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Automatic Gain Control,
AMPK
AMP-activated protein kinase,
ANOVA
Analysis of variance,
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AUC
Area Under the Curve,
BCG
Bacillus Calmette-Guérin,
bp
base pair,
BRG1
Brahma-related gene 1,
BSA
Bovine serum albumin,
BWA
Burrows-Wheeler Alignment,
C1QBP
Complement component 1 Q
subcomponent-binding protein,
mitochondrial,
cagPAl
cytotoxin-assoicated
pathogenicity island,
CBA
Colombia blood agar,
CCDC22
coiled-coil domain containing protein
22,
CCL3L1
C-C motif chemokine ligand 3 like 1,

gene A

CCL4L1
C-C motif chemokine ligand 4 like 1,
CCR5
chemokine receptor 5,
cfu
Colony forming units,
ChiP
Chromatin Immunoprecipitation,
ChiP-Seq
Chromatin Immunoprecipitation and
next generation sequencing,
CHO
Chinese Hamster Ovary,
CID
Collision induced dissociation,
CO;
Carbon Dioxide,
CT
Cycle threshold,
CVv
Coefficient of variation,
CXCL10
C-X-C motif chemokine ligand 10,
CXCL2
chemokine C-X-C motif ligand 2,
CYTOR
Cytoskeleton regulator RNA,
Da
Daltons,
dapi
4'.6-diamidino-2-phenylindole,
DDA
Data dependent acquisition,
DDA120
Data dependent Acquisition with MS2
resolution of 120 000 at 200 m/z,
DDA30
Data dependent Acquisition with MS2
resolution of 30 000 at 200 m/z,
DDAG60
Data dependent Acquisition with MS2
resolution of 60 000 at 200 m/z,
DDX46
Deadbox 46,
DEFB125
Defensin beta 125,
DGLUCY
D-Glutamate Cyclase 3,
DIA
Data independent acquisition,
DIA30
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Data Independent Acquisition, with
MS1 resolution of 30 000 at 200m/z
and MS2 resolution of 15 000 at
200m/z,

DIAGO

Data Independent Acquisition, with
MS1 resolution of 60 000 at 200m/z
and MS2 resolution of 30 000 at
200m/z,

DIAvw
Data Independent
variable window,

DNA

Deoxyribonucleic acid,
DNMT

DNA methyltransferase,
DTT

dithiothreitol, 46
DUSP4

Dual specificity phosphatase 4,
DUX4

Double homeobox 4,
EDTA

ethylenediaminetetraacetic acid,
EGR3

Early growth response 3,
EGTA

ethylene glycol-bis(2-
aminoethylether)-N,N,N',N'-
tetraacetic acid,

ENCODE
Encyclopaedia of DNA elements,
ESI
Electrospray ionisation,
FASP
Filter aided separation of proteins,
FCS
Fetal calf serum,
FDR
False Discovery Rate,
FDR
False discovery rate,
FITC
Fluorescein isothiocyanate,
FSC
Forward scatter,
GADD45B

Growth arrest and DNA damage

inducible beta,
GCRMA
robust multi-array average expression
with help of probe sequence,
GJAS
Gap junction protein alpha 3,
GO

Acquisition
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1,
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H3.3K27me2K36me?2
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H3.3K36me2
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H3K14ac
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H3K14me3
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H3K27me3
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H3K27me3K36mel
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H3K4me3
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H3K9me2
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H3K9me2K14ac
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Lysine 14 acetylation),
H3K9me3
Histone H3 lysine 9 trimethylation,
H3K9me3K14ac
Histone H3 lysine 9 trimethylation,
lysine 14 acetylation,
H3K9MeS10PhosK14Ac
Histone 3 lysine 9 methylation serine
10 phosphorylation and lysine 14
acetylation,
H3S10
Hinstone H3 serine 10,
H3S10phos
Histone H3 Serire 10
phosphorylation,
H4K16ac
Histone 4 lysine 16 acetylation,
H4K20mel
Histon H4 lysine 20 monomethyl,
H4K20me2



Histone H4 lysine 20 dimethylation,
HDAC
Histone deacetylase,
HDACI
Histone Deacetylase Inhibitor,
HDHD5
Haloacid dehalogenase like
hydrolase domain containing 5,
HFBA
heptafluorobutyric acid,
HGH1
Human growth hormone 1 homolog,
HPLC
high performance liquid
chromatography,
hsp
Heat shock protein,
IAA
lodoacetic acid,
IFN-g
Interferon gamma,
IGV
Integrated genomics viewer,
IL-16
interleukin 1 beta,
IL-18
Interleukin 18,
IL-6
Interleukin 6,
InIB
internalin B, 34
IPD
Invasive Pneumococcal Disease,
K
Lysine,
KAT6A
Lysine acetyltransferase 6A,
KCI
potassium chloride,
Kdmlb
lysine demethylase 1B,
Kdm3a
lysine demethylase 3a,
Kdm3b
lysine demethylase 3b,
KEGG
Kyoto Encyclopaedia of Genes and
Genomes,
KEGG
Kyoto encyclopaedia of genes and
genomes,
KMT
Lysine methyltransferase,
LC-MS/MS

Liquid chromatography and tandem
mass spectrometry,
LFQ
Label Free Quantification,
LINC01667
Long non-protein coding RNA 1667,
Lowess
locally weighted
smoothing,

scatterplot

LPS

Lipopolysaccharide,
LSD1

Lysine specific demethylase 1,
LSD2

lysine-specific histone demethylase 2,
m/z

Mass to charge ratio,
MACS

Model-based Analysis of ChIP-Seq,
MAPK

Mitogen activated protein kinase,
MDM

Monocyte Derived Macrophages,
MgCl

Magnesium Chloride,
mgf

Mascot Generic Format,
Ml

Mock infected,
MIP-1b

Macrophage inflammatory protein 1 b,
MIP-1a/LD78b

macrophage inflammatory protein,
miR155

micro RNA 155 host gene,
MRNA

Messenger ribonucleic acid,
MS

Mass spectrometry,
MS/MS

Tandem mass spectrometry,
MS2

Tandem mass spectrometry spectra,
MUC3A

mucin 3A,
NacCl

Sodium Chloride,
NCE

Normalised Collision Energy,
NGS

Next Generation Sequencing,
NLRP3

nod like receptor pyrin domain

containing 3,
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NLS
N-Laurosyl-sarcosine,
NO
Nitrogen oxide,
NOD
Nucleotide binding oligomerization
domain-containing protein,
NP40
Nonidet P-40,
NPAS3
Neuronal Per-Arnt-Sim domain 3,
NQO1
NAD(P)H dehydrogenase quinone 1,
NR4Al
Nuclear receptor subfamily 4 group A
member 1,
NR4A2
Nuclear receptor subfamily 4 group A
member 2,
NRF2
Nuclear erythroid factor 2,
NSC
Normalised strand coeficient,
oD
Optical Density,
PBS
Phosphate buffered saline,
PCR2
Ploycomb repressive complex 2,
PGC
Porous Graphitic Column,

PHF8
PHD finger protein 8,
Pl
Protease Inhibitor,
PLY
Pneumolysin,
ppm
Parts per million,
PRM
Parallel reaction monitoring,
PSM
Peptide sequence match,
PTM

Post-translational modification,
PTX3

Pentraxin 3,
PVDF

Polyvinylidene fluoride membrane,
QE

Orbitrap Q-Exactive HF,
QE

QExactive HF Orbitrap,
gPCR

18

gquantitative
reaction,
Ragl
recombination activating gene 1,
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Relative log expression,
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ROS
Reactive oxygen species,
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Relative strand correlation,
S. pneumoniae
Streptococcus pneumoniae,
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Side scatter,
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Severe combined immunodeficiency,
SD
Standard deviation,
SDS
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SEM
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Sirtl
Sirtuin 1,
Sirt2
Sirtuin2,
SLIT2
Slit homolog 2 protein,
SMARCA
SW/SNF related, matrix associated,
actin dependent regulator of
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SRM
Selective reaction monitoring,
STAB1
stabilin 1,
Suv39h
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Drosophila Su(var)3-9,
SWI/SNF
SWitch/Sucrose non-fermentable,
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Solution of  Tris-HCL, sodium
Chloride, and tween-20,
TCA
Trichloroacetic acid,
TCEP
Tris(2-carboxyethyl)phosphine
hydrochloride,
TEAB
Triethylammonium bicarbonate,
TEMED
Tetramethylethylenediamine,
TFA
Trifluoroacetic acid,
TLR
Toll-like receptor,
TLR4
Toll like receptor 4,
TNF
Tumour Necrosis factor,
TNF-a
Tumour necrosis factor alpha,
ToF

Time of flight,
TRIM24

tripartite motif containing 24,
TRXR1

Thioredoxin reductase,
TSS

Transcription start site,
TTTY23

testis specific transcript Y linked 23,
UBTD1

Ubiquitin domain-containing proteinl,
UCK1

Uridine-cytidine kinase 1,
uv

ultraviolet,
VPS13C

vacuolar protein sorting 13C,
XIC

Extracted ion Chromatogram,
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Thesis abstract:

Streptococcus pneumonigethe leading causgf community acquired
pneumoniaThe pathogenesis pheumococcalisease is not fully understood.
Nasopharyngeal colonisatigmecede mmeumococcal diseasad is influenced by the
effectiveness of innate immune responses. As the macrophage is a key component in the
innate immune response, the interactietweenS. pneumoniaand the macrophage
will be crucial in controlling susceptibility to pneumococcal disease. It is increasingly
recognised that epigenetic mechanisms play key roles in the host pathogen interaction.
Mass spectrometry has emerged as a piolviool for the study of global changes in
histone postranslational modifications (PTM) one of the key epigenetic mechanisms.

| hypothesised theé®. pneumoniae nduces | mmedi ate chang:e
epigenome by altering histone pasinslational mdifications, in turn regulatinghe
innate immune responses by modulating gene expression and may explain some of the
variation observed in the susceptibility to invasive pneumococcal disease.

| established a proteomic approach to determine the extematund: of PTMs
in primary human macrophages following challenge Bitipneumoniaand the
contribution of pneumolysin, a key virulencetiar, to changes in histone PTMs
following bacterial challenge of MDMZ{ his illustrated that the relative abundanée
several histone PTMs modified in response to challenge w&hpneumoniae.

| demonstrated that the bacterial virulence factor pneumolysin causes significant
changes in both gene expression (503 differentially expressed genes) and protein
expression in primary MDMs

Finally, | used RNA-Seq and Chi¥Seq, to attempt to determine the relationship
between gene expression levels and PTMs of the associated hiStogss analyses
demonstrated a number of innate immune response genes to be differentially enriched,
demonstraing the role éepigenetic regulation of gene expression associated with the
innate immune response upamllenge witls. pneumoniae.
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Chapter 1: Introduction

1.1 Streptococcus pneumoniae:

1.1.1 The public health burden of Streptococcus pneumoniae:

Streptococcus pneumonié® pneumoniagis a Grarapositive bacterium that
remains a major cause of invasive disease in humans despite the availability of
polysaccharide and proteconjugate vaccingsadhani et al., 2013}t causes
approximately 500@ases of invasive disease a year in England and \ates
GOV . UK, .pnlavasive8pneumococcal disease ()R®definedas the isolation db.
pneumoniadrom otherwise sterile sites such dsda or cerebral spinal fluids.
pneumoniaés the leading cause of commundgquired pneumoni@iolter et al.,

2015) Invasive pneumococcal disease accetimtat leas? million deaths globally
(O6Br i en andremdsents the2efofe @ najor burden on health services. The
presence 0%. pneumonia the nasopharynxwithout causing diseases termed
colonisation. This has been shown to precede invasive digéadieglu et al., 2008a;
RamosSevillano et al., 2011 Although there is a role for the adaptive immune

response, as vaccination withgumococcatonjugate vaccine has been shown to

reduce IPD through antibody and T cell resporiBegant ¢ al., 2010; Ladhani et al.,

2013) the likelihood of severe disease or of IPD is thought to be governed by the
interaction between the innate immune responsesaptieumoniadt is not fully

understood hovs. pneumoniae vades t he h oesdefénses,nanlat e 1 mr
aberrant host responses contribute to disease severity. Microorganisms have evolved a
variety of mechanisms to evade host defences. These inchid&ion of phagocytosis
through the action of polysaccharide capgtigams et al., 2010yubversion of

bacterial killing, inhibition of inflammation, modulation of cell trafficking and survival
(Baxt et al., 2013FernieKing et al., 2002)Several of these mechanisms rely on the
modulation of host gene expressidenner and Young, 2005; Nau et al., 2002)

1.1.2 The role of pneumolysin as a virulence factor:

S. pneumoniabkas a number of different virulence fact@fadioglu et al.,
2008a) Among these one of the most importarqrieumolysin (PLY, a cholesteral
dependent cytolysi(Marriott et al., 2008)It is produced by almost all invasive clinical
isolates ofS. pneumoniaand ha been implicated in migration from lung tissue to
blood(Hu et al., 2015)in host immuneubversion and astagger of inflammatory
responses. In human cells PLY is a potent activator of gene transcriptipotandally
interacts withseveral pattern recognition receptty mediateinnate immune responses
These includeoll-like receptor 4 (TLR%andnodlike receptor pyrin domain
containing 3 NLRP3) and potentially other NLRsvhich help coordinate the host
response to pneumococcal icfien (McNeela et al., 2010; Srivastava et al., 2005;
Witzenrath et al., 2011Although the exact rolplayed byTLR4 in pneumolysin
remains controversias. pneumoniaenutants lacking PLY in murine models display
attenuated virulence but cause chronic bacteraemia rather than overwhelming sepsis and
death(Benton et al., 1995 his underliresthe importance of PLYn activating the host
response, which leads to bacterial clearance. It therefore appears that although PLY is
required to activate a successful innate imnmasponse, PLY achieves this at the
expense of generating a vigorous inflammatory response, which in some individuals is
excessive and contributes to disease pathogenesis.
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Furthermore, PLY is responsible for the differential expression of 142 genes in
an undifferentiatedTHP-1 cell model of infection. Importantly a number of these genes
are involved in host immune respongéereby reinforcing the role of PLY as a key
virulence factoRogers et al., 2003)

1.2 The innate immune system:

Invasive disease has been shown to be preceded by colon{&xigaert et al.,
2004; Gray et al., 1980) T h esinrate sntnidne response contribs to the
clearance of colonisg bacteria and those that reach the loatavay, thereby playing a
key role in determining wheth&. pneumoniaeolonisation progresses to pneumonia or
IPD. The mammalian immune system has traditionally been described as comprising
two different types of immune responsggst, theinnate immue responsea general
response to pathogens which was initially thouglutcttur with identical intensity on
repeated exposure and is composed chiefly of phagocytic cells, cells that release
cytokines and chemokines and natural killer cells. The secamaddptive immune
response, is a more specialised response that develops in response to each new pathogen
it encounters, gives rise to a stronger response on repeated exposure and is composed of
proliferating B and T Lymphocytes allowing it to develop anmoey of antecedent
events with great specificitfhe innate immune system is responsible for detection and
recognition of pathogens, phagocytosis of cellular debris and pathogens, cytokine
release and regulation of the inflammatory response. These diffgaeesses are
achieved by specialised cells involved primarily in phagocytic clearance (neutrophils,
macrophages and monocytes), or cells not primarily involved in phagocytic clearance
but that can activate host responses following exposure to pathogewsitic cells,
basophils, mast cells, eosinophils) or destruction of malignant cells (natural killer cells)
However in practice there is overlap between roJesd the distinction is less clear
(Delves and Roitt, 2000)n addition, the innate immune system primes the adaptive
response by way of antigen presenting cells and release of cytokines during infections.
Therefore, the two systems can be viewed as being complementary to each other.

1.2.1 Macrophages:

Macrophages can arise from bone maraevived precursor cells known as
monocytes. However, it has been shawmice,thatthe ontology of tissueesident
macrophages varig&inhoux and Jung, 20143ometissueresident macrophagesuch
as intestial, dermal and cardiac macrophagas continually renewed from circulating
monocytes. Othersuch as alveolar macrophagasse prior to birtifrom primarily
foetal liverderived stem cells and monocyte derived cells only contribute to renewal
when raident cells are depleted to an extent that replication of resident cells cannot
replenish number®dicroglial cells converselyarise primarily fromembryonic yolk
sacderived precursors-inally, Langerhans cells rise from a combination of botiese
tissue resident macrophages taen be maintained within that tissdering normal
homeostatic conditiong’ona et al., 2013)}urthermore, dring tissue injury these
resident cells release signals that stimulate circulating monocytes to migrate into tissues,
where they then differentiate into either dendritic cells or tispeeific macrophages.
Moreover, differentmacrophage populations vary in thiinctional activity according
to the environmental stimuli they encounter. This has led to the terms M1 and M2
polarisation being used to describe these different molesce The current M1/M2
paradigm is likely to be an oversimplificatiamd describs the extremes of the
continuum as it relies on descriptions of in vitro murine models with distinct stimuli
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which don't occur in isolation in nature. Furthermore, it does not take into account the
context of the stimulation nor the stage of maturaticih@® macrophages as it has been
shown that stimulation of monocytes gives rise to different phenotypes to mature
macrophages being stimulat@dartinez and Gordon 2014 ¥inally, it is likely that the
different lineages of macrophages such as tissugerg@simacrophages versus monocyte
derived macrophages may have distinct respoiisesM1 polarised macrophage is

better suited to some aspects of bacterial killing, whereas the M2 macrophage is better
suited to tissue repaiMartinez et al., 2008 However, there is overlap between
functional statesas M2 macrophages are better suited to anti helminthic responses and
some bacteria will cause a mixed respofidenoit et al., 2008)As macrophages are the
resident tissue phagocyte, theg &ey in controlling infection fiey also have an

important role in escalating the inflammatory response by releasing cytokines, and
provide linkage to the adaptive immune response by recruiting T lymphocytes and
dendritic cells, maikg them the cornerstoraf the innate immune response.

1.3 Epigenetics:

1.3.1 Chromatin remodelling:

Cell function is governed by the dynamic translation of the genetic code into
proteins in response to a dige range oéxternal and endogenosignals. The
deoxyribonucleiacid (DNA) contained within the cdll aucleus encodes series of
genes, and it iby varyingtheir expression that the cedlableto adapt to its
environment and fulfil its roléThe termepigenetics was initially used to describe
heritable changes in the trangtional phenotypeof cellswithout altering DNA
sequencéBerger et al., 2009Morerecently it is also used to include transient changes
in chromatin state that result in gene expression chgigsli, 2010) The epigenome
is the net result of thmteraction betweethe hosgenome andts environmentlt is
recognised as making a critical contribution to the control of gene expression in cells.
Epigenetic changesuch as DNA methylatiomistones postranslational modifications
andmiRNA interactionsregulate gene transcription through alterations other than
changes in the DNA sequen@znuwein and Allis, 2001)

DNA is coiled around a histone octamer (composed of pairs of H28, H3
and H4 histones) to form a nucleosofernberg, 1974)In turn, chains of
nucleosomealong with linker DNA and Histone Hfbrm chromatinFigurel.1,
adapted fronfCole et al., 2014) These histones are highdgnserved throughout
eukaryotic cells. The nmmer in which DNA is wound around histones and the
modelling of the chromatin that resultictatesthe availability of DNA sequences to
the various transcriptional elements which regulate gene transcription. The traditional
view, which is probably an oveimplification, states that chromatin can be densely
packed, in which case it is termed heterochromatin. In this state, the DNA sequence is
so tightly coiled that gernteanscription is not possibl€onversely, in euchromatin, the
bound DNA is loosely cted and the coding sequence of genes is available for
transcription. Evidence exists in drosophila of 5 distinct chromatin states based on
different protein interactions and transcriptional states of the bound DNA sequence
(Filion et al., 2010) Therefore, the control over chromatin density and the proteins
bound to it, including the postanslational modifications of histones (PT,Mre, in
part, responsible for the regulation of gene transcription.
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Figure 1.1: Schematic representation of histone post-translational

modifications and their influence on chromatin remodelling. The figure shows a
nucleosome composed of an octamer of histones with a schematic representation oftthespasonal
madifications (PTM) on the histone tails. Following an external stimulus the levilmethylation on
the 4" lysine of Histone HH3K4me3) are modified and along with other PENhot represented) this
leads to a change in the conformation of the chromatin and subsequently the RNA polynmmarase is
longer able to bind the DNAadaped from(Cole et al., 2019)

1.3.2 DNA methylation:

DNA methylation refers to thehemical addition of a methyl group to the
cytosine base. This process is regulated by DNA methyltransferase (DNdiT
maintenance and DNMT3A and DNMT3B fde novamethylation in embryonic
tissues. The methylation oftosine bases occurs principally at the CpG dinucleotides.
Studes have shown that between 5®@086 of these are methylated in mammalian
tissueqEhrlich et al, 1982) DNA methylation associated with the promoter region of
genes leads to reduced gene expression, as the promoter region is not available to
initiate transcription. Importantly DNA methylation appears to be conserved over time
and is heritabl¢Smith and Meissner, 2013)

1.3.3 Histone post-translational modifications:

Modifications of the Nterminal tails of histones influence the availability of the
bound DNA sequence by altering chromatin conformation or interacting with
transcription factor¢Berger, 2007; Jenuwein and Allis, 200These changes in the N
terminal domain of the histone tail, termed PTMs, are caused by chemical alterations,
such as phosphorylation, methylation, acetylation, ubiquitnapropionylation and
sumoylation. These chemical modifications cause adjoining histone tails to be either
attracted to each other or repul{Bthee et al., 2014)'he PTMs not only regulate the
density of the chromatin binding but can also block the binding of transcription factors
and RNA polymeras@Gerber and Shilatifard, 20Q3)here are a number of different
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enzymatic processes involved in the control of these #(U&huwein and Allis, 2001)
Acetylation is mediated blgistoneacetyltransferas@®eacetylatioris controlledoy
histone deacetylase, which in humandude the 18 different enzymes grouped in 4
classes of which the sirtuins (class 3) are an important component.

Certain PTM have been associated with-tggulation, or dowsregulation, of
the associated gene expresgidenuwein and Allis, 2001While it has been recognised
for some time that bacteria and viruses can induce chronic changes to the epigenome
influencing cancer susceptibility and the pathogenesis of chronic inflammatory diseases,
the consequences of epigenetic changes during acute bacterial infections are not well
understoodEsteller, 2007; Paschos and Allday, 2010)

1.3.4 Epigenetic influences on macrophage development:

The processes governing the differentiation of monocytes into macrophages
have been extensively studigsheed et al., 2014; Wallner et al., 2016hasbeen
demonstrated that circulating monocyte differentiation into macrophages is associated
with the combinatorial histone modification lysine 9 methylation serine 10
phosphorylation and lysine 14 acetylation on histone H3 (H3K9MeS10PhosK14Ac
However,differentiation into dendritic cells is associated vattetylation of lysine 16
on hstone H4 H4K16Ac) (Nicholas et al., 2014 Prior exposure to certain stimulti (
Glucan oripopolysaccharidel(PS) leads to the differential maturation of monocytes
into macrophages and is also associated with specifics?$hted et al., 2014)

Immature cells exposed to Histone deacytelase inhibitors (HRA@:h as Trichostatin

A, develop greater acetylation levels on H3 and WHdich is associated with increased
production of the pranflammatory cytokindumour necrosis facta (TNF-a).

Whereas dynamic changes in acetylation, whicthayleer in macrophages at baseline,

do not appear to be a significant regulator of Fllh mature macrophages, potentially
asthese acetylation changaseoffset by otler aspects of chromatremodellingthat

occur during maturatiofLee et al., 2003)This implies that maturation of cells

influences epigenetic regulation and the extent to which dynamic changes in acetylation
regulategene expression by external stimuli, leading to a better adaption to particular
functional roles. Other studies have suggested that maturateted changes in innate
immune responses could be regulated by epigenetic changes in histones as a response to
prior stimulation of pattern recognition receptdvkacrophages derived from stem cells
exposed to Tollike receptor TLR) 2 agonists prior to differentiation during it, were

found to have decreased ROS producfi¢afiez et al., 2013)ompared to macrophages
from unstimulated stem cellslore recently, the differentiation of monocytes into
macrophages has been shown to involve the removal of DNAytagbn mediated
repression of genes implicated in phagocytosis, which are rapidly activated after the
deposition of histone PTMs and miRNA chan@@&llner et al., 2016)

1.3.5 Epigenetic regulation of macrophage function:

Macrophages fulfil diverse roles to enable the optimal functioning ahtiege
immune system. In order to perform these roles corrdbymacrophage is dependent
on gene transcription. Genetic variatiartheform of single nucleotide polymorphism
for instancegontributes to the intensity of these responses influencing the susceptibility
to infectious diseaseM ore recentlyepigenetic variation has emerged as an additional
point of regulation(Jenuwein and Allis, 2001 his allows a mdtanism by which the
environment can influence the transcriptional resp¢@sdli et al., 2011)Epigenetic
mechanisms have been shown to play a pivotal role in the regulation of macrophage
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function in a range of different conditiar@mokinginduced inflammation in alveolar
macrophagesds been shown to be mediated by histone ®{Milibert et al., 2012)
and the inflammatory response to particulatétendeading to decreases in DNA
methylation by inhibiting DNMT1 activityMiousse et al., 2014)

1.3.6 Trained immunity:

The epigenetics of macrophages has mainly been studieddoritext of
macrophage functional phenotype and/or differentigtidinholas et al.2014; Saeed et
al., 2014 Satoh et al.2010; Yafez et al., 201.3Both DNA methylation and histones
PTMshave been shown to play a role in this process. Importantly, epigenetic
mechanisms also explaim part, the emerging field 6ft r ai n e d (Neteareuah,i t y 0
2011) Al t hough the phenomenon of Atrained I mmun
time, it is only recently that wieave beemble to explain the mechanisms underpinning
macrophage training. Indeed, as early as the 1970s observationsada®f increased
survival of mice following infection with the parasitBabesia microtandBabesia
rodhaini after priorBacillus CalmetteGuérin (BCG) vaccination(Clark et al., 1976)
Increased survival in mice following pteeatment with low dos€andidaalbicans
when challenged subsequently with lethal dose3. atbicansor Staphylococcus
aureuswas also observaistoni et al., 1986)There is evidence that mr@phages are
capable of developing a form of memory of antecedent events leading to a modified
response and a survival advantage that appears to be mediated by epigenetic
mechanisms. Thigvidences alsodrawn from observations of individuals post BCG
vaccination. Macrophages from individuals vaccinated with BCG were found to have
increased TNfa and Interleukin b (IL-1b) following repeat exposure tdycobacteria
tuberculosisand / orCandida albicangKleinnijenhuis et al.2012) Observations such
as these have been made in a number of different models deficient in adaptive
immunity, such as plants, where it is terniisgistemic acquired resistagg®urrant
and Dong, 2004and in invertebrate@oret and Sivalothy, 2003; Pham et al., 2007)
Historically, crossover protection has been reported following vaccination in humans or
challenge with one organism, which confer survival benefits against a subsequent
infectious challenge. Experiments in healthy volunteers demonstrated that following
vaccination with BCG, upon rehallenge with bacteridlycobacteriaor Candida
monocyteshad increased production of pirflammatory cytokinesand this was
associated with increased levels of trimethylatiotysine 4 on Histone H3 (H3K4mg3
(Kleinnijenhuis et al., 2012Kleinnijenhuis and colleagues also demonstrated that the
mechanism of training monocytesth BCG is independent of TLR2 and TLR4, instead
it relies onnucleotidebinding oligomerization domainontaining proteirfNOD) 2
receptors. They then established the functionakequences of training macrophames
a lymphocytedeficient murine model (using severe combined immunodeficiency
(SCID) mice). They showed that BCG vaccination led to significant survival and
decreased fungal burden in kidneys when mice were subsequently challenged with a
lethal dose o€. albicans thereby providingn vivo evidence of innate immune
memory.

Innate memoy has also been seen when-preating recombination activating
gene (Rag)ldeficient mice, which lack functional Bnd B cells and represennather
model of severe combined immunodeficiency, with low ddsalbicans Increased
survival was observed compared to C@iRZicient mice when rinfected with a lethal
dose ofC. albicang(Quintin et al., 2012)emphasizing that survival involves training of
CCRZ2 monocytes and not lymphocyt&genomewide chromatin immnoprecipitation
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and sequencing (ChiBeq for the histone PTM H3K4me3 showed increased levels of
this PTM at the promoter regions of genes involved in inflammation, such aaTNF
interleukin 6 (IL-6) and interleukin 18 (I£18). This highlights an epigenetic mechanism
underlying the basis for training the innate immune system.

1.3.7 Epigenetics and tolerance:

The macrophage response to external stimuli is a careful balancing act between
generating a prinflammatory response to clear pathogenstardceed to subsequently
resolve the inflammatory process ageherate a tissue healing respoagerevent
excessie and chronidnflammationleading to tissue injuryThe mechanisms
facilitating this include epigenetic regulation. Tprencipalmodels used to study
inflammation have been those of endotoxic shock. Acute lipopolysaccharide (LPS)
exposuresignals via TR4, to induce expression of a number of different-pro
inflammatory genes. In contrast, repeated exposure of monocytes to LPS leads to a
tolerant monocyte, which produces markedly loweripfammatory cytokines, such
as TNFa, than when first exposed. inurine moded of sepsisfollowing caecal
ligation and puncturd,PS tolerance increases survi(dlheeler et al., 2008Repeated
exposure to certain stimuli, suchHsR4 agonists, stimulates tolerance, whereas the
response to some other stimuli induces an accentuatedffarmmatory response,
consistent with the model of trained immun(tfyim et al., 2014) Tolerance helps
decrease the risk of death from an exaggeratedhfleonmatory state, as observed in
sepsis. Upon repeated LPS challenige activation of pronflammatory cytokine
genes, such as 16, is reduced. As it ithe same TLR4 pathway that is activated by
repeated exposure to LPS, both signal transduction pathways and epigenetic changes
regulate this response leading to the tolerance phenotype.

