was determined
with luciferin-luciferase assay.

Statistical analysis. Results are presented as the mean+ 5.E.M. The differences between the groups were
analysed by one-way ANOVA followed by post hoc Bonferroni test (Prism 7, Graphpad CA, USA). The differ
ences were considered statistically significant at P < 0,05,

Results

Effects of cigarette smoke exposure on the mothers.  Results in Table 1 show that body weight was
not different between the SE mothers and control mothers. Kidney mass was marginally reduced without statisti
cal significance in the SE mothers, Mitochondrial density, total ROS levels, and mitochondrial copy number were
significantly increased in the kidney’s from the SE mothers (P < 0.01 vs SHAM, Fig. 1).

MitoQ supplementation during gestation and lactation significantly reversed the impact of SE on mitochon-
drial density (P < 0.01 vs SE, Fig. 1a). In addition, renal DNA copy number in the SEMQ mothers was similar
as the SHAM mothers (Fig. 1b). Maternal MitoQQ administration also significantly ameliorated ROS level in the
kidneys (P < 0.01 SEMQ vs SE, Fig. 1<)

Effect of maternal cigarette smoke exposure on the growth of the male offspring. At postna
tal day 1, body weight and kidney mass were significantly reduced in the male offspring from the SE mothers
(P = 0.01 and P < 0.05 vs SHAM, respectively; Table 1). A lower body weight was maintained until 13 weeks of
age (P < 0,01, Table 1) but kidney mass was only marginally reduced without statistical significance in offspring
of SE mothers, This is consistent with our previous study using the same model®,

Maternal MitoQ supplementation significantly enhanced body weight at P1 and normalised the body weight
at weekl 3 of the SEMQ offspring (P < 0.01, Table 1). Moreover, kidney mass was significantly normalised in the
SEMQ offspring at P1 (P < 0.05 vs SE, Table 1). Interestingly, there were fewer male offspring in the SEMQ group
in comparison to both SE and control groups.

Effect of maternal cigarette smoke exposure on kidney development. At 13 weeks, the average
number of glomeruli was significantly decreased in the SE offspring compared to the SHAM offspring (P < 0.01,
Fig. 2a), The mature glomerular size in the SE offspring was also significantly larger than those of the offspring
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Figure 1. Renal mitochondrial density (a), mitochondrial DNA copy number (b) and total ROS level (¢) in the
mothers. Results are expressed as mean = SE#*P < 0,01 SEvs Sham, *'P< 0,01 SEMQ vs SE. SE: cigarette smoke
expusure; SEMO: cigarette smoke exposure with MitoQ supplementation. Representative conlucal images of

(a und c) showing Mitotracker and Cell Rox staining in the SHAM, ST apnd SEMQ groups respectivily (d)

from the SHAM mothers (P < 0,05, Fig, 2b), Maternal MitoQ supplementation normalised glomerular nimber
(I~ 0.01 vs SE) and size in the SEMQ offspring (Fig, 2a,b).

Effect on renal inflammatory and fibrotic markers and kidney function.  Henal mRMNA expression of
the pro-intlammutary mardeers MCP- L and CD68, in addition to the protein levels of F4/80, mice macrophage marker
were signiticantly increased in e olfspring kidneys duc to maternal SE(1 < 0.05 vs SHAM offspring, Fig. 3ade). The
levels of the pro-fibrotic marker ibronectin and collagen IV protein were also signilicantly increased in the oflspring
kidneys due o matermal SE (P < 0.05 vs SHAM offspring, Fig. 4ad). IL-10 and [L-6expression, as well as Collagen 1,111
protein levels were not Changed by maternal SE(Figs 3b,, b} Maternal MitoQ sdministration ameliorted MCP-1
expression although this did not reach statistical significance (Fig, 3a); whereas CD68 expression and F4/80 protein
level were normalised in the SEMAQ offspring (1! < 0.01vs 8L, Fig. 3d; P 0,05 vs 5L, Fig, 3¢),
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Figure 2. Glomerular number and size in the male offspring at 13 weeks. Results are expressed as mean + SE.
#P < 005, ## P < 0.01 SE vs Sham, ""P< 0.01 SEMQ vs SE, SE: cigarette smoke exposure; SEMQk: cigarette smoke
exposure with MitoQ supplementation,

The urinary albumin-to-creatinine ratio as a marker of renal damage was significantly higher in the SE
group (P < 0.05, Fig. 4¢). Maternal MitoQ supplementation showed a trend to normalization of urinary
albumin-to-creatinine ratio. However, this was not signiﬁc:ml (Fig. 4e).

Effect on renal mitochondrial and stress markers in the offspring.  Altered mitochondrial number
and DNA content have been proposed as a surrogate of mitochondrial function. Here, mitochondrial density and
DNA copy number were significantly increased in the offspring from the SE mothers (P <001 and P <0.05 vs
SHAM offspring. respectively; Fig. 5a.b), As such, total ROS level was significantly increased in SE offspring’s kid-
neys (P < 0.01 vs SE offspring, Fig. 5¢), with reduced endogenous antioxidant MnSOD level (P < 0.01 vs SHAM
:)fl'spring. Fig. 5e). We also investigated TOM-20, a mitochondrial outer membrane receplor for the translocation
of cytosolically synthesized mitochondrial pre-proteins. Renal TOM-20 protein level was significantly reduced in
the SE offspring (P < 0.05 vs SHAM offspring, Fig. 5).

Cellular oxidative stress level was significantly reduced by maternal MitoQ treatment. Maternal Mito() treat-
ment normalised cellular mitochondrial density (P < 0.01 vs SE ofl'spring) and total ROS level (P < 0.05 vs SE
offspring, Fig. 5a,c} although no change in copy number was seen. It also marginally improved TOM-20 level
(Fig. 5f). There was a trend of increased ATP levels in the SE offsprings kidneys (PP — 0.27 vs SHAM), which was
significantly reduced by maternal MitoQ) supplementation (P < 0,05 SEMQ vs SE, Fig. 5g).

Effect on Receptors for Advanced Glycation End-products (RAGE) pathway. RAGE isa
multi-ligand receptor of the immunoglobulin superfamily, which plays a role in cigarette smoke-related disease
through the AGEs-RAGE axis"-". Our data demonstrated that maternal SE has no effect on RAGE, p38 MAPK,
ERK1/2, INK, and NFxB in the offspring’s kidneys at week 13, MitoQ administration also has no effect on these
markers (Supplementary Fig. 1).

Discussion

Maternal smoking during pregnancy affects fetal renal development which is linked to an increased risk of CKD in
the offspring in the adulthood. We have previously demonstrated that maternal SE significantly reduced renal devel-
opment in the male offspring and induced renal pathology in adulthood associated with increased oxidative stress
and mitochondrial dysregulation® 1 Such effects were male specific™. However, it is not clear whether this is due
to the direct effect of cigarette smoke on maternal mitochondrial DNA, which can be transmitted to the offspring.

In this study, we demonstrated that SE increased mitochondrial density and maternal renal DNA copy number
and as a consequence increased total ROS levels in the mothers’ kidneys., We additionally demonstrated that the
administration of the mitochondrial-targeted antioxidant MitoQ during gestation and lactation can significantly
reverse the impact of SE on the abovementioned renal changes. Furthermore, we demonstrated that maternal
SE induced renal underdevelopment and renal dysfunction in the male offspring at adulthood associated with
increased renal inflammatory markers, mitochondrial alteration and oxidative stress, which were also amelio-
rated by maternal MitoQ supplementation. Interestingly, mitochondrial DNA copy number and density were
increased in both SE mothers and their offspring suggesting that smoking during pregnancy can alter mitochon-
drial DNA predisposing the offspring to future kidney disease through foetal programing.

Maternal MitoQ administration reversed the effect of maternal SE on the offspring body weight, kidney size at
birth, renal development, as well as renal function in the adult offspring. Interestingly, although maternal MitoQ
administration was able to reverse the effect of maternal SE on renal mitochondrial density and total ROS levels
in the offspring, it had no effect on mitochondrial DNA copy number. This finding suggests that the effect of SE
on mitochondrial DNA copy number in the mothers may be transmitted to the offspring as mitochondrial DNA
is inherited from the maternal lineage. Such change cant be reversed by gestational MitoQ supplementation.
However, whether such effect occurs prior to gestation requires further validation by examining the females
before mating, which is beyond the scope of this study. It is important to note that there were less male offspring
in the SEMQ group in comparison to both SE and control groups. The reason for that is to date unclear and is
worth further investigation.
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Figure 3. Renal MCP- | mRNA expression (a), IT-Lie mRNA expression (b), [1-6 mRNA expression (<),

CD68 mRNA expression (d), F4/80 protein levels () in the offspring ut 13 weeks, Whaole gel inmages (e) in

Supplementary Fig. 3, Resulls are expressed us mean =Sk, *P < 0.05, SE vs Sham. P« 0.0 1 *F < 0,05, SEMQ vs
SE,

several studies have indicared thar marernal cigarete smoking during pregnancy was the most common cause
of tetal growth restriction and reduced size of the letl organs™=. We have previously shown, using the same
animal model, thar maternal SE is linked to smaller glomerular sive and delayed kidney development in the male
oflspring"'*, In addition, oxidative stress and milochondrial dysiunction are Josely associated with the adverse
effects of maternal smoking on otfspring’s kidney pathology' ', Such phenatype has also been presented in the
SE offspring in this study, rellected by smaller glomerular number with adaptive enlargement of glomerular sige
and impaired renal function. Mitochondrial BNA can only be inherited from the mothers, not the fathers™.
Indeed in this study, the changes in renal mitochondrial DNA copy nimber and density in the SE otfspring mir-
rored that in the SE mothers. While mitechondrial number and DNA copy number were deregulaled by miaternal
ST renal tonal ROS were increased in such oflspring in line with increased mitochondrial activity of ATP pro-
duction, suggesting mxidalive stress, which is consistent with our previous studies'*", Correlatively, the level ol
mitechondrial endogenous antioxidant MaSOD was reduced in the oftspring’s kidoey in response to increased
osidative stress, with lower expression of the mitochondrial import receptor subunit (TOM-200 which iay be
Induced by increased work load for ATT synthesls.

Oidative stress is olien linked W inllammatory responses and librotic changes, which were also observed in
the SEolfspring with increased levels of inllimmatory (MCP-1, CDa8 and Fa/80) and fibrotic markers (fbronee-
tinand collagen 1V). The AGEs-RAGT interaction has also been shown 1o associate with enhanced production
of Intrucellular ROS, which can mediate further inflammistory response™ ', Several studies lave suggested that
RAGT can abso inthience the pathogenesis of renal disorders™=", Our previous study demonstrated that mater-
nal 3E can increase RAGE and i1s signalling elements, as well as promoting oxadative stress and inllammatory
responses in oflupring’s long*'. However in this study, none of the RAGE signaling elements including RAGI,
P38 MAPK, ERK1/2, INK, und NFiB, were chianged in the SE offspring’s kidney. These findings suggest that the
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Sham, Sk cigarette smoke expusure; $EMQ cigarelte smoke exposure with Mit oQ mrplmnmhlmn

RAGE pathway does not seeim 1o be involved in maternal SE induced inflamimatory response in the offspring’s
kidney. There ks also evidence suggesting that inflimmatory cell intiliration correlaies with both the extent of
renal (ibrosis and the severity of renal damage in CKIYC Trreversible renal librosis s a common consequence afler
renal injury and leads 1o 4 gradual loss of kidney function, which is a hallmark of €K1, In this study. there was
significant increase in fibronectin level in the SE oftspring's Kidney, We have previously demonstrated thay mater-
nal SE induced subtle pathological changes in the offspring’s kidneys ar 13 weeks, Inereased risk of CKI muy
prevail iFLhe oflspring ave exposed Lo additional insull afler weaning, such as abesily or diabetes. Such hypothesis
requtres validation in futare studies,