The promoter regions of piiaflammatory genes in macrophages dutimg
initial response and on+ahallenge with LPS have been shown to be associated with
varying levels of H3K4me3 and Hitetylation(Foster et al., 2007)oster and
colleagues demonstrated that on LP$hellenge, global H4 acetylation levels in the
promoter regions of genes involved in LPS tolerameee decreasegroster et al.,

2007) However genes that continued to be actively transcribed arnedlenge

maintained their H4 acetylation level. Foster and colleagues also showed that the TLR4
response to repeated LPS exposure led to a loss of H3K4me3 in the promoter regions of
genes that demomated LPStolerance, while in genes associated with-tmarance,
H3K4me3 was maintained. Furthermore, whentpeated with Trichostatin A (a

histone deacetylase inhibitor) during the initial LPS exposure, thanfiaocnmatory

gene expression of the maphage is similar to the naive macrophage upen re
stimulation, restoring the secretion of@. This was also seen when jreating with
pargyline (an inhibitor of H3K4 demethylasepnfirming that both H4 acetylation and
H3K4me3 marks are important coonents in regulating responses during tolerance
(Table 1 adapted froffCole et al., 2014) Interestingly, the authors observed that the
LPSinduced gene responses that did not demonstrate LPS tolerance, included those
involved in antimicrobial responses, ensuring these responses were neatetoiated

on rechallenggFoster et al., 2007)

Table 1.1: Summary of selected histone PTMs discussed above.

Posttranslational Murine experiment

External stimuli o Pathway | Outcome
modification: outcome
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- TNF-a, IL-1b, | Increased survival ir|

BCG vaccine - H3K4me3 NOD2 IL-6, IL-18 B "
LPS challenge - H3K4me3 & H4ac TLR4
Increased survival ir|
LPSre-challenge | ® H3K4me3 & H4ac TLR4 E@LTGN A e caecal ligation and
puncture model
ROM A - H3K4me ®IL-6
Listeriolysin ®H3S10phos & H4ac ®IL-6

1.3.8 Epigenetic control of macrophage polarisation:

Macrophage polarization is controlled in part by epigenetic regulation.
Macrophage polarisation has been described in terms of Mlagsicallyactivated)
and M2 (or #ternatively-activated) although in reality thesecoracross a spectrurin
particula, during the induction of an M1 phenotype in macrophgiipesrepressive
marks trimethylation of lysine 27 (H3K27me&imethylation of lysine 9 (H3K9mg3
and trimethylation of lysine 20 (H4K20mg&8re removed, which is followed by an
increase in the activator marks phosphorylatiosesine 10 (H3S10phhsglobal levels
of acetylation on Histone H&nd H3K4me3De Santa et al., 2009a; Stender et al.,
2012) This, in turn, leads to activation of genes involved in the acute response to
external stimuli associated with the M1 phenotype. The epigenetic regulation of
inflammatory responses has triggered intereapjplying novel bromodomain
inhibitors, such ashe synthetic commund FBET, to modulate these responséke M2
phenotype is associated with the removal of the H3K27me3 repressive mark and is
mediated by the H3K27 demethylase Jumdajnain containing (JMJD3) (Satoh et
al., 2010) Satoh and colleagues suggest iMiD3is involved in both the mediation
of M1 and M2 phenotypes, but only appears to play a minor role in the M1 response,
enabling finetuning(De Santa et al., 2009a; Satoh et al., 20k0Fontrast, it plays a
more significant role in M®olarization, allowing transcription of the transcription
factor, interferon regulatory factor (Irf) 4, playing a crucial role in M2 polarization
(Satoh et al., 2010)

Further studies have assessed global H4 acetylation levels, a PTM associated
with enhanced transcription, in polarized macrophages. The results were mixed but
showed that some genes, and in particular tixtsese expression was modified by the
cytokines used to polarise the MDMsad increased levels of H4 acetylation at their
promoter region§Zhang et al., 2011 However, not all genes whose expression varied
during polarization showkchanges in H4 acetylation levels. This suggests that multiple
different PTMs may interact to govern polarisation. Furthermore, the association of
DNA methylation and combinatorial PTMs have not been studied to date.

Thus macrophages are subject to epaje regulation by multiple mechanisms
including histone PTMs, DNA methylation and miRNAs and these operate both during
differentiation from monocyte to macrophage, but also in differentiated tissue
macrophages. This complex regulation allows-tuneing of both a strong initial
response and protection from the sustained effects of innate immune activation. As
illustrated above, epigenetic mechanisms play a role in a variety of processes including
immune training, induction of tolerance and macrophageipateon (Table 2, adapted
from (Cole et al., 2014) Finally, these regulatory mechanismséalso been shown to
play a role in a number of different disease processes, such as cancer and coronary
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artery disease. This may well contribute to the link between inflammatory responses
(and by extension to infection) and the pathogenesis of canctreoosclerosis.

Table 1.2: Summary of selected known PTMs and influence on macrophage
polarisation.

. Increased
Phenotype Function Decreased PTMs PTMs
- SecretdlL -1b, IL-6, IL-12,NO H4ac
M1 (o r clagsically ) y ’ H3K27me3, '
. . generationintracellular H3S10phos,
activatedo) bacterial killing H3K9me2, H4K20me3 H3K4me3

Repression of inflammation
Arginase productionant H3K27me3
helminthic properties

M2 (or falternatively
activatedo)

1.4 Macrophages and infections:

The subversion of thieost immune system is one of the key components of
bacterial pathogenesis. In effect, microorganisms highjack the host gene expression to
their benefit. In macrophaggsosttranslational modifications have been shown to be
induced by a number of differebacterial components including LPS, listeriolysin and
pneumolysinHamon et al., 2007Experiments using bottegionella pneumophila
(Rolando et al., 2013andListeria monocytogend&skandarian et al., 201Bave
shown that bacterial interaction with the THIPnonocytic cell line also induces histone
PTM.

In the case ofegionellathe histone PWs caused during infection have a direct
survival benefitLegionellapneumophilehas been shown to use posttranslational
modification to modulate the gene expression within the infected cell to aid intracellular
replication(Rolando et al., 2013)his results in the pathogen secreting ROM A, a SET
domain containing methyltransferase, leading to increased H3K14 methylation and
decreased levels of acetylation. These histone PTMs were associated with the promoter
regions of genes, such as®L This in turn, shows thdt. pneumophilanodulates host
gene expression in particular, in genes relating to innate immunity, ta@nhs
intracellular survival.

Listeriolysin (LLO),a poreforming cytolysin similar to PLYsecreted by
Listeria monocytogendsas been shown to cause dephosphorylation at serine 10 of H3
and decreases in the levels of acetylated H4 in-IHEIls. This correlated with a
change in the transcriptional pilefin HeLa cells, which was associated with a decrease
in IL-6 and other genes involved in innate immune respqitason et al., 2007)This
lends strength to the theory that bacteria use epigenetic modulation in order to limit the
inflammatory response andarease their survival.

The consequences of epigenetic changes during acute bacterial infections are not
fully understoodThey can enable pathogen subversion of thedh@smune responses,
but may also be used by the host to modify the consequendessefresponses, for
example to limit the damage induced by sustained inflammation or enhance responses
on rechallenge by training.

1.5 Susceptibility to infection:

1.5.1 Genetic susceptibility to infection:

The basis of susceptibility to infection istrfully understood. There is clear
evidence that some host genetic factors play a role in host susceptibility to infection, as
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evidenced by single gene defects, as is the caseli@Rb1 receptor deficiency which

is associated with invasive mycobacteniections(Lammas et al., 2000and by
genomewide studies idetifying key polymorphismgChapman andlill, 2012), such

as single nucleotide polymorphisms in surfactant proteins and susceptibility to
meningococcal infectiondack et al., 2006)n the case of pneumococcal infection
interleukinl associate#tinase 4 (IRAK4) deficiency anuclear factokB modulator
protein (NEMO) deficiencyBrouwer et al., 200F)ave been associatedth disease
susceptibility However, this does not fully explain host susceptibility. It has recently
been postulated that some of the factors influencing the development of our immune
system are epigenetiGomezDiaz et al., 2012 nature and, as such, | propose that
some of the susceptibility infections and in particular to pneumococcal infection may be
epigeretic.

1.5.2 Epigenetic susceptibility to infection:

Bacterial pathogens have evolved a number of different mechanisms to subvert
the hostdés defences. I n particul ar, it has be
host 6s ownsiigqnalalciednd udrmd al t er (Bhaveargtost cel | 6
al., 2007) The importance of epigenetic changes occurring as part of the pathogenesis
of infectious diseases is becomimgrieasingly understood. There are a number of
examples of pathogens altering gene transcrip
epigenome, for exampleegionella pneumophilia, Helicobacter pyl@mdListeria
monocytogenelsave been shown to alter histone P Mereby altering gene
expression during infectiorf®ing et al., 2010; Hamon et al., 2007; Rolando et al.,

2013)

When gastric epithelial delwere infected withd. pylori, a time dependent
dephosphorylation of serine 10 of histone H3 (H3S10) was observed as well as a
decrease in aetylation levels on lysine 2®ing et al., 201Q)In the case of
dephosphorylatigrthe investigators found that these changes were associated with the
promoter regions of genes involved in inflammation and were associated with induction
of IL-8 in gastric epithelial cells. Interestingly, this mechanism is likely to be both
organism and cell specific, since in THReells the dephosphorylation £$rinel0 on
Histone H3(H3S10 was associated with thegmoter region for the gene coding for
IL-6 and was associated with an increase in release@®{fathak et al., 2006 he
exact mechanism by whidt. pylori causes alterations in histone PTMs change is not
fully understood, although it is apparent that it involves the cytotasgociated gene A
pathogenicity island (cagPRAlsince deletion ofis, but not cagA or other factars
induced the dephosphorylation of H3SI0ng et al., 201Q)These changes were also
associated with upegulation of the oncogeneJan and with dowsnegulation of heat
shockprotein (hsp 70, showing they not only contribute to inflammation &isb to
tumour development. Fehri et al showgdpylori infection resulted in
dephosphorylation of H3S10 but alstthreonine3 of H3 (Fehriet al., 2009) These
events were also linked to the cagPAI and a functional type 4 secretion system and were
absent in &cagL mutantcagL has been associated with binding to the cell surface
The changes were associated with bacterial induced reduction of cell division cycle 25
phosphatase and a resultant reduction in activation of the H3 vaceletied kinase
(VRK) I andH. pylori induced premitotic arrest.

In the case df. pneumophiliathe bacterium uses a type 4 secretion system
effector regulator of methylation A (RomA), a SET domain containing
methyltransferase, which trimethylates lysine 14 on histone H3 of the host cell and
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reducedhistone H3 lysine 14 acetylatioll8K14aq, thus switching off gene
transcription(Rolando et al., 2013Jollowing ChiP-Seq the authors established that
the switch to the repressivistone H3 lysine 14 trimethylation matd3K14me3 was
associated with the promoter sites of genes involved in immune resplongsadicular
cytokines such as TNk and IL-6; PRR such as TLR5 which responds to flageHind
the Nodlike receptor Nacht, LRR and PYD domains containing protein 3 (Nalp 3).
This provides support to the theory that pathogewtuding bacteria and virusgsan
use chromatin remodelling strategiesurn off immune responses.

In the case of. monocytogenesgcretion of the surface protein internalin B
(InIB) leads to translocation of a host cell class 3 histone deacetylase (HEAGN 2
(Sirt2), to the nucleus where it deacetylates lysine 18 of H3. This is associated with a
decrease in expression of genes involved in DNA binding and immune responses
(Eskandarian et al., 2013Yloreover L. monocytogenealso secretes listeriolysin O (a
poreforming cytolysin), which causes dephosphorylation of H3S10 and desrit@se
level of H4 acetylatioiHamon et al., 2007)These responses occurred by a pore
forming independent mechanism. This correlated with a change in the transcriptional
profile of HeLa cells, which was associated with a decrease in genes involved in innate
immune responses including the neutrophil chemokie Cmotif ligand2 (CXCL2)
anddual specificity phosphatase BYSP4 , a phosphatase involved in regulating
mitogen activated protein kinadAPK) signalling.

It remains unclear what the consequences of epigenetic changes during acute
bacterial infections are. Since PLY playpigotal role in modifying multiple aspects of
the host response to pneumococci, including microbiocidal activity, generation of pro
inflammatory cytokines and immune cell viability, epigenetic modifications in
macrophages in response to PLY have the pialeo play a key contribution to the
outcome of infection.

There is a growing body of evidence that epigenetic traits can be passed from
one generation to the next. In rats, hepatic injndyced with the hepatotoxic
tetracarbon CCl4, in the parent geeration leads to a protective effect in the offspring,
mediated by modulation in trimethylation levels of H3K27n@@8ybel et al., 2012)
Moreover, it has been recognised for some time that bacteria and viruses can induce
chronic changes to the epigenome inducing susceptibilitsrioer and the pathogenesis
of chronic inflammatory diseaséSsteller, 2007; Paschos and Allday, 20I)ese
heritable traits are transmitted without a change in DNA sequence, therefore it is
possible that the heritable epigenetic makeof an individual may determine the
response of their o&pring to future infection and this may explain some diffeesrin
innate responses between individuals.

Therefore, it is possible that epigenetics could play a number of roles in the host
pathogen interaction and determine susceptibility to infectious diseases. First, this could
be due to a pathogen releasediieince factor that alters histone PTMs and leads to
conformational change in the chromatin in turn blocking transcription (as described in
Figure 1.1) and therefore immune responses. In addition, it is possible that, as is seen in
the response to LPS totarce, repeated exposure leads to changes in the histone PTMs,
again leading to conformational change of the chromatin which impairs gene
transcription and leads soreducel immune response (as is described in Figure 1.1.2).
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Figure 1.1.2: Schematic representation of the role played by histone PTMs

in the host pathogen interaction. Panel a depict the release of pro-inflammatory
cytokines following exposure of macrophage to a pathogen. This is then impaired when a
virulence factor released by the pathogen leads to transformation from euchromatin in the
nucleus to heterochromatin and therefore the inability for RNA polymerase to bind to the DNA
and initiate gene transcription leading to a decrease in the innate immune response. Panel b
illustrates the phenomenon of tolerance, whereby upon repeated exposure to a stimuli such as
LPS, epigenetic changes occur to impair the release of pro-inflammatory cytokines and
therefore hamper the immune response.

1.6 Epigenetic manipulation of macrophages and infection:

There is mounting interest in the use of HDACI in the fields of oncology, HIV
and inflammatory disorders. Their use has been associated with survival benefits in
murine models of sepsis. In lethal LPS challenge models, the sseafoylanilide
hydroxamicacid (a HDACI) was associated with increased surviiakt al., 2010)
However, other groups have reported ae¢mtal effects of HDACi on macrophage
killing ability with decreased clearance of bacteria and f(Mgimbelli et al., 2011,
Roger et al., 2011Rodger demonstrated decreased nitric oxide)(&@ reactive
oxygen species (RQ$roduction in macrophages treated with a HDACI, thereby
impairing microbial killing ofEscherichia colandStaphylococcus aureus
Nevertheless, they also observed increased survival followingchRifnges.

Tubustatin (a HDACSG inhibitor) was associated with increases in circulating monocytes
numbers and the authors suggested that this may lead to faster bacterial clearance and
therefore explain the survival advantage seen when used in the CLIPimiwaiee (T.

Zhao et al., 2014b)rhey also showed Tubustatin reversed the increased acetylation
levels seen in sepsis and thereby the organ dysfunction, lymabaidosis and the
attenuated stress responéesZhao et al., 2014aMoreover, recent studies of the use

of Cambinol (a Sirtuin 1 & 2 inhibitor) was associated with-arftammatory

properties and led to attenuation of innate immune responses prgtedte from

endotoxic and toxic shodkugrin et al., 2013)Therefore, it is likely that HDACI could

play a role in the control of inflammatory responses, suchpasssand other

autoimmune conditions, but, as they may impair initial macrophage response to
infection, further studies will be required to optimize the timing of such drug therapy.
Other strategies are likely to be developed, with the advent of spenditsolecules
targeted at individual modifications, such as the ndMeID3H3K27 demethylase
inhibitors which lead to a modulation in the inflammatory response to KRfdenier

et al., 2012) These conflicting results and possible future developmentsiarmarised

in Figure1.2.
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Figure 1.2: Potential epigenetic modulation. This figure summarisghe current

knowledge of the conflicting outcomes associated with the use of HDACi on macrophage function. The
green box suggests what might be possible in the future using novel epigenetic modulators such as
CRISPR CAS9 editors to alter PTM and speclficanhance or repress individual gene expression, or by

influencing polarisation of the macrophage control inflammation

Most of the pharmacological interventions to date have involved HDACI, and it
is well recognised that these have a range efanfet effects. Furthermore, older
studies have used pan HDACI. This may explain the conflicting results associated with
their use in animal studies with these agents demonstrating both protection in shock but
also impairment of microbial killing. Asiore speific compounds arisesuch as
specific bromodomain inhibitors and / or advances in clustered regularly interspaced
short palindromic repeats associated protein 9 (CRISPR/CAS9) techn@eefyigure
1.3), this will endle targeted manipulation of macrophage function by inhibition of
individual genes within a tisstepecific macrophag@hese approachasould enable
clinicians to more selectively modulate the inflammatory response or heighten key
antibacterial responseshich will be potentially crucial in an era of eviecreasing
antimicrobial resistancd={gurel.2). Furthermore, ihistonePTMs are associated with
susceptibility to infections, they could be used to screen individuals for susceptibility to
infection to enable preventative strategies such as targeted vaccination, or be themselves
targets for novel therapies to induce a more favnarapigenetic profilelndeed recent
advances in the field of clustered regularly interspaced short palindromic repeats
(CRISPR) technology has enabled targeted modification of the epigenome in an effort
to manipulate gene regulation. This approach agg®grammable CRISPR/CAS9
construct fused with an acetyltransferase (p@il)wing the acetylation of the
promoter region of specific gen@silton et al., 2015)This grounebreaking
development paves the way for reversible editing of the epigenome and thereby a
specific approach targeting cell function by influencing gene expression without
altering the underlying DNA. Thisoaild lead to the targeted resolution of inflammatory
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processes or to the manipulation of individual epigenomes to reduce the susceptibility to
disease.
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Figure 1.3: Diagram depicting different mode of actions of PTMs modulators.

a) Schematiaepresentation of the mode of action of HDACI. Leading tanthatenance of the acetyl
posttranslational modification and thereby ongoing gene transcrigi)ddchematic representation of
Bromodomain inhibitors such aBET151 or JQ1, these inhibit thénding of Bromodomains such as

BRD4 to the underlying chromatin thereby inhibiting gene transcription. Bromodomains are involved in
reading acetylation and are found on a variety enzymes such as methyltransferases, transcriptional co
activators and arevolved in recruiting multi molecular complexes that modify chromatirootribute

to gene transcriptiofMuller et al., 2011x) Schematic representation of the mode of action of
CRISPR/CSAS9 construct, this leads to the acetylation of the promoter region of a specific gene leading
to itstranscription(Adapted from(Cole et al., 2016)

1.7 Identification and characterisation of histone PTMs:

As discussed above, there is a growing body of evidence illustrating the
i mportance of epigenetic changlasteriai n t he
monocytogeneandLegionella pneumophilihave been shown to alter the host
epigenome to provide them with a survival advan{&tgmon et al., 2007; Rolando et
al., 2013) Furthermore, the underlying macrophage polarisation and therefore its
response to bactatichallengeis associated witlistincthistone PTMgIvashkiv,
2013) Of the different aspects of the epigenome, microRNA, DNA methylation and
histone PTMs, the later have been most extensively studibd cohtext of infections.
Therefore| chose testudy histone PTMaithe context of host responsstiaey arekey
to furtherunderstand the hegiathogen interaction.

1.7.1 Antibody based approaches:

Several different approaches have been developdtd®@tudy of histone
PTMs. The commonest of which is the use of antibodies developed against individual
histone PTMs. This allowa senmiguantitative detection of a PTMsingwestern
blotting or dot blot This approachas been successfully used by a number of grimups
determine the changes in abundance of histone Rdlsving infection(Hamon et al.,
2007) However, as with all techniques, there are a number of limitations with respect to
antibody based techniques foopmg histone PTMs, including problems associated
with selectivity, epitope occlusion and cross reactifiigelhofer et al., 2011; Fuchs et
al., 2011) Furthermoreijt is not currently ommorplace to establish combinatorial
modifications by these approaches and they require prior knowledge of the modification
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to be identifiedintroducing biasandmoreovemwo n @low thedetecton of novel
PTMs.

1.7.2 Characterising histone PTMs by mass spectrometry:

Mass spectrometry (M$ias emerged as a powerful method to characterize and
quantify histone PTMslt allows unbiased identification and quantification of multiple
histone PTMsncluding combinations in a single analysassignificant advantagever
otherantibody based serngjuantitative approachgsuch as western blottinRecently a
plethora of different approaches have been described to perform the study of histone
PTMs(Moradian et al., 2014; Young et al., 2000)ese includdifferenttypes of
analysis from intact proteis in top down(Pesavento et al., 2002008) large peptids
following Glu-C digestion irmiddle down(Molden and Garcia2014; Phanstiel et al.,
2008) andsmaller peptides following destion with trypsin or ArgC in bottom up
approachegMinshull et al., 2016; Plazaglayorca et b, 2009) Each approach has its
own merits(summarised ifrigurel.4) (Karch et al., 2016; Moradian et al., 2014;

Zheng et al., 2016)

- ®* _*
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@

I\\\J.’;‘.‘ =

Figure 1.4: Schematic representation of different mass spectrometry

approaches for the analysis pf histone PTMs.

Bottom up approaches are precedeebgoproteinase y-C or trypsin digestion resulting in multiple
small peptides that are then analysed, Middle down approachgeeeeeled by aandoproteinase IG-C
digestion leading to longer peptides and therefore more combinatorial information but is tiynited
increased difficulty in arlgsis, Finally, Top down analysis allows study of intact protein without
digestion but is limited by the nessity for complex bioinformatics pipeline set ups.

Thetop down analysis provides information about combinatorial modifications

by analysingthe intact protein. However, in light of the extensive modifications of
histones andincemanyof these are isobaric and cane&late this results in very
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complex spectra where the identification of individual proteoforms proves challenging.
Furthermorecertain histone PTMare not abundant and identifying these proves
difficult and requires large amountsioitial protein In order to maximize coverage
extensive 2 dimensional fractionation is requjiediting its use as a higthroughput
approach(Pesavento et al., 2008)

Themiddledown approach providescampromise between the other two
approaches. It allows for larger peptides than bottomrmeghods. ldwever, it is
hampered by the complexity ahalysingtiandem mass spectromesgyectraMS2) to
correctly idenify the proteoforms. Although it has recently been shown to be equivalent
to bottomup approaches for quantificatig@idoli et al., 2015a; Sidoli and Garcia,
2017) it remainsrarely useddue to the requirement for complex sample separation and
bioinformatics analysis

Bottom upapproaches have been the most extensively employed for the study of
histone PTMs. Téseallow improvedquantification of individual proteoforms and
separation of isobaric peptides by use of reverse ghglgerformance liquid
chromatographyHPLC) and offers a high throughput methi@gharch et al., 2016;
Minshull et al., 2016; Plazadayorca et al., 2009; Sidoli et al., 2016, 2015b, 2015c)

Given the requirement for complex bioinformatics suppoanalysetop down
and middle down approaches ahdttthe bottom up approach shows comparable results
to middle downSidoli et al., 2015a)l focused on thdevelopment and application of
bottom up approachés analyse histoneTs.

1.7.3 Data acquisition methods:

1.7.3.1 Data dependent acquisition:

Not only are there different sample preparation approaches tbMSeveral
different data acquisition strategies have been developed and employed for the analysis
of bottom up histone PTM&Karch et al., 2016; Sidoli et al., 2015b, 2015c, 20I6g
commonest approachdatadependent acquisition (DDA as t hi s doesndt
prior knowledge of the PTM®tbe identified PlazasMayorca et al., 2009During the
analysisthe top Neluting peptides are selected for fragmentation and analysis.
However, theguantification of isobaric celuting peptides using this approach proves
challenging. In addition, low abundant proteoforms may not be selected for
fragmentation and tandem MS (MS/M&nd t her ef or edand ndét be i
guantified. In an effort to optimize the number of histone PTMs identified using lower
speed instruments suchraaXis Time of Flight (ToF massspectrometer, off line 2D
HPLC fractionation methods have been develgpéidshull et al., 2016)Although the
use of fractionatio increaseshe number oPTMsidentified it does so at the cost of
speedasup to 20hr of MS time were required for each sample.

1.7.3.2 Targeted data acquisition:

In light of this selective reaction monitoring metho&RM) andparallel
reaction monitoring (PRMhave been developéBeach et al., 20]:Bourmaud et al.,
2016; Peterson et al., 2012hese approaches yain the establishment of an isolation
list for all of the PTMs to target for MS/MS. These are then monitored throughout the
HPLC gradient and selected for fragmentation and analysis. These approaches improve
the sensitivity, especially for low abundanbt@oformsbut are constrained by total
cycle time for multiple PTMs as these can elute in different charge states. They are
limited by the number of transitions to be monitored throughout the gradient and the
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need for prior knowledge of which ones to &trgMoreover, they will not allow
retrospective analysis for novel PTMs.

1.7.3.3 Data independent acquisition:

In order to overcome some of these limitatidasaindependent acquisition
(DIA) methods have been gaining popularity for discovery proteomics and are
particularly suited to the study of PTNIsrautkramer et al., 2015; Sidoli et al., 2015c,
2015b, 2016)A number of different DIA methods have been used toystigtone
PTMs. One of the first methods developed was SWATEABSciex), designed for
triple ToF instruments. This method was successfully used to identify and quantify
histone PTMgSidoli et al., 2015b)it involves a series of 85 isolation windows of
variablesizes spanning the rangémass to charge ratios1(z) in which histone PTMs
are found $eeAppendixtablel.1). Subsequently, Krautkramer et al. used a DIA
method withregular 10m/z isolation windows to identify and quantify the changes in
histone PTMs following histone deacetylase inhibitor treatrftergutkramer et al.,
2015) Using this approach enabled a greater reproducibility than conventional DDA
with consistently high numbers of proteoforms identified and with lower Coefficient of
Variations (CV) in the reléive abundance in DIA runs when compared to DDA. Indeed,
both the SWATHM and DIA were able to detect low abundance proteoforms. Previous
studies have shown that DIA protocolsdz adapted to low resolutiooni trap
instrumentgSidoli et al., 2015c¢)In this study from the Garcia groupey
demonstrated the adaptability of lovsodution DIA using 50n/z sequential windows.
Furthermore, the same group had previously compared both a high resolution to a low
resolution instrument for the analysis of Histone PTMs in DDA n{&@ech et al.,
2014)

The new mass spectrometry instruments possess increasingly higher speeds
making the use of higher resolutions more practicalhigh throughput mannekt has
been shown that histone PTMs can be studied using low resolution instrKencts
et al., 2014; Sidoli et al., 2015dj particular, previous studies have focused on
comparing instruments with different resolutions or different data acquisition methods.
But the comparison between high and low resolution modes on the same instrument has
yet to be dondn this study| look to optimise and establish the best possible method
for the study of histone PTMs.

1.7.4 Chromatin immunoprecipitation and sequencing:

Despite the clear advantages of M&sed techniques to study chromatin
modifications they do not provide any information about the relationship of these
protein PTMs with the bound DNAhey are indeed limited to describing changes
occurring at a global level and cannot further characterise the changes in histone PTMs
occurring at an indidual gene leveln order to explore the function of the PTMs and
the associated DNA sequerd@omatin immunoprecipitation combined witbxm
generation sequencing (Ch80), techniques have been develofBdrski et al., 2007,
Johnson et al2007) Briefly, these techniques rely on using an antibody to bind the
histone PTMs (or transcription factor) of interest and therantibody isised to pull
down thecrosslinked DNA sequencavhich is then purified and sequenced. This can
thenprovide information abouthe position of histone PTMs in relation to gene
sequence<LChIRSeq approaches have allowed large consortium such as NIH Roadmap
Epigenomics Consortiunto establish the assation ofthe different patterns of histone
PTMs to be associated witlertain genetic regions syas enhancer or promoter
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regions and be associated with activated / repressed gene expr@sammap
Epigenomics Consortium et al., 201Hpwever, as with the western blot approaches
these techniqueare limited by prior knowledge of the histone PTM, antibody
availability and cross reactivity issues.

1.8 Aims and Hypothesis:

S.pneumoniaeemains responsible for significant morbidity and mortality
despite the advent of vaccination. The pathogenesis of IPD is not fully understood,
although it is clear that IPD is preceded by nasopharyngeal colonisation. As the
macrophage is a key component in the innate immune response, it is likely that the host
pahogen interaction betweé&hpneumoniaand the macrophage will therefore be
crucial in controlling the progression to IPD. It is increasingly recognised that
epigenetic mechanisms play key roles inhbst pathogen interaction.

| hypothesise thes. meumoniae nduces changes iby the h
altering histond>TMs, which in turnregulaes the innate immune responbgs
modulating gene expressiand may explain som& the variation observed in the
susceptibility tanvasive pneumococcal disse.

As a key modulator of responses, | proposetti@bacterial virulence factor
pneumolysin may be rpensible for some of these epigenetic modificatimmd in turn
influence key effector functionsith consequences for the innate immune

My aims are to:
1) Study the changes in hostodés epigen:
in response toS. pneumoniae.
a) establish gproteomic approach to determine the extent and nafure
PTMsin primary human macrophages
b) determine theontribution of peumolysin tachanges in histone
PTMsin following infective challenge diDMs with S. pneumoniae
and isogenipneumolysin deficient mutant
2) Study the effector consequences of the bacterial virulence factor

pneumol ysin on the hostdés I mmune resp:
a) establish the differential gene expression occurring in a pneumolysin
dependenimanner

b) establish the changes occurring at the proteomic level in a
pneumolysin dependent manner.