Milochondrial dyslfunction occurs in several human disorders, which is considered as the major driver for ve-
Tular and srgan filure, Adverse efficts of digrndtte sioke have been attributed to inoreased oxidative stress together
with mitochondrial dysregulation, which play a key role in the progression of renal injury and development of
CRD' Y Theretore, therapeutic application of mitochondrlil-targeted therapies may offer potential alternatlves
fiar thie prreventiom and readment ol such conditions, inslead of e generic antioxidants which are normally poorly
taken up by the mitochondria, The most widely investigated mitochondria-specific antioxidant Lo date is MitoQ*11%.
The benefichal eflects of MitoQ have been reported in various disorders, such as metabolic disease”, neuridegen
erative diseases™, kidney domage related 1o diabeles™, Parkinsons disease', and liver inflammation in bepatits
virws infection®. Tnpoortantly, our previons study asing thesame cobort o mice demonstrded tiat imaternal Mito)

| tation during pregrancy and lactation is beneficial in reducing ng inflammatory and oxidative stress
n.spunscs, i the adult offspring caused by maternal S5, As we have demmonstrated that oxidative stress plays an
important role in i idernal SE nelated renal disorders in the male offspring 17, this study exaended the investigation
ol the impact of mternal Mito 0 supplementation on renal disorders,

In the current study, our results showed that MitoC} suppl ion during pregnancy can signilicantly mit-
igate stiall body welght due Lo in-utero SE Moreover, we demonstrated that MiloG treatiment can restore smaller
Kielney size and glomeralar numbers with neardy nornmalised remal fanction in adall offspring from the SE inother
Lhese results suggested that MitoQ) exert beneficial effects on offspring’s health, despite continuing maternal S
during gestation and buctation. Our results are consistent with earlier reports that showed that MitoQ treatiment
prevented reval disorders in a mouse model of type 1 diaberes ™, Mukhopadbyay and colleagues also found tha
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Figure 5. Renal cellnlar mutochondrial density (a), mtechondnal DNA copy number (b), 1otal ROS (¢},
Representative conlocal images of ta and ) showing Mitolracker and Cell Rox ng in the STHIAM, SE and
SEMOQ grouips respeatively (d), mitociondril MoSOLD (), and TOM-20 (6}, and ATP (g} ln the male oflspring
ul 13 weeks, Whaole gel images of (e.f) in 5|l|‘lllr:lr nlary Fig, 5. Results are expressed as mean +SE 4= i)
P 001 5k vs Shain, F < 0,05, 7P < 0,01 SEMQ vs SE, SE; cigarette sinoke exposure; SEMOQ:; cigarette sinoke
exposure with Mituld supplementation.

MitoQ treatinent prevented renal dystunction caused by cisplatin neplirotosicity™. Such improvement in the
allspring is closely related v reduced renal ROS level and normalised mitochondrial density in both mothers
and olfspring. Interestingly, renal MpSOD level was not inereased in Lhe ollspring 48 a conseguence of maternal
adiministeation of MitoQ. 'Lhis was different to that observed in the lungs™, suggesting that ROS was suppressed
by other antioxidutive mechanisms or due W reduced mitochondrial ATP production. The impact of maternal
SE an TOM-20, the mitochondrial onter membrane receptor for the translocation of ¢ytosolically synthesized
mitochondrial preproleins, was partially reversed in SU ollspring, suggesting some improvement in mitochon
drind function, However, mitochondeind DINA copy number wis not reversed i the SEMQ offspring compured
wilh e STMQ muothers, suggesiing oxidative stress may nol be the only (aetor 1o damage mitochondrial TINA
in the offspring. Foetal kidneys are likely 1o be more vulnerable 1o the damage trom the chemicals in the cigarette
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smoke, since nicotine level is 15% higher in the foetal blood than the maternal blood™. This may also affect
the fibronectin level in the offspring’s kidney'', which was also unaffected by maternal MitoQ) supplementation
although the inflammatory markers MCP-1, CD68, F4/80 and ROS level were reduced. As the aim of the study
was to determine whether Mito(QQ protects the offspring from maternal smoking we did not include a sham group
treated with MitoQQ. Hence we are unable to be definitive about whether MitoQ may cause changes in the param-
eters studied in “normal’ animals. However, Rodriguez-Cuenca et al., have previously examined the long-term
consequences of MitoQ on wild-type mice in the absence of injury and demonstrated that Mito(Q has no effect on
mitochondrial function, mitochondrial DNA, food consumption or whole body metabolism?™,

In summary, our study demonstrates the beneficial effects of maternal Mito(Q supplementation during gesta
tion and lactation on renal under development and pathology by maternal SE. It also reduced renal ROS accumu
lation and mitochondrial density in both mothers’ and offsprings kidneys. Although Mito() was unable to reverse
the increase in fibrotic markers, it may still protect the offspring against maternal SE induced renal pathology and
potentially future CKD through reduction of inflammation and oxidative stress. This is yet to be confirmed in
future human clinical trials.
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Abstract: Biomass smoke is one of the major air pollutants and contributors of household air pollution
worldwide. More than 3 billion people use biomass fuels for cooking and heating, while other
sources of exposure are from the occurrence of bushfires and occupational conditions. Persistent
biomass smoke exposure has been associated with acute lower respiratory infection (ALRI) as a
major environmental risk factor. Children under the age of five years are the most susceptible in
developing severe ALRI, which accounts for 940,000 deaths globally. Around 90% of cases are
attributed to viral infections, such as influenza, adenovirus, and rhinovirus. Although several
epidemiological studies have generated substantial evidence of the association of biomass smoke
and respiratory infections, the underlying mechanism is still unknown. Using an in vitro model,
primary human lung fibroblasts were stimulated with biomass smoke extract (BME), specifically
investigating hardwood and softwood types, and human rhinovirus-16 for 24 h. Production of
pro-inflammatory mediators, such as IL-6 and IL-8, were measured via ELISA. Firstly, we found that
hardwood and softwood smoke extract (1%) up-regulate IL-6 and IL-8 release (p < 0.05). In addition,
human rhinovirus-16 further increased biomass smoke-induced IL-8 in fibroblasts, in comparison
to the two stimulatory agents alone. We also investigated the effect of biomass smoke on viral
susceptibility by measuring viral load, and found no significant changes between BME exposed and
non-exposed infected fibroblasts. Activated signaling pathways for IL-6 and IL-8 production by
BME stimulation were examined using signaling pathway inhibitors. p38 MAPK inhibitor SB239063
significantly attenuated I1.-6 and 1L-8 release the most (p < 0.05). This study demonstrated that
biomass smoke can modulate rhinovirus-induced inflammation during infection, which can alter the
severity of the disease. The mechanism by which biomass smoke exposure increases inflammation in
the lungs can be targeted and inhibited via p38 MAP kinase pathway.

Keywords: Chronic obstructive pulmonary disease; Biomass smoke; Rhinovirus

1. Introduction

Biomass smoke is the result of the combustion of different types of biomass fuels, such as wood,
animal dung, crop residues, and coal generated by more than 3 billion people for cooking and heating.
As such, biomass smoke is one of the major air pollutants and contributors of household air pollution
worldwide. In developing countries where poverty is prevalent, burning biomass fuels is a cheaper
alternative compared to liquefied petroleum gas (LPG) or electricity. Biomass fuels are also more
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accessible, especially for people living rurally [1]. As much as 97% of the population, living in rural
areas in the least developed countries, rely solely on biomass fuels for household energy purposes [2].

Several studies have shown that women and children have the highest biomass smoke exposure
due to cultural practices, such as indoor cooking in housing with very poor air ventilation [3].
The absence of chimneys or pipes prevents the smoke from venting outside and, therefore, particles
become trapped and fuse to the surroundings [4,5]. During the burning of these fuels, people indoors
can be exposed with up to 30,000 ug/m? of particulate matter (PM) sized 10 um or smaller (PMg),
while an average concentration throughout the day is approximately 300-5000 ug/m?®. Since most
women and children stay indoors, they are exposed to these high concentrations of particulate matter
and other toxic air pollutants for about 3-7 h a day [6]. The WHO guideline for PM10 concentration is
only 50 pg/rn"‘ for a 24-h period. The Global Burden of Disease 2010 study found that household air
pollution is the second highest risk factor of ill health for women and girls globally [7].

Children exposed to biomass smoke have an increased risk (1.8-fold) of developing acute
lower respiratory disease (ALRI) [8,9]. Younger children, especially aged five years or younger,
are more susceptible and have a higher mortality rate. ALRI accounts for 940,000 deaths of children
under five per year [10]. Biomass smoke-associated ALRI causes 455,000 deaths and a loss of
39.1 million disability-adjusted life years annually [5,11]. However, diagnosis of ALRI is often based
on parent-reported symptoms which can compromise etiological specificity [4]. Generally, ALRI is
characterized by acute bronchitis, bronchiolitis, and pneumonia, caused by respiratory bacterial or
viral infections. Around 90% of cases are attributed to viral infections, such as influenza, adenovirus,
and rhinovirus. Although epidemiological studies have shown that biomass smoke is a considerable
risk factor for the development of ALRI, the exact mechanism of the resulting increase in susceptibility
is still unknown. Therefore, this study aims to investigate the effect of biomass smoke exposure
on primary human lung cells in vitro, specifically examining possible enhancement of respiratory
infection such as rhinovirus, by measuring production of inflammatory mediators involved in immune
responses against infection.

2. Results

2.1. Hardwood and Softwood Smoke Extract Are Cytotoxic at Higher Concentrations

To assess the potential toxicological effect of biomass smoke, cells were exposed to 1%-10% of
hardwood and softwood smoke for 24 h stimulation. Cell viability was measured via MTT assay, and
confirmed by trypan blue exclusion assays. We found a trend of decreasing number of viable cells with
increasing concentrations of hardwood and softwood smoke extract stimulation (Figure 1). We then
investigated lower concentrations (0.01%, 0.1%, and 1%) of hardwood and softwood smoke extract
and found no toxic effects of biomass smoke extract by trypan blue exclusion assays (Figure 2A,B)
and LDH assays (Figure 2C,D}. Overall we observed no differences in the toxicity of hardwood and
softwood smoke extract.

2.2, Hardwood and Softwood Swmoke Extract Upregulates 11-6 and I1-8 Production at Low Concentrations