3) Use the combinedmics approachto determine the relationship

between gene expression levels and PTMs of the associated histones.
a) establish the differential transcript expression occurring in response to
S. pneumoniaehallenge using RNAeq in paired samples.
b) establish the enriched genomic locations following challengeSvith
pneumoniaeising ChiPseq in paired samples
c) integrate the datasets to infer the role played by histone PTMs in
iInnate immune responses.
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Chapter 2: Materials and Methods

Table 2.1: List of consumables and suppliers.

Chemical

Supplier

5 x Gel Loading Dye

New England BioLabs

100bp DNA ladder

New England BioLabs

2 pm Yellow-Green Fluorescent latex beads

Sigma

4' 6-diamidine2-phenylindole (dapi

Vectorshield

Acetone

Thermo Fischer Scientific

Acetonitrile (ACN)

Thermo Fischer Scientific

Acrylamide Thermo Fischer Scientific
Agarose SigmaAldrich
Ammonium bicarbonate SigmaAldrich
Ammonium hydroxide SigmaAldrich
Ammonium sulphate SigmaAldrich

Benzylpenicillin

CrystapenTM, Genus
Pharmaceutical

BIX-01294 SigmaAldrich

Blue prestained standard Broad range protein ladder New England BioLabs
Bovine serum albumin (BSA SigmaAldrich

Brain Heart Infusion broth Oxoid

Bromophenol blue SigmaAldrich

Calf histone standard SigmaAldrich .

antibody

CD-CHO media Caobra Biologics
CHO-S cells Caobra Biologics
ClarityTM Western ECL BioRad
Colloidal commassie brilliant blue dye SigmaAldrich
Colombia blood agar (CBA) Oxoid
Dithiothreitol (DTT) SigmaAldrich
Ethanol FischerScientific
Ethidium Bromide SigmaAldrich
Ethylene glycolbis(2aminoethyletherN,N,N',N*-tetraacetic acid SigmaAldrich
(EGTA)

Ethylenediaminetetraacetic agiiDTA) SigmaAldrich
Fetal calf serum (FQS Biosema
Fluorescein isothiocyanate labelled (F)Tgbat anti human IgG SigmaAldrich

Ficoll-paque

GE Healthcare Life sciences

Gentamicin

Sanofi

Glacial acetic acid

Thermo Fischer Scientific

Glyceroal

SigmaAldrich

Glycine

Thermo Fischer Scientific

Heat inactivated low endotoxin newborn calf serum

Gibco, Life technology .
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HepeskKOH

SigmaAldrich

Heptafluorobutyric acid (HFBA

Thermo Fischer Scientific

HPLC grade dihydrogen monoxide

Thermo Fischer Scientific

HT supplement

Thermo Fischer Scientific

lodoacetic acid (IAA

SigmaAldrich

Isopropanol Thermo Fischer Scientific
L-Glutamine Gibco, Life technology
Magnesium chloride (MgQl SigmaAldrich

Magnetic Protein A Invitrogen

Magnetic Protein G Invitrogen

Methanol VWR Chemicals

Milk SigmaAldrich
N-Laurosytsarcosine (NLS SigmaAldrich

NEBNext® Multiplex Oligos for lllumina (Index primers sets3)

New England BioLabsNew

NEBNexPUl t raE 2 DNA Library

Pr e

New England BioLabs

Nonidet R40 (NP4Q

Fissons laboratory reagents

Nuclease free water

Quiagen

Orthophosphoric acid Thermo Fischer Scientific
Paraformaldehyde Thermo Fischer Scientific
Phosphate buffered saline (PBS Lonza

Polyvinylidene fluoride membrane (PVDF Immobilon

Porcine pancreas trypsin SigmaAldrich

Potassium chloride (KgI SigmaAldrich

Propionic anhydride SigmaAldrich

Proteinase K SigmaAldrich

Puromycin Gibco

Quantifast SYBR Green Quiagen

RNAse A SigmaAldrich

Roche Complete EDTA free , Protease inhibitor Roche

RPMI 1640 Lonza

Saponin SigmaAldrich

Sodium chloride (NaQl Thermo Fischer Scientific
Sodium dodecyl sulphate (SDS SigmaAldrich

Sodium dodecyl sulphate running buffer

National Diagnostics

Sulphuric acid (HSQy)

Thermo Fischer Scientific

Tri Reagent SigmaAldrich ,
Trichloroacetic acid (TCA Thermo Fischer Scientific
Triethylammonium bicarbonate buffer (TEAB) SigmaAldrich
Trifluoroacetic acid (TFA) Thermo Fischer Scientific
Trisi Cl pH 8.0, SigmaAldrich
Tris(2-carboxyethyl)phosphine hydrochloride (TOEP SigmaAldrich

Triton X-100,

ThermoFischer
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Tweenr20 SigmaAldrich
Ultra pure Formaldehyde SigmaAldrich
Ultra-pure Lipopolysacharide (LPS) Enzo
b-mercaptoethanol SigmaAldrich
Plastics:

50mL centrifuge tube Sarstedt

T75 flasks Corning

24 well plates Corning

6 well plates Corning

96 well ELISA plates Corning
1.5mL microcentrifuge tubes Sarstetd
2mL lo-bind eppendorfs Eppendorf
1.5 mL TPX tubes Diagenode
MicroAmp fast optical 96well plate Applied Biosystems

2.1 Growth of bacterial stocks:

Streptococcus pneumoniaerotype 2 strain D39 and the isogenic mutant-D39
DPLY ((DPLY ), which has a single amino acid substitution in the pneumolysin (PLY)
sequence generating a STOP codon and thereboesiln 6t express PLY),
obtained from Prof T. Mitchell (University of Brimingham).

All strains were grown in brain heart infusion broth and 20% FCS growth
curves were established for all strains using optical density, measured on a
spectrophotoreter (Jenway 6300) over timend by plotting the number of colony
forming units (cfg (by the Miles Misra surface viability count methqaated on
Colombia blood agar plates (CBAt regular time intervals. Stocks were then grown up
to mid log phase then frozen-80 C.

2.1.2 Opsonisation of Streptococcus pneumoniae:

Aliquots of bacteria were thawed, wesl in PBS twice, the pellet was then re
suspended in RPMI 1640 supplemented with 10% pooled human immune serum from
previously vaccinated volunteers with demonstrable antibody levels to serotype 2
pneumococci. The aliquot was incubated for 30 minuteg & B 5% carbon dioxide
(CO). Then it was centrifuged at 900 relative centrifugal force (fof)3 minutes and
the pellet washed in PBS twice prior tesespension in RPMI and-Glutamine and
10% FCS containing low LP@®ockrell et al., 2001)

2.3 Human monocyte-derived macrophage isolation:

Ethical approval was granted by South Sheffield Regional Ethics committee
(07/Q2305/7). Whole blood was obtained from healthy staffstudient volunteers at
Sheffield Teaching hospitals NHS Foundation Trust following written informed
consent. The blood was separated by differential centrifugation using afacple
gradient. Whole blood was layered on Figedque in a 2:1 ratio in a B0 centrifuge
tube and centrifuged at 600rcf for @8nutes The peripheral blood monocytes in the
cloudy layer at the surface were then transferred to a fresh 50 mL tube and washed in
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PBS and centrifuged for 10 minutes at 300rcf. The pellet was thendvas®ezond

time and then rsuspended in RPMI 1640 medium with 2 mmol/L eglutamine and

10% heat inactivated low endotoxin newborn calf serum. The cells were then seeded
with or without cover slips at a density of 2tells/mL, incubated at 37°C in 5&0,.

At 24 hoursthe cells were washed in PBS anesuspended in fresh media RPMI 1640
with 2 mmol/L of L-glutamine and 10% heat inactivated FCS. The media was changed
every 34 days. The monocyte derived macrophages (Mgre subsequently
maintained in RPMI + 10% FCS + 2mmol/ldlutamine for 13 days.

2.3.1 MDM challenge:

14 day old MDM were washed in PBS, then fresh media (RPMI, 10% FCS and
L-Glutamine as above) was replacép.s oni sed D39 orfresRhediabacteri a
(for mock infectedwere subsequently added to the cells at a MOI of 10, rested on ice
for 1 hour and ingbated at 37°C in 5%CQor a further 2 or 3 hours. The MOI was
confirmed by measuring the number of cfu following 24hr incubation at 37°C in
5%CQ for each aliquot of bacteria. All infections were started at the same time of day
(09:00).

2.4 MDM functional assays:

2.4.1 Microscopic assessment of internalisation of S. pneumoniae:

Following infection withS pneumonia@wvith or without prestimulation) cells in
a 24 well plate seeded on cover slips were washed three times with PBS timnd250
2% paraformaldehyde was added to each well. After at least 30 minutes incubation each
well was washed three times in distilled water then the coverslips were incubated with
fluorescein isothiocyanate (FITC) labelled goat anti human IgG antibody for 12
minutes. The oeer slips were mounted on a glass slide with DAPI and sealed prior to
fluorescent microscopy.

2.4.2 S. pneumoniae internalisation assay:

At either 3 or 4 howgfollowing infection withS. pneumonia&/iDMs in 24 well
plateswere washed three times in iceld PBS, then incubated for 30 minutes in media
containing RPMI, 10% FCS, 2mmol/L-glutamine and 40 units/mL of benzylpenicillin
and 20 mg/mL gentamicin. The cells were then washed three times in PBS. Cells were
then incubated in 250L of 2% saponin fod.2 minutes at 37°C in 5%CCthen 750
of PBS was added, followed by vigorous pipetting. The number of internalised viable
bacteria were measured by counting the number of cfu on CBA after 24 hours
incubation at 37°C in 5%CfZontained in these lysat@ssing the Miles and Misra
Method).

2.4.3 Cytokine production measurements:

Supernatants were obtained from cells having been infected at 0, 0.5, 1, 2, 3, and
4 hours, then stored frozen-80°C prior to analysis.

2.4.4 TNF-a and IL-6 measurements:

Supernatants were analysed as per the manufaistgrgidelines using either
Tumour necrosis factor alph@NF-a) or interleukin 6 (Il-6) kit (Readysetgo!™,
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eBioscience). Briefly, 96 well EISA plates were coated with capture antibody
(Purified antthuman TNF a (MAB1) or purified antthuman I-6) and then left sealed
overnight at 4 °C. They were washed four times, in 0.05% T\#8eand PBS, and the
wells blocked in assay diluent at room temagtere for 1 hour. The supernatants were
then added as were the standards (recombinant huma TOKFecombinant human
IL-6) and incubated for 2 hours at room temperature. The wells were then washed five
times and the detection antibody (bietianjugatecantrhuman TNFa or antthuman
IL-6) was added and left to incubate for 1 hour. After washing a further five times
avidin-horse radish peroxidase (HRP) was added to each well and left at room
temperature for 30 minutes. Plates were then washed a futhienes, prior to adding
tetramethylbenzidine substrate solution for 15 minutes at room temperature. The
reaction was stopped by adding 2M sulphuric acigb@®), the plate was then read at
450nm (Multisckaa EX, Thermo Scientific), and the data analysed in GraphPad
Prysm version 7.0c. (GraphPad Software).

2.4.5 Flow Cytometry:

Samples were run on a 4 colour FACScalidyiBD Biosciences) in the
University of Sheffieldbs core facility
events were counted and Forward scatter |R8@ Side scatter (S§@ere used to
definepopulations. Data analysis was performed in FldWXmftware (version 10.1r5).

2.4.5.1 Flow cytometry confirmation of opsonisation:

Aliquots of 1® cfu of serotype 2 D3$. pneumoniawere washed twice in PBS.
Then incubated in RPMI with 10% human immune serum for 30 min & Bi’5%
COQOgz. The bacteria were spun down at 900 rcf for 3 min then washed twice in PBS and
fixed in 0.5%PFA. The bacteria were then washed once and incubate@DipL PBS
with 1:100 FITC labelled goat anti human IgG antibody for 20min at room temperature.
The bacteria were then washed in PBS arsbispended in final volume of 3@ of
PBS prior to analysis in the core facility.
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Figure 2.1: Opsonisation assay.
In order to confirm that the human immune serum was opsonizing the bacteria the following Flow
cytometry approach was used. Panels A illustrates the gating strategy used to exclude debris and non
specific FL1 signalThe dot plots antlistograms in panels B show the shift in FL1 signal corresponding
to the binding of FITC secondary antibody to the bacteria without g&amels C how the results of the
gated FL1 analysis.

2.5 mRNA analysis:

After 3 hours of infection, cells were washthree times in PBS and lysed in Tri
Reagerd , then transferred to 1.5mL microcentrifuge tubes and stor&DAE.

2.5.1 RNA extraction using Direct-Zol:

Messenger ribonucleic acid (mRNAxtraction was perfoned following the

manufactureds guidelines for DireeZol™ RNA miniPrep (Zymo). Briefly, samples in

Tri Reagerit were centrifuged at 12 000 for 1 minute, then the supernatant was

transferred to a fresh 1.5 mL tube, 100% ethanol was added in a 1 dnchticell
mixed. This was then transferred to the Zysmin™ column, centrifuged for 1 minute,
then washed using Direzbl™ RNA prewash, centrifuged again, then washed in RNA
wash buffer and again centrifuged. Finatlye RNA was eluted out in DNase/RNase
free water and samples frozen&®°C.

2.5.2 Microarray mRNA expression analysis:

Us i

ng

the University

of

Sheffi el

micro-array Human Genome U133 plus 2.0 arr&ganta Claa, CA) analysis of

samples from three individuals was undertaken to further characterise gene expression.
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Data analysis was performed in collaboration with Dr Richard Emes at the Advanced
Data Analgis Centre (University of Nottingham) using R s'en 3.40. CEL files were
readin using Simpleaffy version 2.52.0; background intensity correction, median
correction and quantile normalisation was performed using robustantdil average
expression with help of probe sequence (GCRMAIng AffyPLM version 1.52.1. The
guality control matrix was generated using Simpleaffy and AffyPLM. Principal
component analysis was performed in R. The probes whose intensity were within the
lowes 20" centile were removed, using Dplyr version 0.7.1. Differential gene
expression was calculated using Limma version 3.32.2.

2.5.3 Pathway analysis:

Pathway analysis was performed from the differentialpressed gene lists
generated. Hypergeomettists were calculated in R, usi@@.dbversion 3.4.1 to
search the Gene Ontolog8Q) database for molecular function, cellular component,
and biological process, using p value cut off of 0.01 and minimum of 3 genes. The
Reactomealatabase was searched using ReactomefPgion1.20.2 with a g value cut
off of 0.01. The Kyoto Encyclopaedia of Genes and GenoKIE&(G) databases was
searched using gage version 2.26.1 and visualisedj pathview versionl1.16.1.

2.5.4.1 Next Generation RNA Sequencing:

In addition to microarray mRNA analysis, samples from cells infected with
S.pneumoniawere also sent for Next Generation Sequencing (NEBNA sequencing
(RNASeq)via the core facility of the University of Sheffield. Total RNA was checked
on a nanodrop and 2100 Bioanalyser RNA nano chip (Agi{€idure 2.2) The mRNA
was purified using the NEBNext® Poly(A) mMRNA Magnetic Isolation module. The
sequencing libraries prepared using the NEBRIEira™ 2 Directional RNA Kkit.
Samples indexed using thEEBNext® Multiplex Oligos for lllumin& (Index
PrimersSet 3 (summarised inrable 2.2. Libraries were checked on a Bioanalyser high
sensitivity DNA chip to check average fragment sigggire 2.} Libraries were
pooled and run across 2 lanes of an llluminaddi8" SQ (lllumina), paired end 2
x100 base pairs (bp)

Table 2.2: RNA-Seq oligo barcode details.

Sample Condition Index Sequence
3/5 D39 S pneumoniae 13 AGTCAA
3/5M Mock Infected 14 AGTTCC
12/4 D39 S pneumoniae 15 ATGTCA
12/4 M Mock Infected 16 CCGTCC
25/5 D39 S pneumoniae 18 GTCCGC
25/5 M Mock Infected 19 GTGAAA
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2.5.4.2 Next Generation RNA-Sequencing data analysis:

RNA-Seq runs were converted to FASTQ files by the core facility. The 6
samples were run as an indexed pool across two lanes, therefore there are 4 EASTQ p
sample (2 forward and 2 reverse reads). Quality checks were performed for each sample
FASTQ files in FASTQC (version 0.11.5). Data analysis was then performed in

GALAXY (version17.05f ol | owi ng

t he i (Pertwaetal,2@&@)o 0

files were concatenated, then alignment pagormed using HISAT2 (Galaxy version

2.0.5.2JKim et al., 2015pgainst the HG38 human genome. The transcript assembly

and quantitation was performed in Stririgt(Galaxy version 1.3.8pertea et al., 2015)

using annotations from Hg38 GENCODE v24 downloaded from University of
California Santa Cruz (11/08/2017) and NCBIrefseq (genome) downloaded
(20/09/2017). Differential transcript expression wantperformed in R using

Ballgown package (version 2.8(Rprtea et al., 2016)n addition,quasimapping was
performed using Salmon and the UCSC NCBIrefseq transcriptome followed by

differential expression analystsarried out usingdgeR(Robinson et al., 2010)

2.6 Cell preparation for mass spectrometry:

In order to make the best use of primary cells these were not used for the

optimisation ofmass pectrometry methods. Instead, a Chinese Hamster Ovary YCHO

cell line was usedCHO-S cells were grown in CITHO supplementedith 8mM L-
glutamine, 0.012mg/ml puromycin and HT supplement media for either 2 or 4 days then

washed in PBS angkelleted into 4x19cell aliquots before being froze20 C.
For infections and prstimulation experiments, MDMs were washed three times

in ice cold PBS and scrapped in ice cold PBS with added protease inhibitprs ((PI
Roche Complete EDTA free), before being pelleted at 900rcf for 10 minutes then frozen
at-80°C prior to preparation for mass spectrometry.

2.6.1 Histone extractions and purification:

All steps were done at 4°C inrfloi n d
histone extraction hypotonic lysis solutjdeft to rotate for 30 minutes, then pelleted at

Eppendor fds.

Cel

10 000 rcf for 10 minutesThe supernatant wakscarded, the pellet+®uspended in 0.2

M H2SQy and rotated for 4 hours. The tubes were then centrifuged at 16 000 rcf for 10

minutes to remove debris. The supernatant was transferred to a-bewl tlobe and the
histones were precipitated out by addiiCA drop wise to a final concentration of
33%. The samples were then left to stand overnight. They were then centrifuged at 16

000 rcf for 10 minutes, the supernatant removed, and the histone smear washed in

acetone twice. Finally, the histones werauspended in 1061 of high performance
liquid chromatography (HPLgrade dihydrogen monoxide {8) and transferred to a
fresh tube prior to freezing é&0°C.

Table 2.3: Histone extraction hypotonic lysis solution.

Histone extraction hypotonic lysis solution:
10 mM Trisi Cl pH 8.0,

1 mM KCI

1.5mM MgCl

1mM DTT
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1 tablet / 10 mL Roche complete EDTA free Protease inhibitor tabld

2.6.2 Protein purity and concentration estimation:

5 aliquots of purified histones were run on 12% sodium dodecyl sulphate
(SD9 polyacrylamide gel. Briefly, B of H2O was added to 81 of samples or to the
calf histone standard. This was then diluted in Loading buffed dbdl ratio and
denatured at 95°C for 5 minutes. The samples were then loaded on the 0.75mm 12%
SDS gel in SDS running buffer along with mi5of Blue prestained standard broad
range ladder. The current was set at 200V for 45 minutes or until the dyedthed
the bottom of the gel. The gel was then stained with Commassiesthaygitated at
room temperature overnight. The following morning the gel waestaieed by washing
in distilled HO.

Table 2.4: Western blot protein Loading buffer.

Western blat protein loading buffer

50 mM Tris-HCI

0.10% bromophenol blue,
2% SDS

100 mM b-mercaptoethanol
10% Glycerol

Table 2.5: Commassie stain.
Commassie stain

1.60% Orthophosphoric acid

20% Ethanol

8% Ammonium sulphate

0.08% Colloidal Commassie brilliant blue dye

Table 2.6: 12% SDS page gel recipe.

Stacking gel| Resolving Gel
Distilled Water 3.66 mL |4.38mL
40% Acrylamide (Fischer Scientific) 750 3 mL
4 x Upper Buffer (0.5MTris pH6.2 0.4% SDS)| 1.5 mL
4 x LowerBuffer (1.5M Tris pH 8 0.4% SDS) 2.5 mL
10 % Ammonium persulfate (Sigma) 75nL 1007L
Tetramethylethylenediamin@ EMED) 15 20nL
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Figure 2.3: Commas-sie stained 12% SDS PAGE analysis of acid extracted

histones. Following acid extraction from three samplesyi5aliquots were loaded along withn of

calf histone standard and a protein molecular weight marker as indicated. The histone H3, H2A/B and H4
are highlighted. There is some variabilitythe quantities of histone isolated as is illustrated by the
variability in the intensity of the bands when compared to the calf histone standard.

2.6.3 Chemical derivitization and trypsin digestion:

In orderto facilitate the identification of isobaric peptides that ordinarily would
coelute, peptides were chemically derivitised to increase their hydrophobicity by the
addition of proprionyl groupgGarcia et al., 2007)

10niL of 200 mM ammonium bicarbonate pH 8 andi4f ammonium
hydroxide was added to Ifyj of histone sample. Then D of propionic anhydride in
isopropanol (1:3 ratio) was added and ammonium hydroxide used to keep the pH >8.0.
The sample was incubated at 37°C for 15 minutes. Then it was dried down in a vacuum
centrifuge (Concentrator pluEppendorf) and the process repeated. The samples were
re-suspended in 40L of 200mM ammonium bicarbonate and then tryptically digested
overnight. The digestion was stopped by addition of glacial acetic acid and freezing at
80°C for 5 minutes. Finallyht samples were dried down before undergoing a further
two rounds of proprionylation.

2.6.4 Fractionation of samples using porous graphitic column:

To aid the identification of celuting peptides, samples were fractionated
(Minshull and Dickman, 2015)sing a porous graphitic columBRGC, Hypercarb" (50
x 2.1 mm), Thermo Scientific). Samples weresuspended in 0.1% Trifluoroacetic acid
(TFA), and fractionated using an Ultimate 3@0(Dionex, Thermo Scientific) at 30°C
with a flow rate of 0.2 mL/minEractions were collected from 8 minutes until 32
minutes, using a stepwise gradient as described below. The individually collected
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fractions were then dried down in SpeedVac and frozeBQC prior to Mass
spectrometry analysis. The ultravio{etV) detection was set at 214 nm (50Hz)
throughout the fractionation process.
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Table 2.7: Stepwise gradients for fractionation of proteins on HPLC.

HPLC fractionation of histones: HPLC fractionation of Proteomes
;I’rlnr?ne): illjffer glljffer g-rlnr?ne): Buffer A1 | Buffer B1
0 100% 0% 0 98% 2%
25 30% 70% 110 40% 60%
30 10% 90% 115 10% 90%
39 95% 5% 116 98% 2%
45 100% 0% 125 98% 2%

Buffer A1 3% ACN 0.1% TFA
Buffer B1 90% ACN 0.1% TFA

2.6.5 Hypersep™ Hypercarb tip clean up:

An alternative approach to fractionating samples is to use a Hyp¥rsep
Hypercarb tip to clean the samples of the chemical derivitisation residues. This
approach was t er (@@ samplegvinghullcand @iekmani, 20160
These samples were prepared for nggesctrometry on Orbitrap QE HBy re
suspending them in 26 0.1% TFA and 3% HPLC grade ACN. Then following the
manufactureis protocolthe Hypersep Hypercay (ThermoScientific) tips were
primed by 3 washes (2@ each) with elution solution (60% Atonitrile 0.1% TFA)
followed by 5 washes (20L each) in cleaning solution (0.1% TFA). The sample was
then resuspended on the tip by pipetting up and down 50 times. The tip was cleaned in
3 x 20 of 0.1%TFA, then in a fresh lowind tube the samplesvere eluted using 5 x
20 nL of elution solution 1 (60% ACN 0.1% TFA) and pipetted up and down 10 times,
then 5 x 201l of elution solution 2 (90% ACN 0.1% TFA). The samples were then
dried down in Speedvac and frozam80 C prior to mass spectrometry (M&nalysis.

2.6.6 Histone post-translational mass spectrometry: maXis (Brucker):

The samples were+suspended in 0.1% TFA and analysed using reverse phase
high performance liquid capillary chromatography (Ultimate 3000, Thermo Scientific)
on a C18 columil50 mm x 75vm internal diameter, PepMap reversed phase column
(Dionex UK)) interfaced with an lFa-High Resolution Time of Flight mass
spectrometer (maXis, Bruker Daltonics), using a captive Electrospray ionisatign (ESI
on a stepwise 60 minute gradient (as illustrated below). MS and MS/MS scans were
acquired in positive ion mode (m/z :@800).

Data waghen processed using automatic internal calibration (lock mass
1221.99) and angded in DataAnalysis v4.1 (Brucker Daltronics). The mascot generic
files (mgf) were created in DataAnalysis, the sum peak finder was used with signal to
noise ratio of 100 and minimum intensity of 5000. These files were fos Mascot
searches performed in Mascot Daemon v2.5.1 (Matrix science).

The following search parameters were used: MS and MS/MS tolerance was set
at 0.15 Da, searched against the SwissProt database, using homo sapiens taxonomy; the
fixed modifications vere set as propionylation of lysines l&nd N terminus; the
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variable modifications were defined as: methylpropionylation, dimethylation,
trimethylation and acetylation of lysingshosphoryation of serines and threoninése
digestionenzyme was set agdC with up to 2 missed cleavages, and charge states set
at 2+, 3+ and 4+.

After manual verification, quantification was carried out by the integration of
smoothed (Gauss method) extracted ion chromatograms and correction factors (to
aacount for the differences in efficiency in ionisation, were applied to the r¢kirtst
al., 2014)and the process automated in Fighatic (in house software courtesy of T
Minshull).
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Table 2.8: Stepwise gradients for mass spectrometry.

Gradient for the maXis: Gradient for the Orbitrap QExtive HF:
Time: (min) | Buffer A, | Buffer B2 Time: (min) | Buffer A, | Buffer B2
0 97% 3% 0 97% 3%
30 75% 25% 8 90% 8%
40 15% 50% 51 75% 25%
41 10% 90% 81 40% 60%
48 97% 3% 82 10% 90%
55 97% 3% 86 10% 90%
87 97% 3%
Buffer A2: 3% ACN 0.1% FA
101 97% 3%
Buffer B2: 80% ACN 0.1% FA ° °

2.6.7.1 Histone posttranslational mass spectrometry: Orbitrap QE HF:

The samples were+suspended in 0.1% TFA (or 0.05% heptafluorobutyric acid
(HFBA), loaded into and run on Ultimate 3000 online capillary liquid chromatography
system with PepMap300 C18 trapping column (Thermo Eigchoupled to Orbitrap
Q-Exadive HF ((QB, Thermo Fischer). Peptides were eluted onto a 50 cmmv5
Easyspray PepMap C18 column with a flow rate of 300 nL/min. Peptides were eluted
using a stepped gradient (as describebaible 28).

Data acquisition was performed in a number of different modes (as described in
Table 210). Briefly, Data Dependent Acquisition (DDA) was performed in full scan
positive mode, scanning 375 to 1500m/z, with an MS1 resolutioB0Q0, and
Automatic Gain Control (AGLtarget of 1x18and a maximum fill time of 450ms. The
top 10 most intense ions from MS1 scan were selected for collision induce dissociation
(CID). MS2 resolution was set at either 120 000 (DDA180 000 (DDA 60,) or 30
000 (DDA30) with AGC target of 1x105 and maximum fill time of 450, 220 and 100ms
respectively, with isolation window of 2m/z and scan range ofZID m/z,
normalised collisoan energy 27 (NCE

Data Independent Acquisition (DIA) was performed in three different settings.
Firstly, DIA60 (DIA60) had a full scan at a resolution 60 000, AGC target of 8x10
maximum fill time of 55ms, scanning range of 300 to 900 m/z. followed by 10 DIA
windows at a resolution of 30 000, AGC target of % i€blation windows of 20m/z
ard NCE of 26 for DIA60. DIA30 (DIA3) had full scan resolution of 30 000, AGC
target of 3x16, maximum fill time 100ms, scanning g of 300 to 900m/z; followed
by 10 DIA windows at a resolution of 15 000, AGC target £xignlation windows of
20 m/z, NCE 26. For DIA60 and DIA30 the isolation lists were the samd édde

2.9).

Finally, DIA variable windev (DIAvw) had fill scan resolution of 30 000, AGC
target of 3x16, maximum fill time 100ms, scanning range of 300 to 900m/z; followed
by 85 DIA windows at a resolution of 15 000, AGC tartpet®, maximum fill time
115ms, with an isolation window scheme which varied to resemble SWATH
(ABSciex), the variable isolation windows are summarisethiole 2.11 and NCE 26.
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The DIA method used for the study of MDMs wesntical to DIA60 except
that the scanning range was adjusted to 300 to 1100 m/z.

Table 2.9: Isolation lists.

DIA60/30 isolation list DIAvw isolation list
310.390973 292 580 730
330.400068 359 585 735
350.409163 378 590 740
370.418258 397 595 745
390.427353 416 600 750
410.436448 432.5 605 755
430.445543 446.5 610 760
450.454638 458 615 765
470.463733 465 620 770
490.472828 470 625 775
510.481923 475 630 780
530.491018 480 635 785
550.500113 485 640 790
570.509208 490 645 795
590.518303 495 650 800
610.527398 500 655 805
630.536493 505 660 812
650.545588 510 665 823.5
670.554683 515 670 840
690.563778 522.5 675 859
710.572873 530 680 880.5
730.581968 535 685 904.5
750.591063 540 690 928.5
770.600158 545 695 965
790.609253 550 700 1014.5
810.618348 555 705
830.627443 560 710
850.636538 565 715
870.645633 570 720
890.654728 575 725

Table 2.10: Characteristics of data acquisition methods.