Cell free supernatants were collected from fibroblasts stimulated with hardwood and softwood
smoke extract (0.01%, 0.1%, and 1%) and IL-6 and IL-8 release was assessed via ELISA. We found
a significant increase of both IL-6 and IL-8 release from 1% hardwood and softwood smoke extract
stimulation (Figure 3).
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Figure 1. Measurement of cell viability with different hardwood and softwood smoke extract
concentrations. Human primary lung fibroblasts (i = 5) were stimulated with hardwood (A} and
softwood (B) sk extract (1%—=10% in 0.1% FES/DMEM. Cell viability was moeasunad asing MTT
assay at 24 h after stimulation. Data expressed as the percent of unstimulated fibroblasts and bars
represent mean 4 SEM, Statistical analysis was executed using one-way ANOYA with Tukey's posi-test,
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Figure 2, Measurement of cell viability from hardwood (AC) and softwood (B, D) smoke extract
stimulation at lower concentrations. Cell viability was measured via Manual cell count with trypan
blae (1L02"%: /1) and LDH assay trom hardwood and softwood smoke extract stimulation at 0.01%,
114, and 1'% diluted in 1% FBS/ DMEM in primary human lung tibroblasts (1 = 8), Manual cell count
and LD assay was executed after 24 b poststimulation, Data is expressed in cells/mlL (A, B), percent
of LRH release from control (C,D), and bars represent mean £ SEM, Comparison between cell counts
from cankool and ditferent concenlralions of hardwoeod and sottwood smoke extract stinnulalion made
by one way ANOVA with Tukey's post test. No significant differences were found.
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concentrations, Human primary Tung fibroblasts (v = 6) were stimulated with hardwood and softwood
smoke extrack (0.00%, 0% and 1%) in 0.1% FBS/DMEM for 24 h. Cell free supernatants were
collected and [L-h (A} and IL-5 (B) release was measured via ELISA. Data were expressed in pg/mL
and bars represent mean + SEML Comparisons bebween 1L-6/11-8 release from control and ditterent
concentrations of hardwood and softwiood smoke extract made by one-way ANOVA with Tukey's
poat-test. Significance is represented as " po< 005, p< 001 va. combrol, *** pr< (LI vs. cantrol.

2.3, Biomass Smoke Exposure Enfasces RV-16 lindueed [L-8 Prodhsction

Since epidemiological evidence suggests an interaction between biomass smoke and viral infection,
we modelled this interaction in vitro, Fibroblasts were stimulated with biomass smoke extract initially
(0.1% or 1%) and the infected with RV-16. As expected, hardwood and softwood smoke extract, and
RV-16 alone, induced IL-6 and IL-8 release, Interestingly, RV increased IL-8 (Figure 4}, bul not 1L-6
production (Figure 5} in both hardwood and soltwood smoke exposed fibroblasts, In cells lirst infected
with RV and then stimulated with biomass smoke extract, cytokine induction was not greater in
comparison to RV alone,
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Figure 4. Measurement of IL-8 production from hardwood (A} and softwood (B) smoke exposure
and RV-16 infection. Primary human lung fibroblasts (n = 3) were stimulated with hardwood and
softwood smoke extract at 0.1% and 1% concentration alone, RV-16 infection alone (MOI = 1), or both,
and incubated for 24 h. Unstimulated fibroblasts were also measured for TL-8 constitutive release,
Supernatants were collected for 1L-8 concentration analysis via ELISA, Data expressed as pg/ml.
Statistical analysis was executed using two-way ANOVA with Sidak’s post-test. Significance is
represented as ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.4. Biomass Smoke Exposure Did Not Affect RV-16 Load

We further investigated the role of biomass smoke exposure on modulating RV-16 infection by
measuring viral load of infected fibroblasts with or without biomass smoke exposure. There were
no significant differences between the viral load of biomass smoke exposed and non-exposed RV-16
infected fibroblasts (Figure 51). We also measured viral load from RV-16 infected fibroblasts that were
exposed to biomass smoke extract after infection and found no significant difference between the

groups (data not shown).
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Figure 5. Measurement of TL-6 production from hardwood (A) and softwood {B) smoke exposure
and RY-16 infection. Primary human lung fibroblasts (n = 4) were stimulated with hardwood and
softwood smoke extract at 0.1% and 1% concentration alone, RV-16 infection alone (MOI = 1), or both
and incubated for 24 h. Unstimulated fibroblasts were also measured for IL-6 constitutive release.
Supernatants were collected for IL-6 concentration via ELISA. Data expressed as pg/mL. Statistical
analysis was excetited using wo-way ANOVA with Sidak's post-test,

2.5, Hardwood and Softwood Smoke Induced 11-6 and 11-8 Are Attenuated by Different Signalling
Pathizvay Inhibitors

There are different potential signaling pathways being activated by biomass smoke to induce
[L-6and TL-8 production. PI3 kinase, ERK, SMAD, p38 MAT kinase, NFkB, INK and COX signaling
pathways have all been previously shown to play a role in up-regulating inflammation from oxidative
stimuli such as cigarette smoke. To examine this, chemical inhibitors were used, which are specific (o
the signaling pathways mentioned above, P13 kinase, NFeB, INK, and COX inhibitors were unable
to attenuate IL-6 and IL-8 production from both hardwood and softwood smoke extract stimulation
(data not shown). Softwooad smoke-induced T1-6 and T1.-8 was significantly attenuated by p3s MAT
kinase inhibitor (Figures 6 and 7). In addition, softwood smoke-induced T1-8§ was also inhibited by
ERE and SMALY inhibitors (Figure 7). Surprisingly, hardwood smoke-induced 11-6 was not inhibited
by any of the signaling inhibitors used (Figure 6), however, hardwood smoke-induced IL-§ solely
mvolved p38 MAT kinase pathway (Tigure 7).
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Figure 6. The etfects of ERE (A), SMAD (B). and p3& MAL kinase (C) inhibitors on 1L-6 production by
hardwood and sottwond smoke exteact, Primary human lung fibroblasts (n = 4) were pretreated for an
hour wilth signaling inhibilors, PDMS05Y (10 g}, SB431542 {10 pM), and SB239063 (3 uM} in DMSO
(vehicle control) for ERK, SMAD, and p38 MAT kinase pathway, respectively, then stimulated with
1% hardworsd and soltwood smohe extract for 24 b Superaatant was enlleeted and [L-6 comeentration
analysis was executed via ELISA. Data are expressed as the percent of Inhibition from control and
hars represent mean + SEM, Stanstical analysis was executed by using repeated measures, one-way
ANOVA with Tukev's post-test, Significance is represented ae * g < 005,
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Figure 7. The effects of ERK (A), SMAL (B), and p28 MAL kinase (C) inhibitors on IL-8 praduction by
hardwood and softwood smoke extract, Primary human lung tibroblasts (n = 4) were pretreated for an
hour with signaling inhibitors, PD98059 (10 uM), SB431542 (10 uM), and SB239063 (3 uM} in DMSO
{vehicle control) for ERK, SMAL, and p38 MAL kinase pathway respectively, then stimulated with
1% hardwoeod and softwood smoke extract for 24 h Supernatant was collected and 1L-8 concentration

analysis was executed via ELISA. Data expressed as the percent of inhibition from control and bars
represent mean £ SEM. Statistical analysis executed by using repeated measures, one-way ANOVA
with Tukey's post=test. Significance is represented as * p < 0.05, " p< 0.01, *** p < 0001, **** p < 0.0001