Data Dependent Acquisition Data Independent Acquisition
DDA 120 DDA 60 DDA 30 DIA 60 DIA 30 DIA vw
Resolution 120 000 60 000 30000 60 000 30000 30000
7 |AGC 1.00E+06 | 1.00E+06 | 1.00E+06 | 3.00E+H06 | 3.00EH06 | 3.00E+H06
= |Fill time (ms) 450 450 450 55 100 100
Sacnrange (m/z) | 375-1500 | 375-1500 | 375-1500 | 300-900* 300-900 300-900
Resolution 120 000 60 000 30 000 30 000 15000 15000
AGC 1.00EH05 | 1.00E+05 | 1.00E+05 | 1.00E+H06 | 1.00E+H06 | 1.00E+06
Hll time (ms) 450 220 100 Automatic | Automatic 115
g loop count 10 10 10 10 10 85
isolation window 2 2 2 20m/z 20m/z variable
NCE 27 27 27 26 26 26
scan range (m/z) 300-900 300-900 | 300-1100
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Table 2.11: DIAvw isolation window size and loop count.

DIA vw isolation list
isolation loop
window (m/z) | count
115 1
19 4
26 2
9 1
5 11
10 1
5 56
9 1
14 1
19 1
24 3
49 1
50 1
DIA 60 /30 isolation scheme
- /\ I
3mh
DIAvw isolation scheme
4 j\ I
N O I NN B o O
115m/z/ (19m/z) x4/ (14m/z)x2/9m/z/ (5m/z)x11/10m/z/ (5m/2) x 56 / 9 m/z/ 14 m/z/ (19 m/2) x 2/ (24 m/z) x 2/ 49 m/z/ 50 m/z

Figure 2.4: Data independent acquisition schemes.

This figure shows the two isolation window schemes use in panel a) the DIA 60 or POABA
isolation windows from 300 to 900m/z. panel b) shows the isolation windows for the DIA variable
window method.

2.6.7.2 Analysis of histone PTMs using QExactive HF:

RAW files were converted to mgf using MSConvert (proteowizard) for DDA
runs.Searches were performed using Mascot Daemon 2.5.0 (using CHO Uniprot 10029
(downloaded 07/06/2017) for CHO cells searches, or Histone Bespoke database (all of
the Human Histone proteins downloaded from Uniprot 31/03/2016). The following
search parametersene used: peptide tolerance 10 ppm, MSMS tolerance 0.hdrBa
(Da); digestion enzyme was AI@ with no missed cleavages; peptide charges of 2, 3
and 4+; fixed modifications (propionyl (K) and propionyl-{&krm)) and variable
modificaions (acetyl (K), methylpropionyl (K), dimethyl (K) and trimethyl (K)), false
discovery rate (FDRwasset to less than 2%.
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Relative abundance quantification was performed in conjunction with Skyline
(Schilling et al., 2012)o extract the area for each peptide proteoform. The relative
abundance of histone peptides was determined by the integration ofrdeezkion
chromatograms to determine the area under the cAtE). This value was then used
to determine relative abundances for each peptide, by dividing the AUC of one
proteoform of a peptide by the sum total of tHe@\of all forms of that peptide. For
DIA PTM identification was performed in Skyline (using prior knowledge of elution
profile, isotope dot Product > 0.90 and <5 parts per million j{@chilling et al.,

2012) Relative abundance of Histone PTMs and identification was also determined
using Epiprofile 2.qYuan et al., 2015)

2.6.8 Label-free proteome analysis:

In order to prepare protein samples for shotgun proteomic analysis, 14 day old
MDMs were challenged with opsonis€dpneumonia®3 9 or &PLY for either
hours prior to being washed three times in PBS, scrapped in PBS ahd Bomplete
EDTA free Protease inhibitor and then centrifuged 900 rcf for 20min. The cell pellet
was then frozeat-80 C.

2.6.8.1 Cell lysis:

Cell pellets were rsuspended in FASP Lysis buffesrtexed and then
sonicated in water bath sonicator (Fisherbrand) foret@radsthen boiled for 5
minutes at 95C. The lysates were clarified by centrifuging at 16 000 rcf for 5 minutes.

Table 2.12: FASP lysis buffer.

FASP protein lysis buffer
4% SDS

100mM | TEAB

0.1M TCEP

2.6.8.2 Protein concentration estimation:

In order to estimate the protein concentration in the lysates, a BioRad RC DC
protein assay (Reducing agent and detergent compatible protein assay, BioRad) was
performed as per the manufacturero6s instructi
added to each 250 ul of DC ReagentS&rial dilutions of bovine serum albumiBSA)
to form the protein standard were performed (from 0.2 mg/ml to 1.5 mg/ml protein).

2.5 pL of lysates were diluted in 22.5 yuL of HPLC grad®HThen 125 ul RC Reagent

| was added to each tube, vortexed, and incubated for 1 minute at room temperature.
Then 15 ul RC Reagent 2 was added into each tube, vortexed then centrifuged (15 000
rcf for 5 minutes). The supernatant was discarded and the tube dried. 127 pl of Reagent
A" was added to the tubes, then vortexed and incubated at room temperature for 5
minutes.

Finally, 1 ml of DC Reagent B was added to each tube and vortexed then
incubated at room temperature for 15 minutes, prior to the absorbance being read on a
spectrophotometer at 750nm.
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2.6.8.3 Filter aided separation of protein:

In order to facilitate thereparation of the protein lysates prior to MS analysis,
the samples were processed as per the Filter aided separation protocol
(FASP( Wi Sni e ws k i 10@ugy of arbtein lysa2e8 Wede)mixed with 8M Urea
dissolved in triethylammonium bicarbonate (TE)Ahd added to the filter moutén
low-bind eppendorf. The tubes were centrifuged at 14 000 rcf for 3desithe flow
through discarded and further two 200 pL wash performed.

Then 100 pL lodoacetic acid (92 pg in 8M Urea) was added to each filter to
alkylated the proteins. The ménanes were then incubated in the dark at room
temperature for 20 minutes. Then centrifugéti4 000 rcf for 30min. The flowhrough
was discarded. Then the membrane was washed three times with 100 plucfe8M
followed by 15minutecentrifugation at 14000 rcf. The membranes were then washed
three times in 100 pL of 100 mM TEAB, followed by &linute centrifugation at 14
000 rcf.

The lysates were then subjected to trypsin (2 pg, porcine pancreas) digestion
overnight at 37C.

The followingmorning the filters were transferred to fresh {bimd tubes and
the digested proteins were eluted in 40 puL of TEAB by centrifuging 14 000 rcf for 10
minutes repeated oncand finally 40 pL of 0.5M sodium chloride was used to elute the
final peptides fronthe filter. The peptides were thémwzenat-20 C.

2.6.8.4 Commassie stain of protein digestion:

In order to confirm that the FASP preparation had indeed resulted in digestion of
the proteinsan aliquot was run on a 12%SDS page and then post stained with
Commassie (adescribed 2.6)2

Trypsin
digested
Ladder Whole cell lysate peptides
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Figure 2.5: Commassie stained protein lysates.

12% SDS gel with broad range protein ladder in lane 1, whole cell lysate in laea podt trypsin
digestion and FASP separation in lane 3. There are no discernible proteins suggesting a complete
digestion occurred.

2.6.8.4 Hypercarb tip clean up:

In order to desalt the peptides prior to mass spectrometry anahgsisverae-
suspended in 100L of 0.1%TFA 3% ACN 1 pyL was then further diluted up to 20 pL
prior to being bound to the Hypers&aypercarb tip (as described26.5 The
desalted peptides were then dried down using SpeedVac and fre2én@t

2.6.8.5 Hypercarb fractionation of FASP prepared peptides:

In order to reduce the complexity of the peptide mixture, samples were
fractionated using a HypercdMHPLC Column (100 x 2.1 mm, Therr8cientific).
Samples were rsuspended in 0.1% TFand 3% ACN, and fractionated using an
Ultimate 300@ (Dionex, Thermo Scientific) at 30°C with a flow rate of 0.2 mL/min. 3
minute fractions were collected from 15 minutes until 90 minutes, using a stepwise
gradient as described belowable 2.9 resultingin 25 fractions. The individually
collected fractions were then dried down in SpeedVac and fatz80°C prior to Mass
spectrometry analysis. The UV detection was set at 214 nm (50Hz) throughout the
fractionation process.

Prior tomass spectrometryhe fractions were pooled as describedatle 213,

The first few fractions and the last were not run as they have previously been shown not

to contain any peptides of interest. Tgeoled fractions were dried andsaspended in
3% ACN 0.1% TFA.

Table 2.13: Pooling of FASP fractions.

Time Pooled | Time fraction | Pooled
fraction fraction: | collected fraction:
collected (min)
(min)
16-18 51-53 E
19-20 54-56 E
21-23 A 57-59 E
24-25 A 60-62 E
26-28 B 63-65 C
29-31 B 66-68 C
32-34 C 6971 B
3537 C 72-74 B
3840 D 7577 A
41-43 D 78-80 A
44-46 D 81-83
4850 D 84-86

87-89

2.6.8.6 Shot gun proteomic analysis of label-free proteome:

Thetrypsindigested pooled fractions weresaspended in 0.1%TFA and 3%
ACN and loaded into and run on Ultimate 3000 online capillary liquid chromatography
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system with PepMap300 C18 trapping column (Thermo Eigchoupled to Orbitrap
Q-Exadive HF (Thermdrischer). Peptides were eluted onto a 50 cm mviFEasy

spray PepMap C18 column with a flow rate of 300 nL/min. Peptides were eluted using a
gradient of 3% to 35% over fhinutes Data acquisition was performed in full scan
positive mode, scanning 3T& 1500m/z, with an MS1 resolution of 120 000, and AGC
target of 1x16. The top 10 most intense ions from MS1 scan were selected for CID.
MS2 resolution was of 30 000 with AGC target of 1%&06d maximum fill time of

60ms, with isolation window of 2m/z asdan range of 202000 m/z, normalised

collision energy 27.

2.6.8.7 MaxQuant data analysis:

The raw data from the MS runs were analysed in MaxQuant (version 1.5.6.5).
The search settings were as follows: trypsin/P digestion, with up to 2 missed cleavages
fixed modification was Carbamidomethyl (C), variable modifications were oxidation
(M) and acetiation (Protein Nterm), Label FeeQuantification (LFQ) was performed
with a minimum neighbours of 3 and average number of neighbour of 6. Peptide
tolerance \as set at 4.5ppm and minimum peptide length of 7 Amino acid,(AA
maximum peptide mass of 4600Da, Protein FDR was set at 0.01.

2.6.8.8 Statistical analysis:

Downstream analysis was performed in R version 3.4.0. The protein
identification files were read in. Initial filtering of likely false identifications was
performed by excluding results matched to a reverse sequence database entitled
AReverseo, then those matching contamina
Finally, only the iéntifications with at least 2 unique peptides (peptides unique to one
protein thereby reducing the ambiguity) were taken forward to the rest of the analysis.
The labelfree intensities were then mediaarrected for each sample and log2
transformed. Diffegntial protein expression was calculated using Limma version
3.32.2. Principle component analysis was performed to assess the impact of biological
variations.

2.7 Chromatin immunoprecipitation:

2.7.1 Cross linking cells for ChIP-Seq:

14 day old MDM follaving challenge with opsonised D39 or mock infected
were washed in PBS at 3 ohdursthen fixed in 1% ultra pure formaldehyde in 1640
RPMI and 10% FCS and 2mmoldlutamine for 10 minutes at room temperature with
gentle agitation then quenched by the addiof 0.125 M glycine for 5 minutes at room
temperature with gentle agitation. The cells were then washed in PBS x 3 and,scraped
then pelleted at 900 rcf for 10 minutes prior to freezin@@iC for storageprior to
chromatin immunoprecipitation (ChiP
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2.7.2 Chromatin purification:

Table 2.14. Chromatin immunoprecipitation lysis buffers.

ChlIP lysis buffer 1

50mM HepeskKOH pH7.5
140mM NacCl

1mMm EDTA

10% Glycerol

0.50% Nonidet P40
0.25% Triton X-100

1 tablet/ 10 mL

Roche complete EDTA free Protease inhibitor tablet

ChlIP lysis buffer 2

200mM NacCl
1mM EDTA
0.5mM EGTA
5mM Tris pH 8

1 tablet/ 10 mL

Roche complete EDTA free Protease inhibitor tablet

ChlIP lysis buffer 3

1mM EDTA

5mM Tris pH 8

0.5mM EGTA

0.50% N-Laurosytsarcosine

1 tablet / 10 mL

Roche complete EDTA free Protease inhibitor tablet

The crosdinked cell pellet was rsuspended in 1mL of Lysis buffer 1, rocked
at 4 C for 30minutes then centrifuged for 5 minutes at2900 rcf. The pellet was
then resuspended in 1 mL dysis buffer 2, rocked for 30 minutes at room temperature.
Thenit wascentrifuged for 10 minutes at@ 900 rcf.Finally it was resuspended in
300nL of lysis buffer 3 and rested on ice for 10 minutes prior to sonication.

2.7.3 Sonication:

Samples wer&ransferred to 1.5mL TPX tubes and sonicated 4 mitites+ 1
x 5 minutes on high, 30 seconds on 30 seconds off, in ice cold water on a Blbruptor
(Diagenode). The samples were then centrifuged at 14000 rcf for 10 minut€s at 4
The sheared chromatinas then divided into aliquots and frozer& C.

2.7.3.1 Sonication efficiency evaluation:
30 m of sample was diluted to up to 200 m with water. Then it was
incubated at 95°C for 20 minutes for a quick de-crosslinking. This was then

incubated for 10 minutes at 37°C with 0.5 mg/ml RNase A and then this was

followed by 30 minutes incubation at 50°C with 0.5 mg/ml Proteinase K.
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2.7.3.2 MinElute PCR purification kit (Quiagen):

After reversal of the crosslinking the DNA was cleaned on QuisjaElute?

PCR purification kit as per manufactuieprotocol. 1 mL of PB buffer was added to
200m of sample and 4@1 3M sodium acetate pH5.2. This was added to the MinElute
column and centrifuged at BDO rcf for 1 minute. The flovthrough was discaedl.

The column was washed in 760of PE buffer and cenifuged for 1 minute, the flow
through discarded and thergentrifuged and the column transferred to a newlhvd
tube. 10m of EB buffer was added to the centre of the column and centrifugdd fo
minute then a further 18 of EB buffer was added and the centrifugation repeated.

2.7.3.3 Nanodrop measurement:

The Optical Density (ODof 2m of the eluted DNA was measured on a
NanoDrop 200G pectrophotometer (Thermo Scientific) to estimate the concentration.

2.7.3.4 1% Agarose gels:

Table 2.15: TAE buffer.
TAE buffer
40mM | Tris pH8.0
20mM | Acetic acid
ImM EDTA

Sonication evaluation was performed by running the remaining eluted DNA
(18m) on a 1% agarose gel. Briefly, 1g of Agarose was dissolved in TAE buffer by
heating. It was then allowed to cool prior to addition mif 5thidium Bromide. The di
of 5 x Gel Loading Dye was added to each sample prior to loading on the gel and
running fa 45 minutes at 80V or until the dye had reached the end of the gel. In
addition, a 100bp DNA ladder was also run.

2.7.4 Chromatin immunoprecipitation:

Table 2.16: Chromatin immunoprecipitation wash and elution buffers.

Chip Dilution buffer
0.01% SDS,
1.10% Triton X-100
1.2 mM EDTA
16,7 mM Tris-HCI pH 8.0
167mM NacCl,
1 tablet /10 mL Roche complete EDTA free Protease inhibitor tal
ChIP wash buffer A
50mM Tris pH8
150mM NacCl
1mM EDTA
0.10% SDS
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1% NP40
0.50% Deoxycholate

ChlIP wash buffer B
1% NP40
50mM Tris pH8
500mM NacCl
1mM EDTA
0.10% SDS
0.50% Deoxycholate

ChlIP wash buffer C
50mM Tris pH8
250mM Lithium Chloride
1mM EDTA
1% NP40
0.50% Deoxycholate

Elution buffer

1% SDS
0.1M Sodiumbicarbonate

50m of sheared chromatin was used for each pull ddtwmasdiluted up to 300

nl with Chip Dilution buffer. The appropriate amount of histone antibody Tabée
2.17) was added (or ndor beads only pull downs) and incubated with rotation
overnight at 4C. The next day 3l of Magnetic Protein A and Protein G beads (50:50

mix, Invitrogen) was added to each immunoprecipitation and rotated in the cold room
for 4 hours. The beads were theashed twice with 5001 of wash buffer A. The
samples were rotated for 1 minute, before being put back on magnetic rack between

washes. Then they were washed once withrB@J wash buffer B. They were then
rotated for 1 minute and put back on the n&grrack.

Finally, the samples were washed once with BI06f wash buffer C, rotated for
1 minute and put back on the magnetic rack. Following the washes, the DNA was eluted

from the beads in 200 L of Elution buffer, by incubating on a Thermomixer (iEop@

for 40 minutes at 6%, shaking at 600 rpm.
The 10% input samples were processed from this point by adding Elution buffer

up to 200ri.

The samples were then incubated &C37 f o r
20emgoml Prandi B@sel Ko

(120mg/ ml ) .

Then

15 mi

nut es

and it was incubated overnight on a Thermomixer &06&haken at 600rpm. The
following day the samples were processed cleaned on MinElute PCR purification kit as
described in 2.12.2.2 MinEluePCR purificatiorkit (Quiagen). This was then frozen

at-20°C prior to NGS or quantitative polymerase chain reaction (QPCR

Table 2.17: Antibodies for pull downs.

Antibody Quant i t|Suplier Lot number
Total H3 2 Abcam ab1791 GR1038042
H3K4mel 2.5 Abcam ab8895 GR3120931
H3K4me3 3 Active Motif 39159 | 12613005
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H3K9me2 4 Abcam ab1220 GR1835003
H3K27ac 5 Active Motif 39133 | 3184008
H3K27me3 |3 Millipore 07-449 2826067

2.7.5 Quantitative polymerase chain reaction:

2.7.5.1 Preparing primer-mixes for qPCR:

Primers were designed using Priri#rAST (NCBI) or obtained from the
literature(Yoshida et al., 2015apettings fodesign were PCR products of length <
250 bases, not spanning an exon junction, from the Genome for Homo Sapiens. Primers
were obtained from Sigma. Working stocks
made in nucleaskee water (Quiagen) following thestruction from Sigma. These
were mixed by gentle pipetting and allowed to rest at room temperature for 15 minutes.
Then 20 ¢l of Forward and 20 €L of Rever
nucleasdé r ee water to make 2 ¢ Mrozgeh-20cCk®ablea !l i qu
2.19summarises the primers used.

2.7.5.2 Quantitative Polymerase Chain Reaction:

Following PCRcleatup, the 2 €l of Deoxyribonuc
was diluted -imed8 wadat eamcdrerdsadded to 2.5
concentration of 200 mM per primer) and
gentle pipetting aththen transferred toMicroAmp fast optical 9évell plate. These
then underwengPCRanalysis using a 7500 fast reémhe PCR system (Applied
Biosystems). In addition to DNA samples, negative controls containing no DNA were
also run for each primer miXhe amplification settings were as describedable
2.18. In addition Melting Curve analysis was performed for each new primer used from
60 to 95 C.

Table 2.18: gPCR Amplification settings.

Temperature | Time Cycles
95 C 5 min

95 C 15s

60 C 60 s 40
5C Until end
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Table 2.19: Primer characteristics.
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2.7.6.1 Library preparations for next generation sequencing for ChiP-Seq:

The library preparation for NGS waerformed in conjunction with the
Microarray and Next Generation Sequencing Core Facility of the University of
Sheffield. A selection of samples wakecked on a 2100 Bioanalyser to confirm the
size of the input DNA. The input quantity was checked using the high sensitivity Qubit
dsDNA kit. The DNA from the chromatin immunoprecipitations and the 10% input
samples were prepar aduidelises ysiagNEBNeSd | ma ralEf £c
DNA Library Prep Kit for lllumina®New England BioLabs). Samples were indexed
using NEBNex? Multiplex Oligos for Illumina (Index primers sets3) (NewEngland
Biollabs), adaptor contamination was removed using begfication, then pooled into
two by the core facility and then sent for sequencing to the Edinburgh Genomics facility
for sequencing on HiSeq 400Q.able 220 summarises the pooling and indexing
strategies).
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Table 2.20: ChIP-Seq indexing and pooling strategies.

Sample Index Sequence | Pool Sample Index | Sequence | Pool
M2527AC 3 TTAGGC A D2527M3 1 ATCACG B
M25K4M3 4 TGACCA M2527M3 2 CGATGT B

D254M3 5 ACAGTG D327M3 11 GGCTAC B
M1227AC 15 ATGTCA M25K9 12 CTTGTA B

M327AC 16 CCGTCC M327M3 13 AGTCAA B
M25K4M1 18 GTCCGC D25K9 14 AGTTCC B
D327AC 20 GTGGCC M1227M3 19 GTGAAA B
D1227AC 22 CGTACG D1227M3 21 GTTTCG B
D25K4M1 23 GAGTGG M3K9 26 ATGAGC B
M25% 25 ACTGAT M12K9 31 CACGAT B

D3K4M1 27 ATTCCT D3K9 34 CATGGC B
M12% 17 GTAGAG D12K9 42 TAATCG B
M3% 24 GGTAGC

M3K4M1 28 CAAAAG
M12K4M1 29 CAACTA

D3% 32 CACTCA
D12% 33 CAGGCG
D25% 35 CATTTT

D12K4M1 36 CCAACA
D2527AC 6 GCCAAT
D12K4M3 7 CAGATC
D3K4M3 8 ACTTGA
M3K4M3 9 GATCAG

D 0 0 - 5 - 0 5 ) 0 - 0 - - I~ I~ I~ I~ I~ > I~ I~ I~ I~ > > > 2

M12K4M3 10 TAGCTT

2.7.6.2 Next generation sequencing for ChlP-Seq data analysis:

The ChIRSeq runs were converted to FASTQ files by the core facility. The
FASTQ files were aligned to human genome by Dr Tom Giles (University of
Nottingham) using the Human genome HG38 assembly downloaded from UCSC.
Briefly, the FASTQ files for each ChIP were catenated. Then the FASTQ file was
cleaned using thBluminaclip function of Trimmomatic followed by trimming of
leading and trailing eds and 8ding Window trimming. The reads were then mapped
using BurrowsWheeler Aligner. The SAM file was thesorted using samtools and the
files deduplicated using Picard tool$hen, MACS2 was used to perform the peak
picking and BEDTool$o look for the overlap between the biological replica@sally
statistical significant enriched genomic locations wetewtated using Diffbind in R
(Rosslnnes et al., 2012)
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2.8 Western blot analysis:

Table 2.21: Laemmli buffer recipe.
Laemmli buffer (2X)

0.125M Tris pH6,8
4% SDS
20% Glycerol
100mM DTT
Bromophenol blue

Following infection and or prestimulation, cells were washed three times in
PBS and then lysed in Laemmli buff@the samples were then drawn through an insulin
syringe in order to homogenise them prior to boiling for 5 minutes. The samplBseahd
of Blue Wide Range Protein laddeere then loaded on to a 12% SDS page gel and run
at 200V for 45min or until the dylead reached the bottom of the gel.

2.8.1 Semi-dry transfer:

The proteins were then transferred from the resolving gel to a polyvinylidene
fluoride (PVDF membrane. To achieve this, the PVDF membrane was ettiia
methanol then equilibrated in transfer buffer (47mM -Ba&se, 0.04% SDS) and then
placed on top of filter paper imbibed with transfer buffer, the resolving portion of the
SDS page gel was then placed on top of the membrane and above this, dilterther
paper layer was applied. The gel sandwich was then mounted in the cassette of a Tran
Blot Turbo (BIO-Rad) and run for 15 minutes at 25V.

2.8.2 Chemiluminescence:

Following the transfer, the PVDF membrane was blocked in 5% milk in 0.1M
Tris-HCL, 0.16M sodium chloride, 0.05% twee® (TBS/tweehby gentle agitation at
room temperature. The membrane was then incubated overnight in fresh 5% milk in
TBS/tween with the primary antibod¥:2500, except foa-tubulin used at 1:2000), at
5 C while rotating. The antibodies used are listedable 217 as well as Polyclonal
antrmousea-tubulin. The following day the membranes were washed three times in
TBS/tween, then incubated for 1 hr with rotation at room temperature in 5% milk in
TBS/tween with the secondary antibody (HRHed goat ati-mouse or goat anti
rabbit (Dako), used at 1:5000).

The membranes were then washed a further three times iniid&®/prior to 5
minutes incubation with Clarity! Western ECL and were then imaged on ChemiMoc
XRS+ system (BioRad). Images were exported as TIFF and densitometry of the bands
analysed in Image J (version 1.50g). In order to correct for protein loaiffieiggdces
the ratio of the modified Histone H3 signal to thatetubulin was calculated.

2.9 Statistical analysis:

Statistical analysis was performed using either R fotrdrescriptomicand
proteomic analysis, or for all other experiments in Prismsiga 7.0c (Graphpad). Data
is presented amean andtandard deviation (Sbr standard error of the mean (SEM
For all experiments a minimum of 3 biological replicates was Sechparison
between two paired groups employed a paitsdt, for comparison of 3 or more a ene
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way Analysis of variance (ANOVA wi t h Ttastlwasypérfermer oFsrt

comparison of multiple observations in more thao groups a 2vay ANOVA with

Tukeyds multiple comparison test was used. Di
Wilk test in R.
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Chapter 3: Development and optimization of mass spectrometry workflows

for the analysis of histone PTMs

3.1 Introduction:

Mass spectrometry (M$as emerged as a powerful method to characterise and
quantify histone PTMs. It allows unbiased identification and quantification of multiple
histone PTMs including combinations in a single run.

There are several diffent data acquisition strategies that have been developed
and employed for the bottom up analysis of histone PTMs. Data dependent acquisition
(DDA)i s most commonly used and doesnbét req
(PlazasMayorca et al., 2009During the analysis, the top N eluting peptides are
selected for fragmentation and analysis. However, thetification of isobaric co
eluting peptides using this approach proves challenging. In addition, low abundant
proteoforms may not be selected for MS/ M!
guantified.

In light of this, selective reaction monitoring metisdSRM and parallel
reaction monitoring (PRM) have been develofi&ourmaud et al., 2016; Peach et al.,
2012; Peterson et al., 2012hese approaches rely on the establishment of an isolation
list for all of the different peptide proteoformstemget for tandem mass spectrometry
(MS/MS). These are then monitored throughout the high performance liquid
chromatography (HPLC) gradient and selected for fragmentation and analysis.
Although these approaches impeahe sensitivity, they are constrained by total cycle
time for multiple PTMs. They are limited by the number of transitions to be monitored
throughout the gradient and the need for prior knowledge of which ones to target.
Moreover, they will not allow rebspective analysis for novel PTMs.

In order to overcome some of these limitatiaeta independent acquisition
(DIA) methods have been gaining in popularity for discovery proteomics and are
particularly suited to the study of PTNIsrautkramer et al., 2015; Sidoli et al., 2@15
2015b, 2016)A number of different DIA methods have been used to study histone
PTMs (as discussed @hapterl). One of the first methods developed was SWAYH
(ABSciex), designed for triple TOF instruments. This method was successfully used to
identify and quantify histone PTMSidoli et al., 2015b)it involves a series of 85
isolation windows of variable sizes spanning the range m/z in which histone PTMs are
found (see Tabk2.9and2.11). Subsequently, Krautkramet al.used a DIA method
with regular 10m/z isolation windows to identify and quantify the changes in histone
PTMs following histone deacetylase inhibitor treant(Krautkramer et al., 2015)

Using this approach enabled a greater reproducibility than conventional DDA with
consistently high numbers of proteoforms identited with lower coefficient of
variations (CV in the relative abundance in DIA runs when compared to DDA. Indeed,
both the SWATHM and DIA were able to detect low altlance proteoforms. In

addition previous studies have shown that DIA protocols can be adapted to low
resolutionion trap instrumentarch et al., 2014Sidoli et al., 2015c¢)

The latestmass spectrometry instruments possess increasingly higher speed and
resolution. The increased resolution however, comes with increased scanning time. As it
has been shown that histone PTMs can be studied using lolutres instruments
(Karch et al., 2014; Sidoli et al., 2015wp)itial work focused on studying the effects of
higher resoltion over increased number of scans for the analysis of histone PTMs. In
particular, as previous studies have focused on comparing instruments with different



resolutions or different data acquisition methods, in this chapter | sought to compare a
range ofalternative data dependent acquisition (DDA) methods and data independent
acquisition (DIA) methods for the identification and quantification of the histone PTMs.

The purpose of this chapter is to develop and adapt existing methodology to
enable the ideification and quantification of previously identified histone PTMs.

| hypothesised that a datadependenacquisition method would allow
identification and quantification of histone PTMs with greatest ease and flexibility.

The aim of this chapter was:t

1 Develop and optimise a one dimensional liquid chromatography
mass spectrometry (LC-MS/MS) method for the study of histone
PTMs on a high resolution QExactive HF Orbitrap mass
spectrometer.

1 Compare a range of data acquisition methods in conjunction with
varying resolution and cycle times to determine which method is
best suited for the analysis of histone PTMs in conjunction with

downstream bioinformatics.

In addition, Icompared these approaches with previously optimised two
dimensional liquil chromatography separation (RDethods in conjunction wittltra-
highresolution time of flight mass spectrometry.

In orderto minimize the use of primary cells for the optimization of the MS
method, | used Chinese hamster ovary (Gldéls, an important biological system for
the production of biopharmaceuticals. Despite thesvalent use in industryhe
epigenetics of CHO cells have not been widely studied. In this section of my thesis |
characterized and quantified changes in histone PTMs of aEHt@ between day 2
and day 4 of culture.
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3.2 Results and Discussion:

3.2.1 Comparative analysis of histone PTMs on a maXis (UHR TOF) and
QExactive HF Orbitrap:

Initially the analysis of PTMs was carried out using protocols developed in
collaboration with Dr Minshull (Department of €mical and Blogical Engineering
University of Sheffield using a novel 2D HPLC method coupled to high resolution
time of flight mass spectrometer (maXis, Bruker). However, this method required
extensive sample fractionation and lengthy MS analysis time. Theraforvel
approach was developed ¢onjunction with a new mass spectrometer in the laboratory,
a QExactive HF Orbitrap.

3.2.2 Comparative analysis of 2D vs 1D LC MS for the analysis of histone
PTMs:

Previous studies have shown that in order to obtain good coverage of histone
PTMs sampldractionation was required when using the MaMiS (Minshull et al.,
2016) However, this is associated with having to run multiple fractions for each sample
resulting in up to 20 hours of MS time for each histone analysis. In order to decrease the
MS time needed to analyse samples, the results oidnated samples (2D) were
compared to an unfractionated single sample desalted using Hypekbapercarb tip
(1D). Histones were purified from CHO cell pellets grown to day 2 or day 4, by
hypotonic lysis and adiextraction (aslescribed ir2.6.1.Histone extractiomand
purification). The purified histones were subsequently analysed on a 12% SDS page gel
to assess purity and estimate concentration when comparing to a known calf histone
standard (as illustrated Figure 2.3. 10ng of purified histones was then subjected to
chemical derivatization and digesti(Benjamin A Garcia et al., 200Bgfore being
eitherdesalted and fractionated offline using reverse phase HPLC with Hypercarb
column(Minshull et al., 2016prior to RP LC MS analysis (2D LC MS) or desalted
using Hypersep Hypercarb tips prior to RP LC MS analysis (1D LC MS). Both the tips
and the column use the same porous graphitic carbon (PGC) as theastgilwase to
achieve the desalting. Analysis was performed on two different mass spectrometers a
maXis UHR TOF and the QExactive HF Orbitrap (@Eqgure 31).
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Figure 3.1: Schematic representation of mass spectrometry workflow.

a) CHO cells are collectezhd undergo hypotonic lysis, b) the purified histones are propionylated,
digested and rpropionylated, The peptides are then desalted using either ¢) HypemSpd1D), a d)
desalted and fractionate Hypercarb column on a HPLC (2D). The singéample or fractions are then
analysedn either e) the maXis or the f) QE.

For the data acquired using the maxXis, the identification of PTMs was carried
out using Mascot search@ combination with manual verification of PTMs using Data
Analysis (BrukerDaltronics). The relative abundance was calculated using in house
software (HistO-Matic). For the data acquired on the @e analysis was carried out
using Epiprofile and or Skyline for the manual verification of the PTMs well as the
relative abundance quantification. As the analysis of datasets from each instrument was
performed using separate softwdtes not ideally suited to a direct comparison
between instruments.

However, it is possible to compare the sample preparation methods on each
instrument. A summary of the identification and relative quantification of the histone
PTMs is shown irrigure 32. Thesame number of histomeoteoforms were identified
using the two sample preparation methods. Next, the relative abundance of the two
sample preparation methods was compared. This showadsthgtthe MaXis, |
identified the same number bistone PTMsandtheir relative abundace was
consistentusing the twalifferentsample preparatiotechniquegFigure 32).
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Figure 3.2: Comparison of sample preparation methods on relative
abundance of Histone PTMs.

The relative abundance of histone H3 PTkésrf day 4 CHO cells was measured using a one hour

gradient on the maxXis for samples prepared using either 1D LC MS dimension (blue) or 2D LC MS (red).
There were no significant differences between the two methods for the five principle peptides of Histone
H3 shown here. n=4.
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The comparison of the two different sample preparation methods was also
carried out using the Qdactive HF(Figure3.3). The results show that similar to the
data obtained on the maXisstrumentthe two different sample preparations gave
equivalent relative abundances across a wide number of peptide proteafiodnisat
the 1D LC MS method identified all of the PTMs seen in the 2D LC MS sample
preparation method (one of the limitaigoof 1D preparations previously obsereed
the MaXis(Minshull et al., 2016)
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Figure 3.3: Comparison of sample preparation methods on the relative

abundance of Histone PTMs using QExactive HF Orbitrap.
The relative abundance of histone H3 PTMs from day 4 CHO cells was measured using a 105min run on
the QEin DDA for samples prepared using either 1D LC MS(blue) or 2D LC MS (red). There were no

significant differences between the two methods. n=4.

The two different MS instruments had different analytical columns and gradient
times which makes thdirect comparison between the two instruments difficult.
Moreover, during the optimization of the QE methodology the HPLC coupled to the MS
methods included a 5 mitewash period prior to the valve change and the MS analysis
starts to ensure the instrumet di dndét become cont ami
eluting proteoforms such as H3 lysine 9 dimethylation (H3K9nmegu(e3.4) and
makes a detailed comparison in the relative abundances between the two instruments

challenging.
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Figure 3.4: Comparison of 1 min and 5 min wash periods prior to MS
analysis on the relative abundance of histone PTMs.

nat ed

The relative abundance of the different acetylation and methylation proteoforms for the KSTGGKAPR
peptide are compared blue are the abundances obtained following a 1 min wash showing higher
abundance of the early eluting proteoforms (dimethylation and trimethylation of lysine 9 on histone H3
(H3K9mMe2 H3K9me3),and the cmbinatorial marks histone H3 lysine 9 dimethylation and
trimethylation with lysine 14 acetylation (H3K9me2K14and H3K9me3K14gahan was obtained
following a 5min wash (in red) from a repeat injection of the same sample. (n=1)

3.2.3 Comparison of number of proteoforms identified on a QExactive HF

Orbitrap to that of the maXis (ToF):

As previously establishethe number of histone PTMs identified using the

maxXis in a 1D LC MS approach was inferior to that of the 2D LC MS method
(Minshull et al., 2016)although a significant reduction in the amount of MS time was
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achieved using the 1D approach. In orderteroome this, the QExactive HF Orbitrap
was used in light of its faster speed, reduced scanning time and high resolution. As one
of the main limitations of 1D LC MS workflows on the maXis was a reduced number of
different PTMs identified when compared © 2C MS analysis, a comparison of the
total number of PTMs identified between the two instrusesaiuld indicate whether
the 1D LC MS analysig/as a suitable approach on the QExactive HF.

The number of proteoforms identified using the 1D LC MS method cm ea
instrument was compareBigure3.5). The results show that a greater number of
peptide proteoforms were identified on the QExactive HF compared to the 2D LC MS
analysis on the maXis. This highlights the benefits of theen instrument, the
QExactive HF, in identifying more PTMs than the maXis. Furthermore, it is able to
achieve this using the 1D LC MS workflow, in effect reducing the MS time by 18 hours
per biological sampleas total run time for 1D LC MS on the QE B5lminutes
compared to around 20 hours for a 2D LC MS workflow on the maXis.
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Figure 3.5: Comparison of number of proetoforms identified on each

instrument.

The number of proteoforms for Histone H3 identified by manual verification of the sfaliveing

analysis on the MaXis was compared to that of the number of proteoforms identified by Epiprofile and
manually verified in Skyhie following analysis on the QE from 4 separate replicates.

Given that two different data analysis approaches werefasedch instrument a direct

comparison in the relative abundances is however, not possible.

3.2.3 Development and optimization of MS workflows on the QE HF for the
characterization and quantification of histone PTMs:

Following demonstration of the aibyl of the QE HF to rapidly identify large
numbers of peptide proteoforms and histone PTMs in comparison to previously
developed methods on the maXis (UHR TOF) instrument, further studies were
performed to develop and optimize MS workflows on the QE Hger
characterization and quantification of histone PTMs.

Initial work focused on studying the impact of MS2 resolution in data dependent
acquisition methods (described@tapter?) for the characterization ampliantification
of histone PTMs. Three different DDA methods with MS2 resolutions of 120 000, 60
000 and 30 000 were compared. In addition to DDA methods, | also studied DIA
methods and the impact of reducing the resolution with MS2 isolation windows of 20
m/z at a resolin of 30 000 or 15 000. Finally, an emulated SWAYHrotocol with
variable window size (DIAvw) was studied as this was one of the first DIA methods
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developed for the study of histone PTi&doli et al., 2015b)

In order to establish which data acquisition approach (DDA or DIA) is best
suited to the study of hishe PTMs and to determine the influence of different MS2
resolution settings on the identification and quantification of histone PTMs each sample
was run in the 6 different data acquisition methods (summariZéabie 2.10.

The baseline characteristics of each data acquisition method were established.
The duty cycles for each method were calculakedure 36 panel a). This illustrates
that the higher the resolution used, the slower the instrument scanned, resulting in
longe cycle times. This however was kept below 5 seconds for the DDA allowing at
least 7 MS1 scans in a 30 second peak which is typical for the elution of the different
peptide proteoforms using the online chromatography employed in this study. The
DIAvw had the longest duty cycle of 5.1 seconds and the shortest 1.4 seconds with
DDA30. As would be expected as the resolution was decreased and the cycle time
decreased.

Next the number of MS1 and MS2 scans for each method was examined using
RawMeat. The lower refgion methods were associated with increased numbers of
MS1 scans which should enalgreater accuracy in the lalfede quantificationKgigure
3.6 panel b). A higher number of MS2 scans was obtained in DIA mode which should
enable greater discrimination and quantification of isobaric peptiigsré 36 panel
C).
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Figure 3.6: Comparison of the effect of different data acquisition methods

on the duty cycle time and number of MS1 and MS2 scans.

a) The duty cycle time for each data acquisition method is represented. As the resolution is decreased the
duty cycle time decreases. b) This shows the number of MS1 and cintthenof MS2 scans for each

data acquisition method. As less time is spent on MS2 scans more MS1 scans are undertaken. (n=6)

3.2.4 Comparison of the impact of resolution on the identification of histone
PTMs using data dependent acquisition:

To assess thability of the three different DDA methods to accurately identify
histone PTMs, the RAW files were converted to mgf using MSConvert (proteowizard).
Searches were performed using Mascot Daemon 2.5.0 as this has previously been
shown to be the most reliabfor the identification of histone PTM¥uan et al., 2014)

The mgfs were searched using CHO proteome (downloaded from Uniprot (downloaded
07/06/2017), using Arg digestion, a peptide tolerance 10 ppm, and an MSMS
tolerance 0.01 Da, no missed cleavages, Peptide charges of 2, 3 &imddi+;

modifications (propiayl (K) and propionyl (Nterm)) and variable modifications

(acetyl (K), methylpropionyl (K), dimethyl (K) and trimethyl (K)), FDRs were set to
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less than 2%.

In order to ascertain the impact of the variation in resolution of the DDA
methods on the abilityotaccurately identify histone PTMs, the number of peptide
sequence matches (PSMad total number of queries in each of the different DDA
methods were analysed (degure 38). The resultshow that the lower resolution
scans were associated with greater number of queries and consequently a greater
number of PSMs. However, the conversion rate (the proportion of PSMs to the number
of queries) was lower in the DDA30 method.

| next examinedtte results of Mascot searches in the three different DDA
methods, and their ability to correctly identify the PTMs of histone H3. The Mascot
search results give a peptide proteoform ion score based on the probability of this being
identified by chance. Acore of 46 or greater is associatgalbo confidence threshold.

(The results are summarizedrigure 38 panel a). The results show that as the MS2
resolution decreased, more scans were performed and more peptide proteoforms were
identified. To determine the accuracy of these potential identifications the Mascot ion
scores associated with each proteoform were examined. The highest Mascot ion score,
and therefore the most confident identification, was the same across all thredsneth
despite the increasing ppm error in the lower resolution s€amgré 38 panel b).

Indeed, the proportion of proteoforms with Mascot ion scores greater than 46 was
higher in the higher resolution scans (77%, 75% and ré&3§ectively).

Correctly identifying the position of PTMs can be challenging given that histone
peptides are heavily modified and the near isobaric nature of acetylation and
trimethylation. In order to further disambiguate the position of P EMsMascoDelta
score was calculated for each of the proteoforms identified across the different methods.
Previous work in the field of Phosphoproteomics has determined that a Mascot Delta
score of greater than 17 was associated with accurate location of phodbroryla
(Savitski et al., 2011Mascot Delta scores wecalculated by taking the difference
between the highest ion score for a given proteoform and the score for the next possible
proteoform Eigure 37).

The results show that despite identifying a greater number of total pnotesofo
the lower resolution scans did not do so with the same degree of confidence. The higher
resolution scans had a higher proportion of proteoforms with a Mascot ion score greater
than 46. However, the proportion of proteoforms with a Mascot Delta stgreader
than 17 was the same with all three data acquisition methods (approximately 20%
(Figure 38 panel A)).

In summary, the results show that the increased number of MS2 scans afforded
by the lower resolution DDA methd®DA30) resulted in a higher number of queries,
PSMs and a higher number of peptide proteoforms identified with a Mascot lon score
greater than 46, with no difference in the proportion of peptide proteoforms with Delta
scores >17. These results indicatat tho significant benefit is gained by performing
DDA analysis using high resolution MS2 scans on the QE HF for the analysis of histone
PTMs.
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Mascot Search Results

Peptide View

MS/MS Fragmentation of KQLATKAAR
Found in G3H2T7 in CHO_Uniprot10029, Histone H3 OS=Cricetulus griseus GN=I179_004539 PE=3 SV=1

Match to Query 4993: 1139666878 from(570.840715,2+) intensity(3438939.5000) rtinseconds(4034 4657) index(9423)
Title: JOBY_D2_Al_ddal20.12211.12211.2 File:"JOBY_D2_A1_ddal20.raw", NativelD:"controllerType=0 controllerNumber=1 scan=12211"
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Monoisotopic mass of neutral peptide Mr(calc): 1139.6662

Fixed modifications: Propionyl (K),Propionyl (N-term) (apply to specified residues or termini only)
Variable modifications:

K1 : Acetyl (K)

Ions Score: 54 Expect: Te-005

Matches : 16/80 fragment ions using 30 most intense peaks  (help)

b B b* | pr p? b+ (Seq.| ¥ y y* y y ™
227.1390{114.0731{210.1125(105.5599
355.1976{178.1024(338.1710{169.5892

K
Q [914.5418|457.7745|897.5152|449.2613 896.5312|448.7693
468.2817|234.6445|451.2551|226.1312 L |786.4832|393.7452|769.4567|385.2320 |768.4726|384.7400
539.3188|270.1630(522.2922|261.6498 A |673.3992|337.2032|656.3726|328.6899 |655.3886(328.1979
640.3665|320.6869|623.3399(312.1736|622.3559|311.6816| T |602.3620|301.6847 |585.3355|293.1714 |584.3515(292.6794

K

A

A

R

824.4876|412.7475|807.4611|404.2342 B06.4771|403.7422 501.3144)251.1608 |484.2878|242.6475
895.5247|448.2660|878.4982|439.7527 877 5142|439.2607 317.19321159.1002|300.1666 (150.5870
966.5619(483.7846(949.5353|475.2713{948 5513 |474.7793 246.1561{123.5817|229.1295|115.0684
175.1190| 88.0631|158.0924| 79.5498
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k|| E|un|Sn]| Q|00 2| =

All matches to this query

Score | Mr(calc) | Delta | Sequence
542 |1139.6662(0.0006 [ KOLATKAAR
150 [1139.66620.0006[ KKEQKAAR
8.2 |1139.6662|0.0006 KKEQKAAR
8.2 |1139.6662)0.0006 KKEQKAAR
82 |1139.6662)0.0006 KKEQKAAR
79 [1139.6662/0.0006 KAKLQKSR
79 [1139.6663|0.0006 KIQVGTKGR
79 11139.6662(0.0006 [KVAAISVAQR
75 |1139.6663/0.0006[KKQQEKR

elta Score:
54.2-150=39.2

Figure 3.7: Delta Score calculation.

This figure shows the Mascot search result for the KQLATKAgERtide with a single acetylation at
lysing 18. The Delta score calculation is illustrated. From the highest Mascot lon score for the query
(54.2) the score for the next possible match (KKEQKAAR, 15.0) is subtracted giving a Delta score of
39.2.
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Figure 3.8: Analysis of data dependent acquisition methods.

A) The DDA runs were searched using Mascot Daemon, FDR was set at less than 2% using a reversed
sequence library. Peptides from H3.1 and H4 were examined. The proteoforms with Mascot lon scores
>46 and Delta Score >17 are represented. The peptide sequence matches above the identity threshold and
the conversion rate are also represented for each mdthexe were significantly more peptide sequence
matches in the lower resolution ruB} This panelllustrates the number of peptide proteoforms

identified in each data dependent acquisition methods and the highest Mascot score associated with it and
the average ppm error for each correct identificafltrere were significantly less peptide proteoferm

identified in the higher resolution DDA120 than in the DDAB) The number of peptide proteoforms

identified using Epiprofile 2.0 in each different data acquisition method illustrates that there was slightly
higher number of peptide proteoforms identified with the DIA 60 approach. n=6, represented are the

mean andtandard deviatior(* p<0.05, *** p<0.0005, **** p<0.0001; one way ANOVA with Tukeys
multiple comparisons test)

85



3.2.5 Comparison of data independent and data dependent acquisition
methods for the analysis of histone PTMs:

Having examined the ability ohé different DDA methods to identify PTMs,
further analysis was performed on the QE HF using DIA methods (descrioédynter
2) to enable a comparison between DDA and DIA methods. In order to establish the
identificaton of proteoforms in DIA rungdata analysis was performed using the
software Epiprofilewhich was specifically developed for the identification and
quantification of Histone PTMs and is capable of handling both DDA and DIA data
(Yuan et al., 2015)

Briefly, the three DIA methods (described in greater detdilhapter?)
employed are:

DIA60, a method using sequential 20m/z isolation windows from 300 to 900m/z
with MS1 scans every 10 at a resolution of 60 000 &n#p and an MS2 resolution set
at 30 000 at 200 m/z;

DIA30, a method using sequential 20m/z isolation windows from 300 to 900m/z
with MS1 scans every 10 at a resolution of 30 000 at 200 m/z and an MS2 resolution set
at 15 000 at 200 m/z;

DIAvw, a method umg 85 sequential variable isolation windows to mimic the
SWATH™ method.

The total number of peptide proteoforms identified across all of the different
acquisition methods in Epiprofile for histones H3 and H4 was compRgigat¢ 38
panel ¢. The results showed that on average 69 proteoforms were identified in each
method (ranging from 60 to 77). 47 proteoforms were identified in all of the runs (68%
of average identified) and 90% of all proteoforms were identified in st eaut of 6
runs in each method. This showed that DIA60 identified slightly more proteoforms
(although this did not reach statistical significan@® across all 6 runs, of which 96%
were identified in at least 3 runs, than the other methods.

3.2.6 Quantification of histone PTMs:

Having established that all of the DDA and DIA methods were able to
consistently identify the same pattern of lysine methylation and acetylation on Histone
H3 and H4 and that this is consistent with the numbdiffefrent acetylation and
methylation sites identified in the literature (albeit in different cell lis)ej et al.,

2015) their ability to accurately report the relative quantification of histone PTMs was
assessed. The relative abundance of each histone proteoform is calculated by measuring
the area under the curve (AUC) of the estea ion chromatogram (X)Zorresponding

to the individual PTMs for each peptide, dividing the AUC of one PTM of a peptide by

the sum total of the AUC of all PTMs for that pept{@@Maggio et al., 2009Y he

guantification was performed in Epiprofi{&¥uan et al., 203). In addition to the use of
Epiprofile further validation of the relative quantification was performed in Skyline
(MacLean et al., 2010; Schilling et al., 201®&hich can analyse data from both DIA

and DDA, and determine thielative abundance for each peptide proteoform .

The relative abundance of histone PTMs in CHO d¢ellsbeen shown to vary
over time and in response to evolutionary pressiifehtinger et al., 2016)
Furthermoreit has been shown that global l&ssef H3 acetylation decrease over time
(Paredes et al., 2013)herefore, the relative abundanaésistone PTM$etween day
2 and day 4 of cultures | expected to find a differembetween the twoyas analysed
across each of the different acquisition meth@dgure 39). The results show a wide
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range of histone PTMs were identified and quantified (summaridéigume3.10). In

order to further analgsthe quantitative differences obtained across these different
methods | focused on a number of peptide proteoforms that were initially identified as
having changed in abundance between day 2 and day 4.

Proteoform Day 2 Day 4 Fold Change | Sgnifiacnt:
KSTGGKAPR 112 **
KmelSTGGKAPR -0.71 **
Kme2STGGKAPR 0.68] **
Kme3STGGKAPR 0.65} *
KacSTGGKAPR 2.78
KSTGGKacAPR -1.91]
KmelSTGGKacAPR -1.64
Kme2STGGKacAPR -6.54 *k
Kme3STGGKacAPR -6.90
KacSTGGKacAPR -0.74|
KQLATKAAR -0.08 **
KQLATKmelAAR 0.21]
KmelQLATKAAR -0.28
KmelQLATKmelAAR 0.62)
KacQLATKAAR 0.52)
KQLATKacAAR 0.33 i
KacQLATKacAAR 0.81]
KSAPATGGVKKPHR 0.74 **
KSAPATGGVKmelKPHR -0.54
KmelSAPATGGVKKPHR 0.59 **
Kme2SAPATGGVKKPHR 0.31} **
KSAPATGGVKme2KPHR -0.19
Kme3SAPATGGVKKPHR -0.48) **
KSAPATGGVKme3KPHR 0.23
Kme2SAPATGGVKmelKPHR -0.63] **
KmelSAPATGGVKme2KPHR -0.83 **
KmelSAPATGGVKmelKPHR -0.74] **
Kme3SAPATGGVKmelKPHR -1.41 **
KmelSAPATGGVKme3KPHR -1.23]
Kme2SAPATGGVKme2KPHR -0.98 **
Kme3SAPATGGVKme2KPHR -1.83|
KacSAPATGGVKKPHR 0.87|
YQKSTELLIR 0.00}
YQKmelSTELLIR 1.24
YQKme2STELLIR 0.31}
YQKacSTELLIR -0.02
EIAQDFKTDLR -0.03 **
EIAQDFKmelTDLR 0.04
EIAQDFKme2TDLR -0.11
EIAQDFKacTDLR 2.06) **
VTIMPKDIQLAR -0.88] *
VTIMPKacDIQLAR 8.40 **
GKGGKGLGKGGAKR -0.59| *
GKacGGKGLGKGGAKR -2.54
GKGGKacGLGKGGAKR -2.71 *k
GKGGKGLGKacGGAKR -2.21] **
GKGGKGLGKGGAKacR 0.76 *k
GKacGGKacGLGKGGAKR -2.1
GKacGGKGLGKacGGAKR -1.39|
GKacGGKGLGKGGAKacR 0.89
GKGGKacGLGKacGGAKR -2.3
GKGGKacGLGKGGAKacR 1.01] **
GKGGKGLGKacGGAKacR 0.14]
GKacGGKacGLGKacGGAKR -1.40|
GKacGGKacGLGKGGAKacR 1.78]
GKacGGKGLGKacGGAKacR 0.38]
GKGGKacGLGKacGGAKacR 0.93
GKacGGKacGLGKacGGAKacR 1.17]
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Figure 3.10: Heatmap of all of the different PTMs identified for histone H3

and H4 using DIA 60 for day 2 and day 4 CHO cells.

This figure illustrates the total number of different histone PTMs identified across histone H3 and H4 and
the ability of DIA 60 to identify changes in relative abundance betweetwo days. n=3, ** p<0.05
Students t test.

As the overall ion intensity of a proteoform may influence the accuracy of both
correct identification and quantification, examples of proteoforms with high, medium
and low ion intensities (which was arbitrgrdefined as XIC intensities of >9x10
>8x10,>3x10 respectively) were studied. A number of peptide proteoforms covering
both a range of different ion intensities (low, medium and high) and a range of different
relative abundances, where relative abucdaeflects the percentage of the peptide
proteoform with respect to the total abundance of all peptide proteoforms for the
corresponding peptide on both histone H3 and histone H4 were selected.

3.2.6.1 High intensity PTMs:

Figure 39 panel A shows that each method was able to confiddatlyonstrate
the change in relative abundance of the highly abundant peptide
GKGGKGLGKGGAKR, from histone H4between day 2 and day 4.The ability to
correctly identify changes in the single acetylated form of KQLATKAAR peptide of
histone H3 on lysine 23 was examined next {Sgare 39 panel A. In light of the
isobaric nature of thacetylation on K18 or K23 and as both formsedate, the relative
abundance is based on the proportion of diagnostic y and b ions belonging to one form
or the othe(Yuan et al., 2015)The results show that all of the different methods
except DIA3Qreported the cinge in relative abundance of the peptide proteoform.
However, it should be noted that the DIA3tadysis showed the same trend with an
increa® in K23 acetylation with reciprocal decrease in the unmodified form, but failed
to reach statistical significaacFor the KQLATKAAR peptide the DIA30 analysis
showed the same trend in increasing in K23 acetylation with reciprocal decrease in the
unmodified form, but failed to reach significance.

3.2.6.2 Mid Intensity PTMs:

In the mid intensity peptidesuch as the dual acetylated peptides
GKGGKacGLGKGGAKacR of H4 or KacQLATKacAAR of H3, the difference in
relative abundance between day 2 and day 4 samples were observed in all methods,
reaching statistical significance except in the DIAB@(re 3.9 pandB).

In addition to looking for changes in relative abundances between the two days,
| also looked at the relative abundance of a peptide in which | did not expect to see a
change in abundancguch as the unmodified peptide YQEILIR (Figure 3.9 panel
B). All of the DDA, the DIA60 and DIA30 showed the same relative abundance
between the two dayalthough the relative abundanoéthe unmodified YQSTELLIR
peptide from H3across all of the methods was s@tentthe DIAvw method showed
greater variability compared to the other data acquisition methitds low level of
change in between the abundance of the day 2 and siayples

3.2.6.3 Low intensity PTMs:

Finally, in the lower intensityproteoforms such as YQKacSTELLIR on histone
H3 were analysed (séegure 39 panel . The results showed that there were no
significant differences between the methods. However, increased variability was
observedetween replicates, for all of the methods, as would be expected for low
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intensity, low abundance peptide proteoforms. When the changes in the relative
abundance of KacSAPATGGVKKPHR (H3K27ac) between2aynd day were
examined, an increase in acetylatia all three DDA methods and in both DIA60 and
DIAvw was observed. The DIA30 was unable to distinguish the increase seen in the
relative abundance of H3K27&€igure 39 panel C).

Overall, all of the DIA methods used in tisimidy were able to identify the same
trend in changes in the relative abundance of the more prominent Figuse(39
panel D).The DIA3Q that hadower resolutiondisplayed greater variability in the fold
change in abundaadetween the two days as evidenced by the greater standard
deviations in the KacQLATKacAAR peptide. The DIAvw that has the greeyett
time displayed greater variability in the fold changeibundance between the two days
for the YQSTELLIRpeptide.
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Figure 3.9: Comparison of relative abundance of histone PTMs between

data acquisition methods.
The reldive abundances of histone paistnslational modifications for day 2 and day 4 CHO cells were
calculated using Epiprofile 2.0 for the diféeit data acquisition methods. Panel A illustrate three histone
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PTMs with high MS1 intensity GKGGKGLGKGGAKR on histone H4, KQLATKacAAR and the

unmodified form on histone H3. There is good concordance between the different methods except for the

DIA30,whih s howed the same trend but didndt reach statisti
relative abundance of a three peptide PTMs with middle intensity of MS1 signal.

GKGGKacGLGKGGKacR and KacQLATKacAAR representing both lower relative abundanceqseptid

for the respective peptides and YQSTELLIR the unmodified form of which is highly abundant. Panel C

illustrates two peptide PTMs of both low relative abundance and low MS1 intensity. Overall there is good

concordance between the different data acquisitiethods in their ability to distinguish significant

difference between the abundance of PTM between day 2 and day4 CHO cells. In addition, with the

exception of DIAvw, the peptide PTMs which didndét chan
identified. Ranel D illustrates the fold change between the relative abundance of PTM for day 2 and day4

CHO cell for the YQSTELLIR peptide and the KacQLATKacAAR peptide. For all the panels, n=3, bar

charts represent the mean and standard deviation, * p<0.05, ** p<&@k0.001 Students t test.

3.2.7 Reproducibility of the relative abundance quantification:

In order to establish the reliability of the relative abundance measurements of
each method, three technical replicates for day 2 and day 4 were examineel and th
coefficient of variation (CVs) calculated for each peptide proteoform identified in all
replicates (seBigure3.11). The results shoyas expected, that there was greater
variability in the proteoforms with the lowest intensities in all data acquisition methods.
Three quarters of the CVs were 20% or below for the DIA60 method. The median CV
varied from 10% for DIA60 to 15% for DIA30. kkomparing all of the proteoforms
together there was a trend to smaller CVs with the DIA60 compared to the other
methods Figure 311), suggesting this is the most reliable quantification method.
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Figure 3.11: Coefficient of variation.

The coefficient of variation was calculated for all of the quantified PTM in each of the different data
acquisition methods for both day 2 and day 4 samples (n=6). As expected the PTM with very low relative
abundance had greater variation. Oudta DIA 60 had a trend towards lower CVs. n=6 mean and
standard deviation represented.
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When comparinghereproducibility in the nanoLC and retention time between




each run, there was excellent reproducibility (CVs <1% between replicates)
demonstrating that the variability in correctly quantifying the proteoforms is due to the
lower number of MS1 scans. Furthermore, the chromatography for each proteoform was
comparale between each data acquisition metlagure 312). Typically, proteoforms

are seen eluting over 38condshis would equate to between 6 MS1 scans in DDA120
and up to 20 in DDA30 due to the shorter cycle time. FurtherntoeeDIA60 would

result in 9 MS1 scans whereas DIA30 would have 14, suggesting that the modest
decrease in the CVs is due to improved resolution rather than the number of MS1 scans

3.3 Conclusions:

In this chapter, a number of different datajuisition methods were compared
on a QExactive HF Orbitrap mass spectrometer for the identification and quantification
of histone PTMs. The 1D LC MS workflomnalysed on the QE identified more histone
PTMs when compared to the 2D LC MS workflawconjurction withthe maXis,
demonstrating the advantages of this instrument for the analysis of histone PTMs.
Furthermore, the relative abundances of both the 2D LC MS and 1D LC MS analysis
was identical thereby validating this workflow on the QExactive HF @qbitBoth data
dependent and data independent methods were used to analyse changes in relative
abundance of histone PTMs in CHO cells. This approach was able to identify 71 histone
proteoforms for histone H3 and H4 and quantified 64 across each of #re wliff
acquisition methods.