3. Discussion

As expected, this study found that hardwood and softwood smoke extract up-regulates IL-6 and
IL-8 release from primary human lung fibroblasts, suggesting that biomass smoke exposure promotes
airway inflammation. Interestingly, in the presence of biomass smoke, rhinovirus (RV) was able to
further increase IL-8 production, but had no effect on IL-6 production. Biomass smoke exposure did not
affect RV replication. To understand the underlying mechanisms involved in biomass smoke-induced
IL-6 and 1L-8 production, activated signaling pathways were also investigated by using signaling
pathway inhibitors. Despite relatively similar toxicity and cytokine induction, the signaling pathways
activated by softwood and hardwood biomass smoke were very different. [L-6 production is mainly
driven by p38 MAPK. However, softwood smoke extract induced 1L-8 via SMAD, ERK, and p38
MAPK, whilst hardwood extract induced IL-8 via p38 MAPK only.

The assessment of cellular toxicology to hardwood and softwood smoke was made using a number
of biochemical and biological assays. The aim of these experiments was to choose a concentration
of biomass smoke that was non-toxic for further immunogenic analysis. For screening purposes,
we chose to use a MTT assay with biomass smoke at 1%-10%. The MTT assay measures mitochondrial
activity and not cellular viability, per se. The assay overall showed no statistical change, but a trend
towards increased MTT with low concentrations of biomass extract and reduced MTT with higher
concentrations was observed. The increased MTT readings could represent either proliferation or
increased mitochondrial biogenesis, and the lower readings reduced number of cells or mitochondria.
To investigate this further, we chose to count the actual number of viable cells over the concentration
range (.01%~1% biomass smoke extract. No increase or decrease in cell number was found, leading
us to assume that the trend towards increased MMT readings at 1% biomass smoke extract is the
result of greater mitochondrial activity and/or number. To thoroughly investigate if cell viability
was compromised by 1% biomass extract we carried out LHD assays. No significant release of LDH
accurred with biomass extract stimulation, although the data were variable and a trend towards
increased LDH with hardwood smoke and decreased LDH with softwood smoke extract was observed.
These data do have limitations. The gold standard assay of cellular viability is direct microscopic
assessment with an exclusion dye, such as trypan blue. The MTT assay and the LDH assay could
both be effected by the presence of oxidants, particulate matter, and other chemicals in hardwood and
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softwood smoke extract. We are confident that biomass smoke at 19 is nontoxic, but are not certain
what the potential changes in MTT or LDH measurements represent.

This study is the first to investigate the interaction of biomass smoke exposure and rhinovirus
infection in vitro. Epithelial cells and fibroblasts are often the first non-immune cells within the
respiratory tract to encounter both viral pathogens and toxic components of air and are essential for
innate and subsequent adaptive immune respense. Upon RV infection, the cells produce various
cytokines and chemokines, such as IL-6 and I1-8 [12] that are capable of activating and recruiting a
variety of other cells such as lymphocytes, ecsinophils, and neutrophils [13]. We found that prior
biomass smoke exposure enhances rhinovirus-induced IL-8 production. As IL-8 production in vivo
is known to be positively correlated to respiratory symptoms in rhinovirus infected children [14].
We believe that this enhanced secretion of [L-8 may, in part, explain the enhanced severity of virus
infections in biomass smoke exposed people.

It was interesting that rhinovirus replication was not altered in biomass smoke exposed fibroblasts.
This suggests that the oxidative environment of the biomass smoke extract does not affect the virus
capsid enough to alter infection. As IL-8 can be induced by RV-16, independent of viral replication,
intracellular adhesion molecule (ICAM) [15], we cannot definitively state that RV-induced IL-8 occurred
as a consequence of replication. However, it is reasonable to assume that IL-8 production was in-part
induced by RV replication as replication occurred, even in the presence of biomass smoke extract.

Biomass smoke, specifically wood smoke, has been well characterized of its chemical and
physical composition. There are over 200 different compounds, including toxic chemicals, such as
polyeyelic aromatic hydrocarbons (PAH), nitrogen oxides (NOy), and particulate matter of varying
sizes (e.g., "Mz s, 1p). These compounds are well studied and are toxicologically indistinguishable
despite different wood sources. Since we observed similar responses in hardwood and softwood
smoke extract stimulated fibroblasts, we did not attempt to identify specific compounds in biomass
smoke extract responsible for the changes evident in our study. It is most likely that these different
compounds simultaneously contribute to the aftermath of physiological changes involved; therefore,
it is more beneficial to study the entire biomass smoke as a physiclogical stimulus, similar to other
studies involving cigarette smoke. The majority of the toxic components identified in biomass smoke
are also present in cigarette smoke and, hence, both stimuli can be comparable in causing similar
diseases, Several studies have shown increased susceptibility to ALRI in children from second-hand
tobacco smoke [16-18]. Proud et al. have shown an additive increase of IL-8 production from cigarette
smoke and rhinovirus stimulation in primary human bronchial epithelial cells, parallel to our findings
with biomass smoke [19]. However, current publications have conflicting data on the effect of cigarette
smoke on viral replication. Several studies have shown increased rhinovirus replication after cigarette
smoke exposure compared to control [20-22]. However, other studies infecting the airway epithelial
cell line BEAS-2B with RV-16 [19,23] reported that addition of CSE during and after infection had no
effect on viral titer which is consistent with our results with biomass smoke exposure. Since this is the
first study to investigate the interaction between biomass smoke exposure and rhinovirus infection,
we can only compare our results to studies investigating cigarette smoke exposure. More research on
biomass smoke exposure in cell culture models is crucial to understand mechanisms in causing and
increasing risk in disease.