The advantages of DDA mean that the confidence in correctly identifying and
quantifying PTMs can be achieved with lower resolution MS2 scans when coupled with
search engines such as Mascot. Indeed, the lower resolution DDA3Gdme&th
associated with the greatest number of P§d49.001;Figure 3.8, with equal ability to
obtain high ion peptide scores following Mascot searches than the higher resolution
scans. However, the advantages of DIA methods DA, namely the ability to
accurately apportion relative abundances to isobar&uting proteoforms anthe fact
that they offer greater flexibility to reearch data for novel PTMs, outweigh any
disadvantages incurred by the techniquerédverthe DIA60 was associated with
increased reliability in terms of lower CVs for the relative abundance of PTMs as
compared to the other data acquisition methods. Therefore, these results demonstrate
that this approach is the optimum method from the range ofoaegtudied and will be
utilized for all subsequent analysis of histone PTMs on the QExactive HF Orbitrap.
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Chapter 4: The impact of pneumolysin on the Epigenomic landscape

4.1 Introduction:

Pneumolysinis oneof the key virulencefactorsof S. pneumonia¢Kadioglu et
al., 2008b) It is presenin the majority of clinical isolatescausinglPD (Gray et al.,
1980; Hu et al., 2015)n murinemodelsof bacteraemigneumolysin sufficient mutants
areassociaté with increasedethality compared t@neumolysirdeficient mutants,
linking the toxin to virulencéBenton etl., 1995) Pneumolysirhasbeenshownto be
responsibldor thedifferentialexpressiorof multiple genesn undifferentiatedrlHP-1
cells(Rogers et al., 2003)ut its impacton geneexpressionn primaryMDMs hasnot
yetbeenestablishedFurthermorethetransmissiorof S pneumoniadetweerhostshas
beenlinked to the presenc®f inflammationin the nasopharynandpneumolysirhas
beenshownto promoteinflammation increasdransmissiorandfosterthe survival ex
vivo of the S pneumoniagZafar et al., 2017)it hasbeen alsdeensuggestedhat
pneumolysn facilitatesblood streaminvasion byS. pneumonia€Hu et al., 2015)This
highlightsthe importanceof pneumolysimasa key virulencefactor of S pneumoniae
dueto its role in thetransmissiorof S. pneumoniadetweerhosts in the progression
from nasopharyngealolonisatiorto IPD, the stimulationof inflammationand
p n e u mo lcyyomxicefteds(Kadioglu et al., 2008b)

The purposeof this chapteris to establishthe pneumolysirdependenthanges
in the hosts responsdollowing challengewith S. pneumoniaeAs a key bacterial
virulence factor, pneumolysin may be responsible for epigenetic modificatichesel
in turn influence key effector functions tiviconsequences for the innate immune
responselt is proposed to studyneumolysirdependent perturbation of the
transcriptome, proteome and epigenetic le@v@rimaryMDMs. It is plannedto study
differentialgeneexpressionn primaryMDMs using microarays, and differential
protein expression using labieée quantitative proteomichklext, havingestablishedhe
optimalMS methodto studyhistonePTMs (Chapter3), this methodwill beusedto
describepneumolysirdependenthangesn relativeabundancef histonePTMs
Finally, the transcriptomics and proteomics datasets will be integrated in order to tease
out great er und erespanseChdpted gill foctis on theeintegratiesnt 6 s
of the histone PTM profile with the associateahcriptomic data sets in order to draw
out conclusion regarding the role played by the histone PTMs in the@aibsigen
interaction.

In this chapter | set out to test the following hypothesis:
Is pneumolysin responsible for changes in histone PTMssathis associated
with changes in effector functions such as transcriptomic and proteomic profiles?

4.2 Results:

Changesn histonePTMs havebeenshownto occurasearlyas20 minutes
following exposuréo listeriolysin LLO) (Hamon et al., 2007 herefore initial
experimentsvereperformedo determingheearliestime atwhich MDMs changed
their activity in responséo bacterialchallengejnitially by measuringeleaseof pro-
inflammatorycytokinesfollowing exposurdgo S. pneumonia®r its pneumolysin
deficient mutan{adPLY). In order to assess the role played by pneumolysiinein
challenge of MDMs | used an isogenic mutant of the D39 parent strain which has a
STOP codon inserted at the beginning oftheumolysin PLY) generesulting in o
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pneumolysin being producedihis mutant will be referred to throughout the rest of the
chapter aséPLY.

4.2.1 Model of infective challenge in MDMs:

In orderto establisithe transcriptionglepigenetiandproteomicchanges
MDMs werechallengedvith opsoniseds. pneumoniaeerotype? stainD39 or the
isogenicmutantlackingpneumolysin(aPLY) or mockinfected.

4.2.2 Pro-inflammatory cytokine release during infection:

I n order to establish the earliest ti me
modified by the bacterial challenggjtokineproductionwasmeasurecstablishinghe
kinetics of the hostellds functional responsé&upernatantaierecollectedattime 0O,
0.5,1, 2, 3, 4, 5, 6nd7 hoursfollowing challengewith bothstrains The levels of the
pro-inflammatory cytokines TNfa andIL-6 were mesured in thesupernatantasing
ELISA. Theresultspresentedn Figure4.1 showthatthereleaseof TNF-a andIL-6 is
detectableasearlyas3 hoursfollowing exposurego bacteria The datashowsthatat 4
hoursfollowing exposurdo bacteriathe MDMs haverecognisedhe pathogerand
startedreleasingpro-inflammatorycytokinesin responseo eitherstrain(p<0.001).The
pneumolysirdeficientstrainis associatedvith significantly higheramountsof TNF-a
releasedhanisogenicparentstrainatthe4 hourtime point. This may be due to the
increased variability seen in respons&t@neumoniaand the small number of
replicates (n=3).

IL-6 production TNF o
1500+ 2000+ B8 S. pneumoniae
TE| TE' 15004 8 APLY
) 1000+ )
o 2 1000+
500+ 5004
2= 44
KN B IR RN S R
time (hr) time (hr)

Figure 4.1: Pro-inflammatory cytokine release following challenge with S.
pneumoniae with or without pneumolysin.

Alterations inproductionof TNF-a andILi 6 overtime. MeanandStandard=rror of the Mean(SEM) of
3 biologicalreplicatesunin technicalduplicates are showithereis a significantdifferencein therise of
TNF-a betweerthetwo strainsat4 hr, (blackline highlightsdifferencesbetweencontrolandadPLY, red
line betweercontrolandS pneumoniagblueline SpneumoniagandaPLY, * p<0.05, ** p<0.01, ****
p<0.0001).

4.2.2 Intracellular estimation of viability:

In orderto ensurethatbothstrainsof S. pneumonia@reinternalised byMDMs
to similar extentandthereforeprovidecomparablenumbers of intracellular bacteria to
stimulatealterations irthe proteome and transcriptome and host epigeniteumber
of viableintracellularbacteriaat 3 hoursin cells challengedvith eitherstrainwere
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measuredThe resuk show thabothstrainswerereadilyphagocytosethy the MDMs
(Figure4.2) and theras no significantdifferencein the numberof viable bacteria3
hoursfollowing challengewith S. pneumoniaer adPLY.

Therefore following 3 hoursof exposureMDMs haveingestedacteriain
similar numbersandstartedto releasepro-inflammatorycytokines These results
confirmthat3 hoursis a suitablgime point to usefor the studyof earlychangesn
abundancef PTMs of histonesFurthermorea similar time point has been used to
study transcriptomic effects of pneumolysin in undifferentiated -IHRRlIs(Rogers et
al., 2003)and changes in response to exogenous pneumolysin have been demonstrated
to occur as early as 20 min following exposiHamon et al., 2007 herefore this
time pointshouldenablemeto elicit theimpactof pneumolysin on the epigenome,
transcriptome and proteome

viable bacteria at 3hr

0 T T
& <
N
& =
bacteri a

Figure 4.2: Intracellular bacteria following 3 hour challenge with S.

pneumoni ae or @&PLY mutant.

14 dayold MDM s werechallengedvith eitherS. pneumoniaer the isogenic pneumolysin negative
mutantaPLY. At 3 hoursthecellswerelysed. Thelysateswerethenplatedoutto countthe numberof
viableintracellularbacteria The numberof bacteriain thewashweresubtractedrom thelysatesandthe
resultsexpressea@slogio of cfu/mL andrepresentedsbox plotswith min andmaxwhiskers (n=8,
pairedt testp=0.66)

Part A. Studying the effect of S pneumoniae infection on the transcriptomic

response in MDMs.

4.3 Establishing pneumolysin-dependent differential gene expression in
MDMs:

It hasbeenpreviouslyshownthatin undifferentiatedrHP-1 cells (a human
monocyticcell line) differentialgeneexpressionn a pneumolysirdependenianner
was observe¢Rogers et al., 2003These included a number of immune response genes
such as macrophage inflammatory protelm(MIP-1b), mannose binding lectin 1, 18
and prosaglandin E synthasd@.o dateit is not knownwhetherthesepneumolysin
dependentranscriptionablifferencesoccurredin primary humanmacrophagesr not
In orderto answetthis questionandestablishf anyof thesetranscriptionatifferences
occurredin apneumolysirdependeninanneyatranscriptomeavide analysiswas
performedfollowing exposureof MDMs to eitherthe parentstrainD39 or adPLY to
guantifychangesn mRNA expression
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Threehoursfollowing theinfectionof MDMs with eitherD39 or ad°LY, mRNA
wasextractedandhybridised to thedumanGenomeJ133Plus2.0 Array affymetrix
Chip for analysisthatis comprisedof 54 675probesetswhich according to the
manufacturers literature givedmostcomplete coverage of theiman protein coding
geneswascarriedout by the University of Sheffields corefacility (asdescribedn
Chapter2). Dataanalysiswasperformedin R. Briefly, quality controlof eachsample
wasestimatedusingAffyBatch functionfrom the simpleaffypackaggversion2.52.0)
(quality controlplots Appendixfigure 4.1.1-3). The probeswvhoseintensityfell within
thelowest20" centilewereremoved(astheseoftencorrespondo noisg leaving39 344
(of 54 675)probesets ProbessetswerethenbackgroundorrectedusinggcRMA

(Figure4.3).
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Figure 4.3: Boxplots of microarray samples before and after background

correction.
Theseboxplotsrepresentheintensitiesof all of theprobeson eachmicroarraybeforeandaftergcRMA
backgrounctorrection

3_PLY

Next, | establishedhe statisticallysignificantdifferenceshetweerthe probesets
dueto differencesdhetweerdonors(usingcut-off of adjustedo value<0.05, from the
moderated F statistic test feach probe)This resultedin 34 probesetswhichwere
excludedfrom subsequerdanalysis(Appendixtable4.1).

Then thedifferencesdhetweerthe probesetsdueto the differentconditions
(mockinfected(MI), S pneumoniagaPLY) wereestablishequsinga cut-off of
adjustedp value<0.05, from the moderated F statistic test for each prats resulted
in 1 872 probesetswhoseexpressiorthangedignificantlyasaresultof eitherbacterial
strain used in thehallengei Ne x t , in order to |l ook for
geres between the Ml arfél. pneumoniaehallenged cells within those 1 872 probes,
adjusted p values (to account for multiple test correction, using FDR) were calculated
from the moderated t statistics using an empirical Bayes method in limma. This has
becomeone of the key approaches for the analysis of microarray experiments (Ritchie
et al 2015) as it allows detection of small differences between sample, especially if n
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number is small, by taking into account all of the expression data from a replicate to
edimate the variance for each gene and compute a t statistic which in turn is used to
calculate and adjusted p value. Next, the comparison betwedt Hred aPLY

challenged cells was performed in the same manner. Briefly, adjusted p values were
calculated from the moderated t statistic giving rise to a list of differentially expressed
genes. Finally, the comparison betw& mpneumoniaandaPLY challenged cell was
performed to determine which preets were differentially expressed in a
pneumolysikd e pendent and independent manner . 0
Thefold changedor eachcomparisorwas also performed anblcanoplotswere
drawn(Figure4.5) illustratingthe fold changeandlogio p value Thisresultedin 1 596
probe-setswith ap value<0.05and1 243 aftermultiple testcorrection(p<0.05and
falsediscoveryrate(FDR <0.05 Appendix table £). Figure4 4 illustratesthe overlap

in differentially expressegrobesets Thereare503 which aredifferentially expressed

in apneumolysindependenmannerand234in anindependenimanner

Ml vs Son down-regulated

MI vs APLYup-regulated MI vs Son up-regulated

Figure 4.4: Butterfly plot of differentially expressed probe-sets greater than

2 fold change.

Thebutterfly plotillustratesthedifferentially expressegrobesetswith an adjusted p value of <0.05 and
an absolute fold change greater thaifiit¥ere are/42probes differentially expressed in response to
challenge with Spn, of which 348ere upregulated and 394 were dowegulated. In response to
challenge with thenutantstrain there were 403 probes with 103regulated and 300 down regulated.
There were 221 probes whose expression wagglated in response to challenge with Spn and down
regulated in th®PLY mutant challenge. There were also 80 probes whosesskpnevas increased in
the absence of PLY arttkcreased in the challenge with Spna3, adjusted p valug0.05,fold change

>2 or <2.
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Figure 4.4.1 Heatmap of the 1 872 probes identified by ANOVA as being

significantly different.

The first three replicates correspond to the mock infected samples, then the next three are the

samples challenged with the mutant DPLY, and finally the last three samples are those
challenged with Streptococcus pneumoniae.

Ml vs S pneumoniae

Mi vs APLY

APLY vs S pneumoniae
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L
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Figure 4.5: Volcano plots of the differentially expressed probe-sets.

These volcano plots illustrate the comparisons between either mock infected (NBl) @meLimonigeV|
and @&@PLY or b eSS meumoniagkie prabesatirdblue have a p value <0.05, in red an
adjusted p value0.05 (following FDR correction) and in green an adjusted p value <0.05 and an
absolute fold change greater than 1. There are more-gatbé¢hat are down regulated in response to
infection (64% in each case).

These results are consistent with previmsearchn THP-1 cellsthatshowed
142 genedo bedifferentially expressedh aPLY dependenimannerand40to be PLY
independenfRogers et al., 20037 his highlightsthatpneumolysirelicits a stronghost
responseavith moreprobesetsbeingdifferentially expressedhanfollowing challenge
with theadPLY mutant

4.3.2 Bioinformatic analysis of differentially expressed genes:

In orderto furtheranalysethetranscriptionatifferencesdetweereach
condition the probesetswereconvertedo Ensembidentifiersandpathwayenrichment
analysiswasperformedon thelist of differentially expressedenegAppendix table
4.2) for bothcomparisons

4.3.2.1 Gene ontology:

Thelist of differentially expressedenedor bothcomparisonsvasusedto
assessvhich of thegene ontology&O) pathwaysareenrichedusingGoStatgpackage
to performthe hypergeometrit¢estfor Molecularfunction Biological Procesand
Cellularcomponent

4.3.2.1.1 Cellular component:

ThetoptenGO Cellularcomponentermsweresimilar betweerbothsetsof
differentially expressedeneqFigure4.6). Thereweremoretermsenrichedin the
pneumolysinntactstrainthanthe mutantad’LY strain(61 vs 35). This s likely to be
secondaryo thegreatemumberof differentially expressedenesn the S. pneumoniae
infection
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S. pneumoniae vs Ml APLY vs MI
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Figure 4.6: Gene Ontology Cellular component term enrichment.

This figure showsthetop tenenrichedGO cellularcomponentermsin boththe pneumolysirmutantand
theparentstrainanalysis Thebubblesizeandcolourcorrespondo thenumberof geneghathavebeen
identified as belonging to th&O term Thebubblesareplottedalongthe x axisaccordingto theilogiop
valuefor theenrichment

4.3.2.1.2 Gene ontology biological processes:

Nexttheenrichmentor the GObiologicalprocesgermswereexaminedThis
revealedhatthetop tenmostenrichedtermsin both casesverepredominantlyrelated
to cell metabolism(Figure4.7). However therewerealsoa numberof termsrelatingto
cellularresponsefo fistres®  (inlSHneumoniaehallengeand15in theaPLY) and
in particularto oxidativestresgesponsesl he hosts oxidativestresgesponsebave
beenhighlightedasplayingakeyrole in the hostpathogerinteractionfollowing
infectionwith Spneumoniaen lung epithelialcells (Zahlten et al., 2015)urthermore
nuclearfactorerythroid2 (NRF2), the masteregulatorof antioxidantresponseglaysa
pivotalrole in the protectionagainstung injury (H. Zhao et al., 2017)ndeed NRF2
knockoutmice hadhighermortality ratesin responsdo lethalintraperitonealLPS
injectionsor CLP thanthereNRF2 positivecounterpart¢Thimmulappa et al., 20)6
Moreover this wasassociateavith greaterinflammatoryresponsén thelungsof NRF2
knockoutmice following intra-trachealLPSinstillation. Therefore the oxidantstress
responsgathwaysarepivotalin theresponséo infections through the regulation of
inflammatory responses
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Figure 4.7: Gene ontology biological processes enriched terms.

This figure showsthetop tenenrichedGO biological processetermsin boththe pneumolysirmutant
andtheparentstrainanalysis Thebubblesizeandcolour correspondo the numberof geneswvhich have
mappedo the GO term Thebubblesareplottedalongthe x axisaccordingto theilogl0 p valuefor the
enrichment

Thevolcanoplotsfor thedifferentially expressedenes belonging tthe GO
term foroxidativestresgesponseverethenplottedfor eachstrain(Figure4.8). These
resultshighlightedthatthe differentidly expressedenesn the pneumolysirdependent
mannemwerepredominantlyupregulatedvhereaghe comparisonnvolving the
pneumolysirdeficientmutantshowed these wedownregulatedindeed the TNF,
HMOX1 andPTGS genesverestronglyup-regulatedn apneumolysirdependent

manneranddownregulatedn theadPLY response
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Figure 4.8: Volcano plot of the genes belonging to the oxidative stress
response pathways for the responses to infective challenge with either S.

pneumoniaeor a@PLY.

Thisfigure representswo volcanoplotswith the changesn the geneexpressiorfor themembersof GO
term for oxidativestresgespons@athway comparedo MI. Thehighlightedgenesarefoundwithin the
significantlyexpressetist (q value<0.05).In redarethegenenameghatarefoundin challenge with
both strainsin bluethegenethatis only foundin theresponsé¢o aPLY challengeandin orangethe
pneumolysindependengienes

4.3.2.1.3 Gene ontology Molecular Function terms:

The GO enrichedtermsbelongingto themolecularfunctionswerealso
evaluated (seEigure4.9). This highlightedpredominantlyfibindingd andfinuclear
functions in responséo bothinfections

S. pneumoniae vs Ml /APLY vs Ml
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uridylyltransferase activity [ ] RNA polymerase Il distal enhancer sequence-specific DNA binding )
protein kinase binding . binding
GOI count
300
chromatin binding . protein domain specific binding .
200
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Figure 4.9: Gene Ontology Molecular Functions Enriched terms.

This figure showsthetop tenenrichedGO biological processetermsin boththe pneumolysirmutant
andtheparentstrainanalysis Thebubblesizeandcolour correspondo thenumberof geneghathave
mappedo the GO term Thebubblesareplottedalongthe x axisaccordingto thei log10 p valuefor the
enrichment

4.3.2.2 Kyoto encyclopaedia of genes and genomes enrichment:

TheKyoto encyclopaediaf genesandgenomegsiatabas¢éKEGG ) was also
usedto perform pathwagnrichmensearchesor the differentially expressegienesasa
resultof challengewith eitherstrain (sedable4.1). In bothcomparisonshe TNF-a
pathwayandthe NF-KappaB signallingpathwaywereenrichedin responséo infective
challengesvith eitherS pneumoniaer DPLY. In addition in responséo the DPLY
challengehe NOD-like receptorsignalling MAPK signallingpathwayandToll-like
receptorsignallingpathwaywerealsosignificantlyenriched

Overall the transcriptomic analysis has demonstrated a number of innate
immune responses to be enriched following challenge Svigmeumoniaéndeed the
TNF-a signalling pathway, the N&B pathway and the oxidative stress response are
differentially expessed. Furthermore, there are more genes that are differentially
expressed in a pneumolysin dependent manner. The gene ontology analysis of these
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demonstrated that there were several metabolic pathways enriched than in the
pneumolysin independent analysis.

Table 4.1: Summary of significantly enriched KEGG pathways relevant to
infection.

MI vs S. pneumoniae Ml vsd PLY
Pathway p.val g.val p.val g.val
MAPK signallingpathway 2.18-04 5.2CE-02 1.362-06 3.16e-04
ErbB signallingpathway 1.5F-04 3.65%E-02 8.8E-03 1.0CE+00
Cytokinecytokine 1.22-03 2.9F-01 2.27E-08 5.2%E-06
receptolinteraction
Chemokinesignalling 1.85-02 1.0CE+00 1.68-08 3.9E-06
pathway
NF-kappaB signalling 1.51E-09 3.6(E-07 6.67E-13 1.5%-10
pathway
Apoptosis 2.8(E-08 6.68E-06 1.76E-08 4.1CE-06
Necroptosis 2.78&-07 6.6E-05 6.05E-06 1.41E-03
Toll-like receptorsignalling 2.66E-03 6.35%-01 4.4CE-08 1.0%E-05
pathway
NOD-like receptorsignalling 2.12E-06 5.06E-04 2.1CE-07 4.9CE-05
pathway
TNF signallingpathway 8.34-09 1.9%-06 1.9F-15 4.5C(E-13
Fluid shearstressand 2.05%E-04 4.9CE-02 1.5CE-07 3.4%E-05
atherosclerosis

4.3.3 XGR enrichment analysis:

In addition to performing pathway enrichment of genes using NIPA (see chapter
2), | also repeated ttanalysis of the differentiallyx@ressed genes using XGR which
performs the similar hypergeometric enrichment analysis but can also perform
backgrounctorrection using thexpressiorof monocyte derived macrophage ceds
give a more cell type specific alysis.

Initially the canonical pathway analysis was performed for genes whose
expression was upegulated in response to challenge with Sptjysted p value <0.05).
This revealed 32 ovaepresented pathways (Table 4.1.1). Importantly this
demonstrated that both the TNF and the<IBFsignalling pathways were enriched. This
mirrors the analysis seen without background correction looking at KEGG and GO
biological process enrichment analyses.

Analysis of the 2 fold dowanegulated terms did noéveal any enriched
canonical pathways.
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Table 4.1.1 Canonical pathway analysis of up-regulated differentially
expressed probes following challenge of MDMs with Streptococcus

pneumoniae using XGR.

Term Name FDR Genes

AP-1 transcription factor network 0.0004 |ATF3, CXCL8, FABP4, FOSL2, JUN, MAFG, NR3C1
Calcineurin-regulated NFAT-dependent transcription in lymphocytes 0.0011[CREM, CXCL8, JUN, PTGS2, TLE4, TNF
Validated transcriptional targets of TAp63 isoforms 0.0011[CDKN1A, JAG1, PERP, PMAIP1

TNF receptor signaling pathway 0.0015|MAP4K5, NSMAF, SQSTM1, TNF, TNFAIP3, TRAF1
Downstream signaling in naive CD8+ T cells 0.0029|B2M, JUN, STAT4, TNF, TNFRSF4, TNFRSF9
Validated targets of C-MYC transcriptional repression 0.0029|CDKN1A, CFLAR, FOXO3, WNT5A

Direct p53 effectors 0.0029(ATF3, CDKN1A, DDIT4, DUSP5, JUN, PERP, PMAIP1, PRDMH1
Regulation of nuclear SMAD2/3 signaling 0.0029|ATF3, CDKN1A, FOXO3, JUN, NR3C1, RUNX2, SKIL, TGIF1
ATF-2 transcription factor network 0.0029|ATF3, CSRP2, CXCL8, DUSP5, JUN

Genes related to Wnt-mediated signal transduction 0.0029(B2M, CSNK1A1, JUN, TLE1, WNT5A

Validated transcriptional targets of AP1 family members Fra1 and Fra2 0.0049[(CXCL8, FOSL2, HMOX1, JUN

Canonical NF-kappaB pathway 0.0074|TNF, TNFAIP3, UBE2D3

Presenilin action in Notch and Wnt signaling 0.0074[CSNK1A1, JUN, TLE1

Regulation of retinoblastoma protein 0.0084(BRD2, CDKN1A, JUN, RUNX2

Tumor Necrosis Factor Pathway. 0.0084 [CFLAR, JUN, TNF, TNFAIP3

Genes encoding secreted soluble factors 0.012|CLCF1, CXCLS, IL15, IL1RN, PDGFB, TNF, WNT5A
TGF-beta receptor signaling 0.013|PPP1R15A, SKIL, XIAP, ZFYVE16

Notch signaling pathway 0.013|CDKN1A, JAG1, RBBP8

Signaling mediated by p38-alpha and p38-beta 0.013[JUN, MEF2A, PTGS2

Calcium signaling in the CD4+ TCR pathway 0.024|CREM, JUN, PTGS2

FoxO family signaling 0.024[CSNK1A1, FOXO3, RALA

Validated transcriptional targets of deltaNp63 isoforms 0.024|FOSL2, PERP, RAB38

Caspase cascade in apoptosis 0.032[LMNA, TNF, XIAP

CD40/CD40L signaling 0.032|JUN, TNFAIP3, TRAF1

Ensemble of genes encoding ECM-associated proteins including ECM-aff

0.032

CLCF1, CXCL8, IL15, IL1RN, PDGFB, TNF, WNT5A

HIF-1-alpha transcription factor network

0.032

HMOX1, JUN, PKM

IL1-mediated signaling events

0.032

IL1RN, JUN, SQSTM1

LPA receptor mediated events

0.032

CXCL8, JUN, LPAR2

Notch-mediated HES/HEY network

0.032

RBBP8, RUNX2, TLE1

Glucocorticoid receptor regulatory network

0.034

CDKN1A, CXCL8, JUN, NR3C1

Regulation of nuclear beta catenin signaling and target gene transcription|

0.034

CXCL8, JUN, TLE1, TLE4

HIV-1 Nef: Negative effector of Fas and TNF-alpha

0.045

CFLAR, TNF, TRAF1

Next the analysis was repeated looking at the differentially expressed genes
whose expression was dowegulated by greater than 2 fold in response to challenge
with theadPLY mutant. This revealed that thathways for TNF, NKB and CD40
signalling were gnificantly overrepresented (Table 4.1.2). This highlights the

importance of these pathways in the response to bacterial challenge. It also suggests that

pneumolysin is responsible for the increase iripfliammatory signals being released
and that the bst is able to modulate its response to infection by decreasing these
pathways in the context of the less virulent organism.

Table 4.1.2 Canonical pathway analysis of down-regulated differentially
expressed probes following challenge of MDMs with aPLY using XGR.

Term Name FDR Genes
Genes encoding secreted CCL1, CCL20, CCL3L3, CCL4, CLCF1, CXCL1, CXCL2, CXCL3,
soluble factors 6.10E-12 | CXCLS, IL15, IL1A, IL1B, INHBA, KITLG, TNF, WNT5A
Ensemble of genes encoding CCL1, CCL20, CCL3L3, CCL4, CLCF1, CRIM1, CXCL1, CXCL2,
extracellular matrix and CXCL3, CXCLS8, IL15, IL1A, IL1B, INHBA, KITLG, TNF,
extracellular matrix-associated TNFAIP6, WNT5A
proteins 8.00E-10
Ensemble of genes encoding CCL1, CCL20, CCL3L3, CCL4, CLCF1,CXCL1, CXCL2, CXCL3,
ECM-associated proteins CXCLS, IL15, IL1A, IL1B, INHBA, KITLG, TNF, WNT5A
including ECM-affilaited
proteins, ECM regulators and
secreted factors 2.20E-09
0.000001 | BIRC3, MAP4K5, NFKB1, NSMAF, SQSTM1, TNF, TNFAIP3,

TNF receptor signaling pathway 3 TRAF1

AIFM2, ATF3, CDKN1A, DDIT4, DUSP5, JUN, MCL1, PMAIP1,
Direct p53 effectors 0.000026 | PRDM1, TNFRSF10A

BIRC3, JUN, NFKB1, TDP2, TNFAIP3, TRAF1
CD40/CD40L signaling 0.000039
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Calcineurin-regulated NFAT-
dependent transcription in

CREM, CXCL8, JUN, PTGS2, TLE4, TNF

lymphocytes 0.00013
Validated transcriptional targets CXCL8, FOSL2, HMOX1, JUN, THBD
of AP1 family members Fral and
Fra2 0.00017
CXCL1, IL1B, NFKB1, STAT4, TNF
IL23-mediated signaling events 0.00017
BIRC3, NFKB1, NSMAF, TNF
Ceramide signaling pathway 0.00017
NFKB1, TNF, TNFAIP3, UBE2D3
Canonical NF-kappaB pathway 0.00017
AP-1 transcription factor ATF3, CXCL8, FOSL2, JUN, MAFG, NR3C1
network 0.00023
IL1A, IL1B, JUN, NFKB1, SQSTM1
IL1-mediated signaling events 0.00039
BIRC3, JUN, NFKB1, TNF, TNFAIP3
Tumor Necrosis Factor Pathway. | 0.00039
Validated targets of C-MYC CDKN1A, FOXO03, TJP2, WNT5A
transcriptional repression 0.00065
ATF-2 transcription factor ATF3, CSRP2, CXCL8, DUSP5, JUN
network 0.0009
IL1B, STAT4, TNF
IL27-mediated signaling events 0.0034
Validated transcriptional targets CDKN1A, JAG1, PMAIP1
of TAp63 isoforms 0.0034
HIF-1-alpha transcription factor HMOX1, JUN, MCL1, PKM
network 0.0038
Glucocorticoid receptor CDKN21A, CXCL8, JUN, NFKB1, NR3C1
regulatory network 0.0055
C-MYB transcription factor BIRC3, CDKN1A, KITLG, PTGS2
network 0.0063
HIV-1 Nef: Negative effector of BIRC3, NFKB1, TNF, TRAF1
Fas and TNF-alpha 0.0063
CCL4, IL1B, NFKB1, STAT4
IL12-mediated signaling events 0.0063
Signaling mediated by p38-alpha JUN, MEF2A, PTGS2
and p38-beta 0.0068
Regulation of nuclear SMAD2/3 ATF3, CDKN1A, FOX03, JUN, NR3C1, RUNX2
signaling 0.011
Validated transcriptional targets FOSL2, IL1A, RAB38
of deltaNp63 isoforms 0.013
Calcium signaling in the CD4+ CREM, JUN, PTGS2
TCR pathway 0.013
BIRC3, LMNA, TNF
Caspase cascade in apoptosis 0.019
Signaling events mediated by MXD1, NFKB1, TNF
HDAC Class | 0.019
CXCL8, JUN, NFKB1
LPA receptor mediated events 0.019
Regulation of retinoblastoma CDKN1A, JUN, RUNX2
protein 0.019
CSNK1A1, CXCLS, IL1A, NFKB1
Fas Signaling Pathway 0.02
Angiopoietin receptor Tie2- CDKN1A, NFKB1, TNF
mediated signaling 0.029
Genes related to Wnt-mediated CSNK1A1, JUN, WNT5A
signal transduction 0.029
Regulation of Androgen receptor JUN, NR3C1, REL
activity 0.04
JUN, MXD1, NFKB1
Regulation of Telomerase 0.04

Finally, the analysis of the up-regulated genes in response to challenge

with DPLY revealed 4 canonical pathways to be over-represented. Three of
these were cell signalling pathways highlighting the role play by these during

challenge with bacteria.