We have used an in vitro model to attempt to replicate the effects of exposure to biomass smoke
invivo. In women exposed o biomass smoke the equivalent exposure to cigarette is calculated as
20 cigarettes per day. In our model system we use the same mass of biomass as tobacco leaf found in a
cigarette. However, cigarettes are directly inhaled whilst this is not the intention with biomass smoke.
If we assume that 5 kg of wood would be used as a biomass heating source, our model of 1% biomass
smoke extraction (from <1 g of wood), would equate to 1/500,000 of the total particles emitted from
the 5 kg of biomass wood. We think that this is a reasonable approximation for what might occur
in vivo, but acknowledge that room size, ventilation and breathing rate would all effect exposure.
Interestingly, peak indoor particulate matter (PM10) whilst cooking often exceeded 2 mg/m® [24].
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Our model of biomass smoke extract does have advantages over direct smoke exposure.
For example, it is easier to standardize exposure in comparison to direct smoke exposure, and when
modelling effects on cells distal to the epithelium may be a closer approximation to what these cells
are exposed to. However, it does have limitations. Volatile organic compounds (VOCs) are produced
during biomass combustion. As we collect the soluble component of biomass smoke, it is possible that
some VOCs will not be collected due to limited solubility and /or if collected they may not be present
at the time of stimulation due to their short half-life. It would be interesting in future studies to look at
the relative and separate contribution of particulate matter and VOCs in in vitro and in vivo models.

This study also investigated the possible differences between hardwood and softwood as
two types of biomass source. Previous studies have characterized smoke compositions between
different woods, and have found that the greatest variation occurs between hard wood and soft wood,
rather than between different types of either. Hardwood and softwood have varying levels of resin
acid and substituted phenols. More specifically, resin acid is more prominent in softwood types than
hardwood [25]; and polyeyelic aromatic hydrocarbon profiles between hardwood and softwood [26]
Our study shows that 1% hardwood and softwood smoke extract both induce IL-6 and IL-8 release in
primary human lung fibroblasts, and is cytotoxic at higher concentrations.

We also investigated the underlying mechanism involved in hardwood and softwood-induced
I1-6 and IL-8 production by identifying activated signaling pathways using specific signaling inhibitors.
P38 MAPK inhibitor SB239063 significantly attenuated IL-6 and IL-8 release the most. Interestingly,
hardwood smoke extract might only be activating the p38 MAP kinase pathway to induce 1L-8
production, while softwood smoke extract activates ERK, SMAD, and p38 MAP kinase pathways
simultaneously to induce IL-8 production. These data have limitations. The use of specific pathway
inhibitors is a good indication of the involvement of a specific pathway in a given response, but
measurement of protein phosphorylation, translocation and binding to gene promoter regions is
needed to confirm the direct involvement of the pathway. Despite similar cytotoxic and inflammatory
effects of hardwood and softwood, different mechanisms might be involved in promoting inflammation.
This suggests that the effect of biomass smoke can be source-specific and potentially require different
therapeutic targets to inhibit inflammation.

4, Materials and Methods

4.1. Ethics Statement

Ethical approval for all experiments with lung tissue from donors undergoing resections or
transplantations provided by the Human Ethics Committees of the University of Sydney and the
Sydney South West Area Health Service with written consent forms.

4.2. Isolation and Culture of Primary Human Lung Fibroblasts

Primary human lung fibroblasts were isolated from lung tissue resection for thoracic malignancies
or transplantation for interstitial lung disease or emphysema (mean age 63} as previously stated [27].
There were no available data on donor’s exposure to environmental pollution or biomass smoke prior
to sample collection, although this was unlikely to be significant in Australian donors.

4.3. Cell Culture

Primary human lung fibroblasts were seeded at 4.2 x 10% cells/mL in 5% FBS DMEM, at 37 °C with
5% CO3 for 72 h. Cells were synchronized into G0 phase in 0.1% FBS DMEM for 24 h before stimulation.

4.4. Biomass Smoke Extract Preparation and Stimulation

Two types of biomass were used in these experiments representing hardwood and softwood.
The hardwood source was Merbau wood (Intsi bijugn), while the softwood source was standard pine
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(Pinus radiata). Both are commonly found in the Indo-pacific region and Asia where biomass smoke
exposure is most prevalent. Both wood sources were untreated.

Biomass smoke extract (BME) was prepared fresh by using a custorn built smoking apparatus,
which allows the soluble components of biomass smoke to be collected in media. 730 mg of shredded
biomass (hardwood/softwood) was combusted and the resulting biomass smoke was bubbled through
25 mL of DMEM, this was defined as 100% BME solution. This solution was then diluted in 0.1%
FBS/DMEM to the desired concentration for experiments and used within 30 min after preparation.

4.5. ELISA Detection of IL-6 and IL-8

The concentration of IL-6 and IL-8 in cell free samples was measured using commercial ELISA
kits specific for human IL-6 and IL-8 (BD Biosciences, North Ryde, Australia) and ELISA plates
(NUNC Maxisorp, Naperville, IL, USA). All antibodies were used at concentrations recommended by
manufacturer’s instructions and the following protocol was used.

4.6. Cell Viability Assay

Cell viability was estimated using 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl-tetrazolium Bromide
(MTT) assays and lactate dehydrogenase assays according to the manufacturer’s instructions
(Sigma-Aldrich, St. Louis, MO, USA). In addition, manual cell counting with Trypan blue exclusion
(0.02% w/v) was performed to confirm cell viability results.

4.7, Viral Propagation, Titration, and Stimulation

Major group human rhinovirus serotype-16 (RV-16) was obtained from Johnston at Imperial
Ceollege, UK and propagated and titrated in Ohio Hel.a cells [28]. Cells were infected with RV-16
(MOT of 1) after the medium was replaced with fresh 0.1% FBS/DMEM. Viral load was also measured
from cell free supernatant samples collected from primary human lung fibroblasts that were infected
with RV-16 alone, and with hardwood or softwood smoke extract stimulation using titration assay [28].

4.8. Biomass Smoke Extract and Human Rhinovirus-16 Stimulation

Primary human lung fibroblasts were stimulated with either 0.1% or 1% hardwood or softwood
smoke extract alone for 24 h, or with RV-16 infection. Cells were either first stimulated with biomass
smoke or infected for 4 h, and then the second stimulus (biomass or RV as appropriate) for another 20 h.

4.9. Signailing Pathway Inhibition Using Specific Inhibitors

To investigate the possible signaling pathways activated by biomass and resulting in cytokine
production in primary human lung fibroblasts, inhibitors of the PI3 kinase, ERK, INK, SMAD, p38
MAP kinase, NFkB, and COX pathways were used. The signaling pathway inhibitors were used at
the following concentrations which have been shown to be specific and effective in human airway
cells [29-33]—L294002 (3 uM), PD298059 (10 uM), SP600125 (10 uM) (Chalbiochem, San Diego, CA,
USA), SB431542 (10 uM), SB239063 (3 uM) (Tocris, Ellisville, MO, USA), BAY117085 (10~ uM), and
acetylsalicylic acid (0.1 uM) (Sigma-Aldrich).

Signaling inhibitors were added to primary human lung fibroblasts for one hour prior to biomass
smoke stimulation. A vehicle control (0.06% DMSO) was also used. Supernatant was collected
after 24 h.

4.10. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism (version 6, La Jolla, CA, USA).
Data were initially checked for normality. To assess statistical significance, One-way repeated
measures ANOVA with Tukey’s post-test were used for unpaired data. Two-way repeated measures
ANOVA with Sidak’s post-test were used for paired data. All data on bar graphs were presented as
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mean =+ standard error of the mean (SEM). Significance was shown with * for p value < 0.05, ** for
p <0.01, ** for p < 0.001, and *** for p < 0.0001.
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Appendix B — Genes Located on ECM Microarray
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Chromosomal

ECM Gene location
VCAM1 Chrilp
COL11A1 Chrlp
COL16A1 Chrlp
ECM1 Chrlq
LAMB3 Chrlqg
LAMC1 Chriq
SELE Chrlq
SELL Chrlg
SELP Chrig
THBS3 Chrlqg
FN1 Chr2q
ITGA4 Chr2q
ITGA6 Chr2q
ITGAV Chr2qg
COL7A1 Chr3p
CLEC3B Chr3p
coLsAal Chr3q
CTNNB1 Chr3q
ITGB5 Chr3q
SPP1 Chraq
CTNND2 Chr5p
VCAN Chr5q
CTNNA1 Chr5q
ITGAL Chr5q
ITGA2 Chr5q
SPARC Chr5q
TBP Chréq
COL12A1 Chréq
CTGF aka CCN2 Chréq
LAMA2 Chréqg
THBS2 Chréq
ACTB Chr7p
PPIA Chr7p
LAMB1 Chr7q
SGCE Chr7g
COL14A1 Chr8q
MMP16 Chr8q
ADAMTS13 Chr9q
COL15A1 Chr9q
COL5A1 Chr9q
TNC Chr9q
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ITGA8 Chr10p
ITGB1 Chr10p
CD44 Chrllp
HMBS Chrliqg
ADAMTSS8 Chrllq
CTNND1 Chrlilq
MMP1 Chrliqg
MMP10 Chrliq
MMP12 Chrlilq
MMP13 Chrliq
MMP3 Chrliq
MMP7 Chrliq
MMP8 Chrliqg
NCAM1 Chrliq
RPLPO Chri12q
UBC Chrl2q
CNTN1 Chrl2q
ITGAS Chrl2q
ITGA7 Chril2q
COL4A2 Chrl3q
MMP14 Chrl4q
B2M Chri5q
THBS1 Chr15q
ITGAL Chrl6p
ITGAM Chrié6p
CDH1 Chrléq
MMP15 Chril6q
MMP2 Chrl6q
SPG7 Chrléq
COL1Al1 Chrl7q
ITGA3 CHr17q
ITGB3 Chr17q
ITGB4 Chrl7q
PECAM1 Chrl7q
TIMP2 Chrl7q
VTN Chr17q
LAMA1 Chri18p
LAMA3 Chr18q
ICAM1 Chr19p
HAS1 Chr19q
TGFBI Chr19q
MMP9 Chr20q
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ADAMTS1 Chr21q
COL6A1 Chr21q
COL6A2 Chr21q

ITGB2 Chr21q
MMP11 Chr22q
TIMP3 Chr22q

KAL1 aka
ANOS1 ChrXp
TIMP1 ChrXp
PGK1 ChrXq
— End Table —
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Appendix C — Data from Study into Off-target Effects of Epigenetic
Inhibitors
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The following data was generated by Karosham Reddy (2018) under the supervision of A/Prof
Brian Oliver and Razia Zakarya. Reproduced with permission.
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Primary human ASM cells from non-COPD and COPD smokers were stimulated with TSA
alone for 24 hours. Western blot analyses of protein abundance and phosphorylation showed
that TSA treatment lead to significant increase in NF-kB p65 subunit and p38 MAPK
phosphorylation in non-COPD cells only. These findings demonstrate off target effects of TSA
treatment for HDAC inhibition.
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Appendix D — Genome Data Viewer: Chromosomal Proximity of
COL15A1 and TGFBRI1
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