105




Table 4.1.3 Canonical pathway analysis of up-regulated differentially
expressed probes following challenge of MDMs with aPLY using XGR.

Term Name FDR Genes

B Cell Antigen Receptor 0.0049 BLNK, ITPKB, PIK3CD
Members of the BCR signaling pathway 0.0056 BLNK, NFATC1, PIK3CD
Class | PI3K signaling events 0.0056 BLNK, PIK3CD, PLEKHA2
BCR signaling pathway 0.016 BLNK, CAMK2G, NFATC1

Overall, the analysis of the microarray with background correction using XGR

re-iterated the importance of the TNF andKN\B-pathways in the response to

Streptococcus pneumoniadections.It did not show significant difference between in

the enriched pathays compared to analysis with NIPA. This is probably due to the fact
that the NIPA analysis uses a similar background correction by taking into account all

of the genes identified (including those not differentially expressed) during the analysis
prior to performing

asparof t he

Part B Studying the effect of S pneumoniae infection on the proteome in

MDMs

4.4 Label-free proteomic analysis:

Having establishedhatthereis a transcriptionatlifferencein the hostcell
responsdollowing challengewith S. pneumonia®r aPLY, further studies were

funi ver seo

performed to study the effects &fpneumonia®n the proteome of MDMSs.

4.4.1 Three-hour following bacterial challenge:

Threehoursfollowing the exposureof MDMs with eitherS. pneumoniaer
aPLY, cellsfrom three biological replicateserelysedandproteinquantification
carriedout (seeChapter2). Proteinswerethensubjectedo reductionandalkylation
prior totrypsindigestionwith the useof FASP (seeChapter2 for furtherdetails.
SamplesverethendesaltedisingeitherHypersepM tips or using hypercarb column

andoff line HPLC fractionation The samplesverethenanalysedisingmass

spectrometry on @rbitrapQE HF. TheRAW files from each condition (mock infected,
challenged witls. pneumoniaandDPLY) in the 3 biological replicateserethen

searchedisingMaxQuantto performthe proteinidentificationsandlabelfree

guantification(LFQ) asdescribedn Chapter2. Dataanalysiswasperformedin R.
Briefly, thematchedo thereverseandthe contaminantiatabasevereremovedthen
only themajority proteinidentificationswith morethantwo uniquepeptidesverekept

(Table4.2 summariseshedatafiltering process

Table 4.2: Summary of protein identifications from MDMs following
infection with either S. pneumoniae o r

&ePLY

The three biological replicates are represented by A, B and C. The nunmbajoaty protein

identifications at each stage are reported, showing the sdrobkeverse, contaminant and less than two

unique peptide matches.
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Donor A B C A B C A B C average
Majority protein identifications | 1318 | 1468 | 1435 1347 | 1385 | 1322 | 1410 | 1422 | 1418 1392
reverse matches removed 1316 | 1465 | 1433 | 1346 | 1385 | 1317 | 1406 | 1414 | 1407 1388
contaminant matches removed | 1300 | 1449 | 1420 | 1331 | 1370 | 1304 | 1390 | 1399 | 1396 1373
>2 unique peptide matches 1102 | 1232 | 1200| 1150 | 1217 | 1130 | 1132 | 1172 | 1097 1159

4.4.2 Label-free quantification:

Following initial protein identifications from the MDMs infected with eitlser
pneumonia®r &PLY, further analysis was
differentially expressedProtein quantifiation was performed using labe¢e
guantification wihin the MaxQant softwae (Cox et al., 2014and se€hapter 2

TheLFQ intensitywasthennormalisedoy the medianof the LFQ intensitiesfor
thatsampleandlog2 transformed(Figure4.10 illustratesthe correctionof intensities)

perfo

Boxplot of uncorrected LFQ intensities Boxplot of median corrected LFQ intensities

Figure 4.10: Boxplot of LFQ intensities before and after median correction
prior to differential analysis.

Theseboxplotsillustratethelog 2 LFQ intensityfor the proteinsidentified beforeandafterthemedian
correction

Then arepeatedneasure®ANOVA usingLimma packageof the LFQ
intensitiesfor theremainingmajority proteinidentificationswasperformed, to enable
comparison to the microarranalysis(Goeminne et al., 2016) his showeds majority
proteinidentificationswith anF statisticvalueof lessthan0.05. Themoderated tests
werethencalculatedor thesefive proteinsandmultiple testcorrectionapplied
(summarisedn Table4.3).
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Table 4.3: Differentially expressed proteins at 3 hours following challenge

with S pneumoniae or DPLY.

MI vs S pneumoniae MI vsPLY
Majority
Protein ID logFC | pval g val logFC | pval q val protein name Genename
QO0702, Complementomponentl
13L3Q7; Q subcomponerbinding
13L3B0O -1.88 0.002 0.012 -1.014 | 0.133 | 0.133 protein mitochondrial C1QBP
P56134;
C93JT5;Ca ATP synthasesubunitf,
U26;G3v325 | -1.839 | 0.006 0.015 -2.801 | 0.010 | 0.017 mitochondrial ATP5J2
VIGYM 8;
Q92974; Rho guaninenucleotide
Q5VvVY93 -0.748 | 0.029 0.048 -1.089 | 0.005 | 0.011 exchangdactor2 ARHGEF 2
P12277,
G3V4AN7 0.945 0.054 0.068 3.175 0.002 | 0.011 CreatinekinaseB-type CKB
HOY8C6;
000410 -0.422 | 0.337 0.337 -1.941 | 0.029 | 0.036 Importin-5 IPO5

Complement component 1 Q subcomporanting protein (C1QBJis a
multifunctional protein involved in inflammation and infection. It has been associated
with enabling entry of pathogens such_#steria monocytogenasto cells(Braun et

al., 2000) It has also been shown to be involved in complement mediated immune
suppression via phosphoinositi&kinase(Waggoner et al., 2005 urthermore, it is a

competitive inhibitor of the hyaluronidase ®f pneumane (Yadav et al., 2009)
C1QBP has been demonstrated to localise at the mitochondria, where in mice it has
been shown to protect against oxidative stress mediated (M=BEE and Baines,
2011) Conversely, it has also been demonstratdabtpreapoptotic by allowing
calcium influx to the mitochondria, and is inhibited by MdlXiao et al, 2014) In
murine sepsis models, C1QBP has led to increased survival associated with decreased

release of IE6 compared to C1QBP deficient mi®asaki et al., 2017Therefore, the

decrease in the abundance of C1QBP in response to both bacterial challenges maybe

due

t o

t he

host r el

easi

ng

t

to

to limit its inhibitory activity on the complement mediated immune response, be
associated with the alteration in protection against oxidative stress or reduction in early

apoptosis.

Rho guanine nucleotide exchange factoARKIGEF2) is thought to fulfil

numerous roles including innate immune responses. It has been implicated in the

detection of intracellular microbial components alongside NO3higella flexneri
invasion(Fukazawa et al., 2008t has also been shown to regulate the microbial

sensing via the NOD2 pathw&yhao et al., 2012 Thus, the decrease in abundance
may be secondary to the detection of intracell8lapneumoniae

Importin5 is involved in the transport of ribosomal proteins into the nucleus
(J&kel and Girlich, 1998) The increase in creatinenkse B abundance may reflect the

combat t

increased energy demands placed on the host cell by infection. Surprisingly the ATP
synthase subunit f, which is involved in the generation of ATP and therefore energy
generation, is decreased in response to exposuréttatoains.

In light of the paucityof differentially expressegroteinsa principle component

analysiswasperformedfor the proteinsidentifiedin all of thesampleqFigure4.11).
The resultshowthatthe differencesdbetweerdonorsis greaterthanthe effectof the
bacterialchallengeat this earlytime point
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Principle component analysis
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Figure 4.11: Principle component analysis of the proteins identified in all of
the runs.

Principlecomponentinalysisof the majority proteinidentificationseenin all of the12 samplesThe
threedonorsarecolouredred, greenandbluerespectively The mockinfectedsamplesarerepresentetty
theletterM, the Spneumoniaehallengedsamplesarerepresentetdy theletter D, andthe DPLY by the
letter P. This illustratesthatthe majority of thedifferencebetweerthe sampless dueto differences
betweerdonorsratherthanexperimentatondition (n=3)

Onepossibleexplanatiorfor the paucityof differentially expressegroteins
following bacterialkchallengemaybethatthe changes in the e | pto@a@ne are not
large enough to be detected by a shotgun proteomic approach at such an early time
point. In light of this, theinfectionswererepeatecndextendedo six hours to sed the
later time point gave rise to larger differences in the global proteDnezellswere
thencollectedandthe labelfree proteomecharacterisedsfor the 3 hourtime point
(describedn Chapterd.4.1; Appendixfigure 4.2 showsthe LFQ intensitiesfollowing
normalisation Appendixtable4.2 summariseshe datafiltering process

Thefiltered andmediancorrected_FQ intensitieswerethenusedto detect
statistical differences b&NOVA followed by calculatingthe moderated testsbetween
themockinfectedandeitherS pneumonia®r DPLY. This identified 32 majority
proteinidentificationsthatweredifferentially expressethetweerthethreeconditions
(summarisedn Appendixtable4.3). The results show that J8oteinsaredifferentially
expressedh responseo infectionswith Spneumoniagand22 in response&o DPLY.
Figure4.12 illustratesthe overlapbetweereachbacterialchallenge The results show
that8 proteinsweredifferentially expresseah a pneumolysirdependenmannerand9
werecommonto bacterial strainsGiventhe smallnumberof differentially expressed
proteins pathwayenrichmentnalysisis notappropriate

Although the absolute number of differentially expressed proteins is small, this
is in keeping with a number previously published proteomic studies. In a study ef THP
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1 cells infected witiMycobaterium tuberculosisnly 61 proteins were found to be
differentially regulatedP. Li et al., 2017)In a study of alveolar macrophages infected
with porcine reproductive and respiratory syndrome virus only 95 proteins were
differentially expresse{Qu et al., 2017)Furthermore, this study has used @igncells
and thedifference inbetween donors is such that snehfferences as a result of
treatment may be masked (as illustrateBigure 411).

MI vs S pneumoniae Ml vs PLY

8 (26%)

Figure 4.12: Venn diagram of differentially expressed proteins after 6 hour
infection. This Venndiagramillustratesthe 32 proteinsthatwereidentified asdifferentially regulated
following 6 hour challengewith wither Spneumoniaer DPLY.

Of thepneumolysirdependendifferentially expressegdroteins the serine/
threonineproteinkinasel, (@lsoknownasoxidativestresgesponsgroteinl, OXSR1)
hasbeenshownto regulateresponsesecondaryo environmentastresgChen et al.,
2004) Thisis interestingasit complementshe transcriptomiadatawherethe oxidative
stresgesponsewereoverrepresented in the pathway analysis

In addition,the probableglobaltranscriptionactivatorSNF2L2 / Brahma
proteinencodedy switch/'sucrosenonfermentabl SWI/SNF) related matrix
associatedactindependentegulatorof chromatin subfamilyA, member2 /
4(SMARCA 2 / 4) genes and thieanscriptionactivatorBrahmarelatedgenel (BRG1)
protein encoded by SMARCAdreassociateavith regulationof genetranscriptionby
chromatinremodelling(Wilson and Roberts, 2011} he ubiquitindomainrcontaining
proteinl (UBTD 1) is associatedvith thecellularsenescenceia a positivefeedback
loop with tumour protein TP53; p53)Zhang et al., 20)5The ATP dependenRNA
helicaseDDX46 (DDX46) is associateavith pre mRNA splicing (Will et al., 2002)
The probable28S rRNA (cytosing4447)C(5))-methyltransferasencodedor by the
NOP2 genehasbeenshownto be associatedvith the assemblyof the largesubunitof
theribosomeandmayplayarole in cell cycleandproliferation(Sloan et al., 2013 he
coiled-coil domaincontainingprotein22 (CCDC22) hasbeenshownto beinvolvedin
theNFK B signallingandits depletionleadsto blockadeof signalling(Starokadomskyy
et al., 2013) The 6-phosphoglucoolactonaseroteinis partof the pentosghosphate
pathway(Collard et al., 1999)

Takentogetherthe pneumolysindependentlifferentially expressegbroteinsare
predominantlyinvolvedin theregulationof genetranscriptionpossiblyby chromatin
remodelling modulationof the TP53 andNFK B pathwaysaswell asinterferencewith
theassemblyof theribosome
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4.5.1 Comparison of proteomic analysis of the 3 hour and 6 hour infective

challenge time points:

The overlapbetweerthedifferentially expressed proteins identified from tBie
hourand6 hourinfective challengewasestablishedqFigure4.13). Theresultsshowed
thatof thetotal majority proteinsidentifiedin the mass spectrometry analysi8%
werecommonto bothanalysesOf the proteinsidentified ashavingchangesn their
abundancéy the ANOVA analysis,4 of the5 at 3 hoursand16 of the32 at6 hours
wereidentifiedin bothsearchesOf these20 proteins LFQ intensitieswveremeasuredn
bothsearche# 8 casesThefold changesn the LFQ intensitiesat eachtime pointare
comparedor bothanalysegseeFigure4.14).

3hr proteome 6hr proteome

1060
(38%)

Figure 4.13: Overlap of the proteins identified after 3 and 6 hour bacterial

challenges.
Venndiagramillustratingthe overlapin the majority proteinIDs from both the 3 hourandthe6 hour

proteomes
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Figure 4.14: Fold change in abundance of proteins after 3 hours and 6 hours

bacterial challenges.
Thisfigureillustratesthe changesn theabundancesf the proteinsidentified asdifferentially expressed

by ANOVA betweerMI andSpneumoniaehallengedtells (top) andtheDPLY challengectells
(bottom). Theredbarshowsthefold changeat 3 hoursandthe bluebarthatof the6 houranalysis
Protein ID are the Uniprot identifiers or the majority protein identifications from the MaxQuant analysis.

For 2 of the 8 proteins quantified in both searches the fold changes were in the
same direction at both timemts. ThreoninetRNA ligasewas identified in both
searches and in both comparisons as having decreased expression in response to
infective challenged?robable 28S rRNA (cytosine(444C)5))methyltransferagevas
also found to have an increase in abundance in response to intgdbiath time points

in both comparisons.
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4.5.2 Integration of transcriptomic and proteomic analyses:

The central dogma of biology proposed by Crick in 1958 and widely accepted
since, dictates that DNA is translated into mRNA, which is in turn transiatied
proteins(Crick, 1958) Howeverlarge number o$tudieshavedemonstratethatthere
is poor correlationbetweertranscriptomendproteomedatasets(Chen et al., 2002;
Ghazalpour et al., 2011; Pascal et al., 2008; Stare et al.,. 20d&gdseveral
mechanismsontrolthe conversiorof MRNA to proteinthat are not limited to
transcriptional efficiency (abundance of mRNA) but also translational efficiency
including posttranslationamodificationsof themRNA, halflife of mMRNA transcripts
andincreaséd proteindegradatiorwhich mayexplainthelack of correlation seen
betweerthetwo datasets in some studigtare et al., 2017More recently, the
correlation between the two datasets has been improved by the use abfpkoAein
ratios demonstrating that it is theoretically possible to infer the protein abundance from
the transcript level, although ghdoes remain controversial and requires a spike in PRM
method to establish the absolute protein abundance for each cell lirggl studbtain
the RNAto-protein ratiogEdfors et al., 2016)

Having establishedhe changesn thetranscriptomeandthe proteomeof MDMs
following challengewith S. pneumoniaer DPLY, nextthe overlapbetweerthetwo
wasexamined The5 proteinsthatwereidentifiedat the 3hour time point abeing
differentially requlatedveremappedusingEnsembidentifiersto the microarraydata
(Figure4.15). This showsthatalthough there appears to be reasonable correlation
between the fold changes in mRNA transcripts and the fold changes in abundance of
proteins this is not statistically significarfp>0.05). This may be in part duette
microarrayandproteomegxomingfrom differentdonorsor to the small number of
comparisons being made (n=5) as | limited the comparison to the proteins that were

differentially regulated.

Significant protein changes Mi vs Spn Significant protein changes Ml vs PLY Significant protein changes Ml vs Spn
(O o) ’ S
2 o 2
g 2 g o <
S ° 5] ‘_;
kel =
s . s =
c ° = T
2 2 k<]
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5 = -
ki 0.0 0.2 04 06
0 o 0 08 10 -0z ot oo ot 02 03 Affymetrix probe fold change
Affymetrix probe fold change Aﬂymgt_rgfr;);f_fglg change rho=0.7, tau=0.61
rh0=0.7, tau=0.6 e

Figure 4.15: Correlation between proteomic data and microarray data

obtained after 3 hour infective challenge.

Thescatterplotsllustratethe correlationbetweerthe fold changesn themicroarrayprobeintensitiesand
the LFQ intensitiesbetweerthe M|l andS. pneumoniaehallengectells (top), Ml andPLY (middle) and
S pneumonia@ndPLY (bottom).n=5,Pear s onds cpoaluesedrexalculaiedfor @anhd
comparisonTheregressiodine is plottedin red

In addition,the comparisorbetweerthe microarrayandthe 6 hourproteome
wascarriedout (seeFigure 4.16. This showspoor correlationbetweerthetwo datasets
which maybe down to the small number of comparisons being made (n=32), to the
different time points (3 hours for the microarray and 6 hours for the protemrdag
the fact that the two data sets are from different donors
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Ml vs Spn Mi vs PLY Spn vs PLY

LFQ protein fold change

Aff{}metrix f)?obe fold ch.’angens Affyrhnzatrix probe fgld change 7 Affyr;]:gtrix probén;old chang;

tho=0.108, p=0.589 tho=0.306, p=0.119 th0=0.352, p=0.071

Figure 4.16: Correlation between proteomic data following a 6 hour
infective challenge and microarray data following a 3 hour infective

challenge.

Thescatterplotsllustratethe correlationbetweerthefold changesn themicroarrayprobeintensitiesat 3
hoursandthe LFQ intensitiesat 6 hoursbetweerthe Ml andS. pneumoniaehallengectells (top), Ml
andPLY (middle) andS. pneumonia@ndPLY (bottom). n=32, Spearmamho and pvaluescalculatedfor
eachcomparisonTheregressiorinesareplottedin greenandthelocally weightedscatterplosmoothing
(Lowesy fits to thedataareplottedin red

However, the results show that the proteins that were found to be significantly
differentially expressed at the 6 hour time point (by ANOVA), the corresponding
Affymetrix probes for two of them were also differentially expressed at 3 hbakdg
4.4). Neitheror these proteins were identified in the 3 hour proteomic analysis.

The vacuolar protein sorting 13 C protein (VPSLB&CGssociated with
mitochondrial function. Loss of VPSC is associated with mitochondrial
fragmentation, and loss of membrane potential as well as an increase in maximal
respiratioriLesage et al., 2016Haloacid dehalogenase like hydrolase domain
containing 5 (HDHDY protein is not well described in the litewee, it is associated
with cat eye syndrome in humafi=ootz et al., 2001)Cat eye syndrome is a rare
genetic disease caused by tri or tetrasomy of the short arm of chromosome 22. It is
associated with a number defects affecting different organs, the commonest of which is
a coloboma (up to 50%

Table 4.4: Differentially expressed proteins with corresponding changes in
microarray values.

Mictoarray log fold change p value
Spnvs 0 PLY vs Spnvs 6 PLY vs Spnvs

Name probe ID Ml Ml 6 PLY Spnvs MI Ml 6 PLY F.value
VPS13C | 218396 _at -0.565 -0.337 -0.228 0.012 0.094 0.235 0.036
HDHD5 | 218592 s at | -1.119 -0.989 -0.130 0.008 0.015 0.701 0.016

Proteome
VPS13C | Q709C8 -1.828 -2.059 0.231 0.002 0.0002 0.674 0.0005
HDHD5 | Q9BXW?7 -0.874 -2.794 1.920 0.229 0.0002 0.001 0.0003
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Part C Studying the effect of S pneumoniae infection on Histone PTMs in
MDMs.

4.6 Histone post-translational modifications:

Having establishedhatthereis pneumolysindependeneffect on the
transcriptomeandto a lesserextenton the proteome of MDMsn the bacterial
challenganode| subsequent studies wgrerformed to study the effect on tRéMs
landscapéo provide furtheinsight at the epigenetic levéis describedn Chapter2
following challengewith eitherS pneumonia@r DPLY, cellswerecollectedandthe
histonesurified, chemicallyderivitised trypsindigesteddesaltecandanalysedy
massspectrometryDataanalysiswvasperformedin Epiprofile with manual verification
using Skyline (as described @hapters ZandChapter 3.

4.6.2 Studying the effect of S. pneumoniae infection on Histone PTMs:

Histonesamplesverepreparedasdescribedn Chapter2 andsimilarly to the
samplepreparatiorfor analysisonthe maXis (Chapterd.5.1) acid extractechistones
werepropionylatedwice, trypsindigestedandre-propionylated Then,theywere
desaltedusingHypersepM tips andre-suspendeth 0.05%HFBA and3% ACN prior to
analysisonthe QExactiveHF Orbitrap HistonePTMswereidentified usingEpiprofile
(Yuan et al., 203) andmanuallyverified usingSkyline (Schilling et al., 2012)The
guantificationwasperformedin Epiprofile for all of the peptidesexcept
KSAPATGGVKKPHRandKSAPSTGGVKKPHRwhichwerequantifiedmanually
usingSkyline asEpiprofile failed to correctlyassignall of the PTMsin thesepeptides
A summary of the relative quantification of the histone PTMs on histone $t®i8n n

(Figure4.18)

Table 4.5: Summary of the significant changes in relative abundance of
histone PTMs identified following bacterial challenge.

Histone PTM S. pneumoniae 6 PLY
H3K4mel Up Down
H3K9me2 Down Up
H3K23ac Up Up
H3K27me2 Down Up
H3K27me2K36me2 Up
H3K27me3K36mel Down
H3.3K27me2K36mel Up Up
H3.3K27me2K36me2 Down Down
H3.3K36me2 Up Down
H3K79me2 Down Up

The results show that responséo challengewith S. pneumoniaghereis an
increasan H3K4mel relativeto the DPLY, thedecreasén H3K9me2 is maintainedand
interestinglyin responseo DPLY therelativeabundancef H3K9me2 is increased
comparedo MI (Figure4.18 panelA). Thereis anincreasén thelevel of H3K23acin
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responséo bothbacterialchallengesalthoughtheresponséo S. pneumonia@ppears
to begreates{Figure4.18 panelB). The resultshow a small decreaseH8K27me2
following challengeS. pneumoniaevhen comparetb DPLY. In addition,thereseemed
to bearelativeincreasan thelevel of thecombinatoriaimnarkK27 andK36
dimethylation(H3K27me2K36me2) andareciprocaldrop K27 trimethylation andK36
monomethylatioi{H3K27me3K36mel) in responséo DPLY challengecomparedo
MI.

The results also show that on the peptide KSAPSV&KPHR of histone H3.3
there is an increase in the relative abundance of K36me2. In addition, there was an
increase in the combinatorial PTMs K27 dimethylation K36 monomethylation
(H3.3K27me2K36me)l with a reciprocal drop in théimethylationof lysines 27 and
36 (H3.3K27me2K36me2Analysis of the EIAQDFKTDLR peptide shows that
although the trend to an increase in H3K79mel in resporepioeumoniaehallenge
was observed does not reach sigitance in this dataseHowever, a decrease in the
level of the H3K79me2 was observed.

There were no changes in the relative abundance of the histone PTMs on the
YQSTELLIR and the VTIMPKDIQLAR peptidesAppendixfigure 43).
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Figure 4.18: Changes in the relative abundance of the PTMs on histone H3

in a pneumolysin-dependent manner on the QE.

These bar charts summarise the relative abundance in the histone PTMs identified on hidtamelHS.
on the TKQTAR peptide there is a relative increase in the level of H3K4mel following challendg® with
pneumonia€Green) in comparison to th¥LY (red). panel b) o the KSTGGKAPR peptide there is a
drop in the level of H3K9me2 in a pneumolysiapendent manner compared to both mock infected (Ml;
blue) andDPLY. panel c) a the KQLATKAAR there is a relative increase in the level of H3K23ac in
responsed both bacterial challengeBanel d) o the KSAPATGGVKKPHR peptide; there was relatively
less abundant H3K27me?2 following challenge v8ttpneumoniathan withDPLY. In addition there is

an increase in the level of H3K27me2K36me2 and a reciprocal didpA7me3K36mel in response

to DPLY challenge compared to MPanel epn the EIAQDFKTDLR peptide there is an increase in the
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relative abundance of H3K79me2 following challenge \RRLY. Finally, panel f) a the
KSAPSTGGVKKPHR peptide of H3.3 there is imarease in H3.3K36me2 and in H3.3K27me2K36mel
with a reciprocal drop in H3.3K27me2K36me2. (n=3. One way ANOVA, * p<0.05, ** p<0.01, ***
p<0.001).

Having identified changes in relative abundance on histone H3, | then examined
the changes in relative abundance for the GKGGKGLGKGGAKR and KVLR peptides
of histoneH4 (Eigure 4.19. Theresults showed a significaimcrease in the abundance
of acetylation on K16 (H4K16acln addition,there was also a decrease in the
dimethylated form of K20 (H4K20me2) and a reciprocal increase in the
monomethylated form (H4K20mgin a pneumolysidependent manner.
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Figure 4.19: Relative quantification of histone H4 PTMs upon challenge with

S. pneumoniae.

These bar charts summarise the relative abundance in the histone PTMs identifsgdranH4 a)

Relative abundance of GKGGKGLGKGGAKR peptide proteoforms reesdsative increase in the

level of H4K16ac following challenge with.pneumoniadgreen) in comparison to tHRPLY (red).b)

Relative abundance of KVLR peptide proteoforms reveals there is a decrease in the level of H4K20me2
in a pneumolysirdependent manner compared to both Ml (blue)HY and a reciprocal increase in

the H4K20mel. Conversely for the cells challenged DRLY there was a rise in H4K20me2 and a fall

in the level of H4K20mel. (n=3. One way ANOVA, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

A summary of the changes in the relative abundance of PTMs in response to
infection withS. pneumoniam a pneimolysindependent manner is summarised
Table 4.5 Thefollowing sections will discuss the roles of these epigenetics marks.

4.7.1 H3K4me1l:

The relative abundance of H3K4mel levels was shown to increase in response
to infective challenge wits. pneumoniagzhen compared to the challenge widALY
(see Figure 4.18H3K4mel is predominantly associated with active or poised
enhancers and also found, to a lesser extent, on pror(®éeski et al., 2007;
Heintzman et al., 200. However, a clear function for this mark has yet to be
established. H3K4me1l hasdn found with K9 acetylation #te transcription start sites
of genegqLiang et al., 2004)A careful balanceccursbetween the trimethylated and
monomethylated form at promoter regipas when H3K4mel is found on its own it is
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associated with gene repressirt when it is in minaty compared to H3K4me3 then

it is seen at the site of actively transcribed gd@deng et al., 200). It has been shown

to delineate boundaries of promoters in conjunction with the H3K4me3 mark that are
associated with active gene transcripti@meng et al., 20)4Furthermore, the

concomitant presence of H3K27ac at enhancer sites is associated with gene activation
(Okabe et al., 2017NIthough the exact contribution of H3K4mel to active gene
transcription is less cleaasgenetranscription was only marginally paired when
H3K4mel was removeflom enhancergDorighi et al., 201Y.

In terminally differentiated cells such ascrophages, the enhancer landscape is
remodelled by TLR4 stimulation and is associated with the formation of de novo
enhancers marked by H3K4mgaikkonen et al., 2013)The depasion of H3K4mel
at enhancer sites is associated with faster and stronger response follestingutation
with LPS, which may represent a memory like mechanism for thes€@setlsni et al.,

2013) Indeed the H3K4mel PTM is maintained after the removal of H3K&aeed

et al., 2014)Infection with Epstein Barr virus was associated with a loss of repressive
marks and an increased in H3K4mel and H3K27ac at enhancer sites highlighting the
important roleplayed by H3K4mel in the host response to infedii@kabe et al.,
2017)Furthermore, H3K4mel was shown to be deposited in the enhancer region of host
defence genes in macrophages infected Mighobacterium tuberculos{®outtier et

al., 2016) H3K4mel at enhancers has been shown to be associated with different
transcriptional states dependiag which PTMs icoexists with, suggesting that there

are multiple layers of control over genariscription at these sit€Soldi et al. 2017)

The presence of both H3K4mahd H3K27a@t enhancerbas been associated with

active transcriptioffPradeepa, 201/yvhereas the presencebafthH3K4mel and

H3K36me2 was found at intronic and extragenic regithesco-localisationof

H3K4mel with eitheH3K79me2or H3K36me3 was mainly found at intro(fSoldi et

al., 2017) The authors went on to show that the combination of
H3K4melH3K27adK79me2 and H3K4mel3K27a¢K36me3at enhancera/as

associated with distinct aspects of the macrophage inflammatory respbase.
H3K4mel/H3K27ac/H3K79me2 enhancers were found to be associated with the GO
term Apositive response to JUN kinase aci
H3K4mel/H3KZ ac/ K36 me3 was associated with t he
term. The authors conclude that the distinct enhancer motif control different aspects of
the inflammatory response.

H3K4mel is removed by the demethylase lysine specific demethylase 1
(LSD1)(Shi et al., 2001 It appears to not have any activity on trimethylated lysine
residues. It is also responsible for demethylation of lysine 9 resioln Histone H3
(Metzger et al., 2005 The exact mechanism of the demethylation is unclear but appears
to be a flavin dependent mono amine oxidative professeris et al., 2006 Set9 is
the methyltransferase respsible for methylation of H3K@Nishioka et al., 2002)it
was found that methylation of H3K4 was associated with inhibition of methylation of
H3K9 by SET domain of the human homologdrbsophik Su(var)39 (Suv39h)l As
the methylation of H3K9 is associated with the formation of heterochroawadilgene
repressionthe authors suggest that H3K4methylation is therefore adedaiith the
maintenance of active transcripti@Mishioka et al., 2002

Finally, theincrease irH3K4mel in response to challenge w&hpneumoniae
infection inMDMs is consistent with the literature suggesting that aitdr4
stimulation(Kaikkonen et al., 2013).PS challeng€Ostuni et al., 2013)r infection
with EBV (Okabe et al., 201#helevels ofH3K4melincrease. Given that the majority
of the literature supports a role for H3K4mel at enhancers in active or poised genes, it
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is likely that e increasebserved in my system relates to the recruitment of genes to
the immune response.

4.7.2 H3K9me2:

The rehtive abundance of H3K9me2 levels was seen to decrease in response to
challenge witl5. pneumonigéut increase in response to challenge WRLY (see
Figure 4.18)

H3K9me2 is primarily associated with gene repression by orchestrating
heterochromatin fonationand covers large genomic domaf{k®uzarides, 2002;

Lienert et al., 2011; Tachibana et al., 2002)s thought to play a critical role in the
differentiation process of pluripotent cells into differentiated ¢®llsn et al., 2009)
Although some controversy persists, it has been suggested that dimethylation of H3K9
occurs as part of the differentiation process of embryonic stem cells into tissue specific
lineageqWen et al., 2009)Following differentiation, up to 30% of the genome was
found to be associated with regions of H3K9me2. However, more recently, the increase
in global amounts of H3K9me2 upon differentiation has been challhgatert et al.,
2011). The authors pragse that local variations in H3ne2 abundance rather than

large changes iglobal levels play a role in the stabilisation of transcriptional response
of differentiated cell€ompared to their pluripotent stem cell ancestérey $iow that

the presence of H3K9me2 is exclusive to the regions of active gene transcription.
Regulation of the differentiation of monocytes into macrophages has been shown to
involve the modulation of H3K9me2 levdldoeksema and de Winther, 2016

H3K9me2 has also been demonstrated to be key in regulating inflammatory
responses in terminally differentiated cells such as macrophages. The presence of
H3K9me2 at the promoter sites for genes involved in interferon and antiviral responses
was assdated with decreased gene transcripiibang et al., 2012)The response to
LPS challenge in macrophages was associated with removal of H3K9me2 and increased
gene transcriptio(Saccani and Natoli, 2002Zfurthermore, H3K9me2 has been shown
to be removed from the promoter regions of previously transcriptionally silent genes
involved in the inflammatory response following LPS stimulation, which are mediated
via NFKB dependenpathwayqEssen et al., 2010)ndeeal, in macrophages, the stress
response transcription factor ATF7 has been show to recruit G9a leading to
dimethylation of H3K9, which was reversed by stimulation with I(P&shida et al.,
2015a)

Dimethylaton of H3K9 is mediated by the methyltransferase (&zzar et al.,
2008; Scheer and Zaph, 2017; Tachibana et al., 2002)removal of H3K9me2 can
involve a number of different demethylases such as L@@tzger et al., 2005amine
oxidase flavin containing 1A©fl also known agysine-specific histone demethylase 2
(LSD2) or lysine demethylase 1B@dm1b)(Essen et al., 2010Kdm3a/Kdm3h (Ebata
et al., 2017)pr PHD finger protein 8*HF§(Zhu et al., 2010)

Finally, the decrease observed in the relative abundance of H3K9me2 following
bacterial challenge may represent the removal of repressive press@rtaim genes to
all ow activation of distinct transcriptomic m
response to infection.

4.7.3 H3K23ac:

Following infective challenge with eith&. pneumoniaer DPLY in MDMs
there is a rise in the relative abundance 8KBI3ac compared to the mock infected
cells(see Figure 4.18)
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Theacetylationof lysine 23 hasnot beenextensivelydescribedn theliterature
In Arabidopsisthe presencef H3K23acis associateavith activegenetranscription(Lu
et al., 2015; L. Wang et al., 201T) DrosophilaH3K 23acwasfoundatthe promoter
sitesof activelytranscribedyenegBodai et al., 2012)n humansthe acetylationof
H3K23 hasbeenfoundto berecognisedy tripartite motif containing24 (TRIM24),
whichreadsthe combinatoriaimodificationH3K 4 unmodifiedandH3K 23ac (Tsai et
al., 2010. Thisin turnbindsthe oestrogemeceptorandleadsto increasedestrogen
dependengeneexpressionHigh levelsof TRIM24 andH3K23acin breastcancer
tissuewasassociatedavith poorsurvivalMa et al., 2016)Moreover, the lysine
acetyltansferase 6A (KAT6Ahas been shown to acetylate H3K23 recruiting TRIM24
and play a role in the formation of gliom@ss et al., 2017)Therefore, given the
increase in relative abundance of H3K23ac following infective challenge in my model,
it is likely that this occurs at the site of genes that are actively transcribed and therefor
may constitute part of the hostds respon:

4.7.4 KSAPATGGVKKPHR peptide:

Following challengewith S. pneumoniaetherewasarelativedecreasén the
abundancef H3K27me2 whencomparedo the DPLY challengectells.

H3K27me2 hasbeenshownin embryonicstemcellsto be oneof themost
abundanPTM, whereit wasfound primarily in intergenicregionsandappeardo play a
role in preventingaberrantcetylationof lysine 27 (Ferrari et al.2014). This suggests
thatit is aprimarily repressivenark H3K27 is methylatedby the polycombrepressive
complex2 (PCRR) to bothdimethylatedandtrimethylatedstate Conway et al., 2015;
Juan et al., 2016)

Furthermoretheauthorsshowedhatthetwo modificationswereassociated
with functionallydistinctregionsof theirembryonicstemcells (Juan et al., 20)6The
differentmethylationstatesof lysine 27 areassociatedvith distincttranscriptional
profiles themonomethylatedorm, in combinationwith H3K36me3, is seenin regions
of activegenetranscription in contrasthe dimethylatedorm is shownto play arole in
generepressiorfFerrari et al., 2014 psis thetrimethylatedform (Barski et al., 2007)
TheH3K27me2 markhas beemssociateavith repressiorof metabolicgenesandthe
H3K27me3 of developmentagjeneqJuan et al., 2016)n CD4+ T cellsboththe
H3K27me2 andH3K27me3 markwereassociateavith generepressiorfWang et al.,
2008) Both thedimethylatedandthetrimethylatedform of lysine 27 aredemethylated
by JIMJDS (Burchfield et al., 2015; Chen et al.,1220 De Santa et al., 2009#deed
JMJIDB wasshownto removethe H3K27me3 in macrophagestimulatedwith LPS (De
Santa et al., 2009b)MJID3 hasbeenshownto be essentiafor thedifferentiationand
polarisationof macrophageéSatoh et al., 2010Highlighting the critical role playedby
this modificationin the hostresponse

Given that this mdris decreased following challenge wihpneumoniae
compared to the challenge willPLY, it is possible that thigredominantly repressive
mark is being removed to allow the activation of genes related to metabolism as part of
t he cel | Oisfectvechgtlemges e t o

In thecellschallengedvith DPLY, therewasalsoan increasein therelative
abundancef H3K27me2K36me2 anddecreasén the H3K27me3K36mel PTMs (see
Figure 4.18) This highlightsthe advantagesf mass spectrometry to identify
combinatorial marksver antibody based approachdsich wouldnot have identified
them
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Theliteratureis rathersparsevhenexaminingcombinatoriaimodifications
Indeed astheyhaveprimarily beenidentified by MS, functional studiesdescribingthe
rolesplayedby combinatoriaimodificationsarelacking Thedimethylationof H3K27
andH3K 36 wasfoundto beincreasedn diabeticrats(W. Wang et al., 2017Dneof
theearlystudiesof histonePTMs acrossspeciehassuggestedhatthe combinatorial
modificationshavearisenby the co-evolution oftwo or moreenzymeghatmaintainthe
different PTMsacrosssukaryoticspeciesthe authors suggest that as the species
become more complex (from eukaryotesrammal$, the complexity and
combinatorial nature of PTMs becomes more prominent, indeed they demathsirate
severaktombinatoriaimodificationsarelackingin yeast(Garcia et al., 2007)
Furthermore, they suggest that the more complex an organitm imore repressive
marks it possesse&notherstudysuggestshatlysine methylationcanactasabuffer
for the maintenancef epigenetianarksduringcell division asthe levelsacquiredoy
thedaughtercell arenotasabundanasthe parentalone(Xu et al., 2011)

H3K 36 methylationhasbeenshownto be associateavith euchromatirand
thereforewith activegenetranscription(Miao and Natarajan, 2005; Vakoc et al., 2006)
H3K36me2 hasbeenshownto antagonisé®RC andthereforethe methylationof lysine
27 (Ballaré et al., 2012; Yuan et al., 201The authorssuggesthatthis controlsthe
progressiorof repressivehromatin It hasalsobeenshownto be depositedafterdouble
strandedNA breaks aspartof therepairmechanisn{Fnu et al., 2011 Both H3K36
monoanddi-methylationaremethylatedoy theabsentsmall or homeotiel (ASH1))
subfamilyof SET domainproteins(Tanaka et al., 2007)

Giventhatmethylationof K27 is associateavith generepressiorandconversely
themethylationof K36 is associatedvith activegenetranscriptiortherole of the
combinatoriaimodificationsis likely to be complex andmaybeinvolvedin thefine
tuning of theseevents

4.7.5 KSAPSTGGVKKPHR peptide:

On the KSAPSTGGVKKPHR peptide of H3.3 there is an increase in
H3.3K36me2 and in H3.3K27me2K36mel with a reciprocap in
H3.3K27me2K36me2 in response to challenge Bitpneumoniaand similar changes
in H3.3K27me2K36mel and H3.3K27me2K36me2 in response to challengBRtith
(see Figure 4.18)

HistoneH3.3is avariantof histoneH3.1/2thatdiffers by 4 aminoacidsat
positions87, 89, 90and96 (Szenker et al., 2011 3.3 hasbeenfoundto be enrichedat
regionsof activetranscriptionin Helacells (Xu et al., 2010suggestinghatit playsa
keyrole in genetranscriptioncontrol FurthermoreH3.3wasfoundto bedepositedn
exchangdor H3.1 at sitesof activetranscription(Schwartz and Ahmad, 2003) has
alsobeenfoundto beassociatedavith the enhanceregionsof activelytranscribedyenes
(Chen et al., 2013H3.3 hasbeenshownto accumulatevith agein murinetissuesand
correlatesvith alteredpatternsof H3 PTMs (Tvardovskiy et al., 2017 heexactrole
of H3.3is still to be mordully elucidatedandthe functionof PTMsonH3.3arelikely
to besimilarto its counterpart®n H3.1 but haveyetto be extensivelydetermined

4.7.6 H3K79 methylation:

Following challenge with thBPLY there is an increase in the relative
abundance of H3K79me2 on the EIAQDFKTDLR with a reciprocal drop in the
unmodified form of the peptid@ee Figure 4.18)
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Thepreciserole playedby H3K79mel is yetto befully understoodit hasbeen
foundto localiseat bothpromoterregionsof activetranscription siteandintergenic
silenttranscription(Steger et al., 2008)hdeed the authors shw that with successive
levels of methylation (dimethylated and trimethylated) the marks were closer to the
promoter regions and docalised with H3K4me2/me3. They suggest therefore that the
monomethylated form might act as a template for long range egrisaaned a poised
mark at promoters whereas the ald trimethylatedorm act as an activator at the
promoterslit has been proposed thaBki79mel mightplay arole in thelocalisationof
long rangeenhancers~urthermoreit hasbeenshownthatH3K 79 methylationis
associateavith H3K4mel at promotersitesandcorrelatesvith H3K 9acsuggestingn
interplaybetweerthetwo PTMs(Zhang et al., 2004However the observatiorthat
genetranscriptionis maintainedat the sameratefollowing depletionof H3K79
methylationraisesthe possibility thatits functionmay bedistinctfrom transcription
regulationandinsteadplay arole in genomestability. This contrastswith other studies
that have showR3K79mel levelto behighly predictiveof genetranscription(Karlil
et al., 2010)H3K79mel has been associated with active gene transcription whereas the
trimethylated form, H3K79mel3 associated with repressed transcrip{Barrand and
Collas, 2010; Barski et al., 2007he function of the dimethylated lysine 79 is yet to be
fully elucidated, as H3K79me2 has been linked to a¢kada et al., 2005
transcription in some studies but not oth@arski et al., 2007)In cardiac myocytes
H3K79me2 has been shown to control different transcriptional networks at different
stages of the cells differentiatig€6attaneo et al., 2016Moreover, H3K79me2 has
been shown to play a role in the control of gene transcription during the haemopoetic
differentiation of aute myeloid leukaemia by enhancing DNA accessil(ly et al.,
2015) Thustheexactrole of the H3K79 methylationremainsto befully explained

4.7.7 Histone H4:

In response to the bacterial challenge Vtlpneumonigéehere is a rise in the
relative abundance of H4K16da. murine embryonic stem cells acetylation of histone
H4K16 has been assated with active gene transcription as it was found not only in
the transcription start site of genes but also in active enhancers accompanied by
H3K4mel(Taylor et al., 2018 However, in yeast cells H4K16ac was not associated
with active transidption (Kurdistani et al., 2004Moreover, in human embryonic
kidney 293cells H4K16ac only had a modest effect on transcriptional regulation,
suggesting that as with many other PTMs the rold416ac may vary from cell type
to cell type(Horikoshi et al., 2013)The exact role for H4K16dn human cells is
therefore yet to be fully determined. It has been shown to be associated with double
stranded DNA repair mechanisms by maintaining chromatin in an accessible open
structure and thus enabling detection of DNA dam(&f@rma et al., 2010; Zhong et
al., 2017) In human CD4+ T cells the combination of H4K16ac and with other
acetylated PTMs was associated with moderate to high rates of gene transcription
(Wang et al., 2008H4K16ac has been demonstrated to be removed by sirtuin 1
(Sirt))(Vaquero et al., 209. Hypoacetylation of H4K16 was associated with the
demethylation of H3K79me1l and with recruitment of Histone H1 leading to repression
of gene transcription.

H4K20 methylation has been shown to be critical for embryonic
developmen{Oda et al., 2009)The authors demonstrated that following depletion of
PR-Set75et8KMT5a, thelysinemethyltransferas@KMT ) responsible for the
formation of H4K20mel there was a loss of both H4K20mel and H4K20me2/3 as well
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as defects in the condensation of the chromatin highlighting its importance for normal
embryogenesis. Indeed depletion of H4K20mel was associated with mitotic defects
(Julien and Herr, 24). The authors suggest that the progression from

monomethylation to the dimethylated form of H4K20 may cause irreversible changes in
higher order chromatin structure. H4K20me1l has been shown to associate with regions
of silent gene transcription and-tocalises with H4K9me{Sims et al., 2006)

H4K20me2 has also been associated witbl@in double stranded DNA repair

(Pellegrino et al., 2017Mycobacterium tuberculosizas been shown to induce the

Set8 methyltransferasea the induction of the microRNA 36&&p, which causedH4K20
methylation andhis in turn leads tap-regulation of NAD(P)H dehydrogenase quinone

1 (NQOJ and thioredoxin reductase (TRXR&hich are associated with the negative
regulation of inflammation and apoptosis redpely, thus formingoart of the

pathogens immune evasion stratégingh et al., 2017)

4.8 Conclusions:

In this chapter the effect of pneumolysin MDMs has been examined at the
transcriptional, proteomic and epigenome level. Follov@rgpurexposureo S.
pneumoniaer DPLY, | demonstrated that MD&have ingesteditherbacteria in
similar numbers and started to releaseipflammatory cytokinesThreehours
following theinfectionof MDMs with eitherD39 or ad°LY, mRNA wasextractedand
affymetrix Chip analysisperformed to determingneumolysindependent differentially
expressed genes.

The microarray analysis showed that 503 probes are differentially expressed

in pneumolysin-dependent manner. A number of probes relate to genes involved
in the immune response such as TNF, and HMOX1. Pathway analysis of the
differentially expressed probes highlighted the importance of metabolic pathways
in response to infection, and in particular the role for oxidative stress responses.
The oxidative stress response has been shown to be up-regulated following S
pneumoniae infections in lung epithelial cells (Zahlten et al., 2015). As this
response is also demonstrated in MDMs this provides further evidence for the
important role played by oxidative stress responses following infections with S
pneumoniae. Given the role played by NRF2 as a master regulator of oxidative
stress responses in the lung this may provide a further therapeutic avenue by
modulating NRF2 levels during infection. Furthermore, the KEGG pathway
analysis for both of the infective challenges highlighted NFKB, NOD-like receptor
and TNF signalling as enriched pathways emphasising their importance in the
hostds response to infective challenge.

The labelfree quantitativgproteomic analysis revealed only small numbers of
significantly differentially expressed proteirs proteins were differentially expressed
after 3 hoursof infective challengand 8 proteins were differentially expressed in a
pneumolysirdependent mannéollowing a 6 hour challenge. This data set also showed
an oxidative stress response protein being differentially expressed further reinforcing
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the pivotal role played by oxidative stress responses in the context of infeCiransf

the reasons for theelativdy small number of differentially expressed proteins may be
the large differences between thelogical replicates. Furthermore, several studies

have shown only modest correlation between transcriptomic and proteomic datasets
(Chen et al., 2002; Ghazalpour et 20,11; Pascal et al., 2008; Stare et al., 20d4/R)ch
might further explain the small number of differentially expressed proteins. Moreover,
the translation from altered transcriptional response to altered proteome may be longer
than the 6 hour time @ studied, and it might be of benefit to extend the time point
further. Indeedin the study of proteomic responseMotuberculosisand pathogenic
porcine reproductive and respiratory syndrome virus both authors used a 24 hour time
point(H. Li et al., 2017; Qu et al., 2017 is possible that the differentially expressed
proteins are of relatively low abundance and therefore not readily detected using a
shotgun proteomics approach, as the more abundant structural proteins such as
cytoskeletal proteins were readily identified but not differentially expressed.

Finally, the global histone PTMs landscape study has shown that there are several
changes in the relative abundance of histone ®Mesponse t8 pneumoniadJsing
the datandependent method optimised@apter 31 wasable to dentify and quantify
84 different peptide proteoforms. Of theteere were 5 whose relative abundance
changed in a pneumolysin dependent manner. This is to my knowledfjesthime
that this approach has been used to study the changes in relative abundstoaef
PTMs in primary MDMs in response & pneumoniad.he advantages of mass
spectrometry were emphasised by the identification of combinatorial marks ad3®oth
and H3.3 that would not have been possible using antibody based approaches.
Interestingly several of these modifications are associated with gene transcription. The
exact function of PTMs is yet to be fully described. It is likely to vary between cell
types, furthermore individual PTMs wonot
combinatorial code of fine tuningh response environmental stressergh as response
to bacterial infectiomnd at later time points @NA damageNevertheless, in lighdf
the changes observed in response to challengeSwpheumoniasamely the rise in
H3K4mel, H3K23ac, H4K16ac and given the decrease in H3K9me2, H3K79me?2 it is
possible that these changes represent the removal of repressive marksirzareédbe
in marks associated with active gene transcription thereby allowing the host response to
occur. This highlights the important role played by PTMs in the response to infection
and therefore offer novel possible immunomodulating therapeutic avdmoagh the
use of emerging classes of drugs that target the enzymes that regulate these histone
PTMs.
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Chapter 5: The role of histonePTMsi n _t he host s response

5.1 Introduction:

There are few studies of the impa€tive bacteria on histone PTMs in primary
cells and the functional consequences of these are not fully understood. Following
infection of cell lines with.. monocytogenesnd orlL. pneumophiliachanges in histone
PTMs have been demonstrated and in the cfk. pneumophilighese were associated
with changes in the immune respon@eskandarian et al., 2013; Rolando et al., 2013;
Rolando and Buchrieser, 2014)

Following previous studies @hapter 4hat identified a number of histone
PTMschangingabundance upon challenge w&hpneumonigdurther studies were
performed to provide additional mechanistisight into the epigenomics associated
with S. pneumoniadn an attempt to infer a role for the changes observed in the relative
abundance of histone PTMs during challenge Bitpneumoniaédaving established
that histone PTMs were modulateédring early infection, next | sought to establish if
these could account for changes in the transcriptome. In order to establish this, |
performed RNAseq to establish the transcriptional activity of these cells at this early
time point. Then | performe@hlP-seq for key histone PTMs to characterise the
genomic location of these and their relationship to the differentially expressed igenes.
obtained a further set of paired RNA, cross linked chromatin and histone samples from
9 individuals. As there werenty very few significant changes in the relative abundance
of PTMs in response to challenge wWidRLY and in order to keep the number of
samples to sequence and the amount of MS time down only the mock infected and the
cells challenged witls. pneumoniaas described itChapter 2veretaken forward for
further analysis. Briefly, cells from nine different donors were either mock infected or
challenged witts. pneumonigehen at 3 hours following challenge cells werdei
taken for histone analysis, or RNA was collected in TriRedfemtcross linked in
formaldehyde for Chif3eq. This resulted in paired samples for which Rd¢4, ChIP
seq and histone PTM analysis was possible.

In this chapter | hypothesised that nfmétions in histone PTMs arising in
response to bacterial challenge occur at specific genomic location and are in turn
associated with changes in gene transcription.

5.1 Analysis of the relative abundance of histone PTMs following challenge
with S. pneumoniae:

Following mass spectrometry analysis of the relative abundance of histone
PTMs following challenge witls. pneumoniaandDPLY in monocyte derived
macrophages (i€hapter 4, | identified a number of changes in thelative abundance
of histone PTMs in a pneumalin dependent manner. In thibi&pter, | obtained paired
samples of RNA, crosknked chromatin and histones from 9 different individuals with
and without in vitro challenge t8.pneumoniaeThe sample prepations were as
described irChapter 3

Figures 51, 5.2 and5.3 illustrates the changes in relative abundance seen
following 3 hour chakknge withS. pneumoniaanalysed using Orbitrap QExactive HF.
This enabled the identification of several PTMs (as describ€thapter 4and
summarised ippendix table 3). The changes ithe relative abundance of histone
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PTMs in H3 are consistent with those seen in the comparison of challenge & both
pneumoniaelescribed irChapter 4

The results show a number of histone PTMs are altered in abundance in response to
challenge witls. pneumoniamcluding an increase in H3K4mehd a decrease in
H3K9me2 (which is maintained compared to Mf)dure 5.}. In addition, the results
show that there is also an increase in the level of H3K23ac, a decrease H3K27me2 and a
reciprocal increase in the abundance of H3K27me3 in response to challen§e with
pneumoniaeHowever, despite increasing the number of sampialy/sed, although a
similar trend was observed, the changes in the combinatorial modifications described in
Chapter 4 (in response to challenge VviDELY) did not reach statistical significance in
this subset of samplegShere was no significant changetie relative abundance of
PTMs on the YQSTELLIR, EIAQFKTDLR and VTIMPKDIQLAR peptides of histone
H3.

1001 _ 0
S s
o 80- & 401 *
(8] C
c ©
© o .
T 60 c 30
3 3
o 40- . 0 20
= =
8 50 | | % 101
& o .

0-
g R VR VI VR G B G &

6 N g < (/] < @q’b’ b"b' b:b. b"b‘ b"b' b"b'

S ® N S S C& &

S s » NV D O
N + + S PP @'Zr
& S

KSAPATGGVKKPHR
C) KQLATKAAR d)
50
100 ° 5
X 504 D a0l |1
- Jnn |
c T ©
3 |'| T 304
E 15- %
© o 207 &
g 1] g 1
8 ] 8 104
g ° E
o 0-

S N N N NONADIINIEADN DN
e B e
S S @ g SRR

N\ Ny S (ARAK) (AR &
& * ORI
N T P

Figure 5.1: Changes in relative abundance of histone PTMs on histone H3
following 3 hour challenge with S. pneumoniae analysed on Orbitrap
QExactive HF.

This figure illustrates the changes in the relative abundance of the PTMs observed for the different peptides of Histane H3 i
are the abundances of the mock infected samples and in red those of the samplesdheleBgpneumoniad®anel a) represents
the decrease in H3K4me of the TQTAR peptide (n=7, t tests, * px@@hel b) highlights the decrease in H3K9me2 and
reciprocal increase in H3K9mel and the unmodified form of the KSTGGKAPR peptide (n=8, p+&s05), Panel c) illustrates
the increase in H3K23ac of the KQLATKAR peptide (n=8, t tests, * pJOR¥nel d) represents the increase in H3K27me3 and
reciprocal fall in the abundance of H3K27m@28, t tests, * p<0.05).
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Analysis of the PTMs on histort¢3.3 revealed that on the identified
KSAPSTGGVKKPHR peptide, the relative abundance of lysine 36 dimethylation
(H3.3K36me2 was significantly increasedigure 5.2.

KSAPSTGGVKKPHR
801

K%k

60

Relative abundance %

Figure 5.2: Changes in relative abundance of histone PTMs on histone H3.3
following 3 hour challenge with S. pneumoniae analysed on Orbitrap
QExactive HF.

This figure illustrates the relative abundance of all of the PTMs observed for the KSAPSTGGVKKPHIR péptistone H3.3.
n=8, t tests, *** p <0.001g<0.001,in blue are the abundances of the mock infected samples and in red those of the samples
challenged witts. pneumoniae.

On histone H4Kigure 53) there was aincrease in the monomethylation of
lysine 20 (H4K20mel1and a reciprocal decrease in the dimethylated form
(H4K20me3. There was also a trend towards increase in the abundance of H4K16ac
however this fded to reach significance in this subset of samples.
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Figure 5.3: Changes in relative abundance of histone PTMs on histone H4
following 3 hour challenge with S. pneumoniae analysed on Orbitrap
QExactive HF.

This figure illustrates the relative abundandall of the PTMs observed for the different peptides of Histd®en=8, t tests, *** p
<0.001,in blue are the abundances of the mock infected samples and in red those of the samples challehgatkwitioniae.
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This data therefore confirms that ttetative abundance of several different

histone PTMs change in response to challenge Svifftneumoniai two separate

experiments. As discussed in Chapter 1V, several of these marks have been associated
with the control of gene expression and thus maypy a

infection.

rol e

i n

5.2 Transcriptomic analysis of MDMs challenged with S pneumoniae:

host 6s

Having established the changes occurring at a global histone PTMs level, next
the changes in gene transcription were established in paired samplesegMas
performed as describéa Chapter 2Briefly, following 3 hour chdenge of MDMs with
S. pneumoniaer mock infectedRNA was extracted from samples lysed in Tri Reagent
using DirectZol™ extraction kits as per the manufactdsgprotocol. The extracted
RNA was then transferred to the core facility who prepared theigisrand sequenced

the samples on the HiSCASQ (as described in Chapter 2).

Quality control of the RNAseq runs was performed by FASTQC (as described
in chapeter 2). This demonstrated that overall the REéraw datavas of good
guality. Read dpth wa estimated based on number readsle as between3X (read
depth= (fragment length x number of reads ) / genome length). Overall this conforms
with the number of reads required by ENCODE for an R$¢4 experiment to compare
abundances of transcripts be®sw two conditions. In addition, the mean coverage depth
was measured using QualiMap and iasd to be22. This takes into account the
number of reads per genomic region and therefore represents a better esttapth o

of sequenci n gcedby the reégions sfithé genomae riot iderdified.
I nitially,

t he

sampl es

Table 5.1: Differentially expressed transcripts.
Transcripts identifiedollowing quasimapping to the RefSeq transcriptoared differential expression

assessenh EdgeR, all upregulated following infective challenge (n=3)

wer e

anal ysed
(Pertea et al., 2016)vhich uses HISAT2ZKim et al., 2015}0 align the samples to the
reference HG38 genome, then StringRertea et al., 201%)as used to generate the
transcript count tables and finally differential expression was assessed using Ballgown
in R. This identified 197,782 transcripts of which wherfgrening differential
expression only 199 had a p value of less than 0.001. Unfortunately, none of the
transcripts identified were differentially regulated after multiple test correction is taken
into consideration (FDR <0.0%Appendixtable 5.2shows the top 10 transcripts).

Therefore, in order to assess differential expression at gene level rather than look
for novel transcripts, | used the quasapping to the reference transcriptome approach
from Salmon(Patro et al., 2017p generate transcript level count tables and assessed
differential expression using EdgéRobinson et al., 2010)

This approach identified 155 010 transcri6% of the 203 903 known
transcripts in EnsemblDf thesewhen performing differential expression analy8&7
had a p value of less than 0.05, and 47 wersidered to be fferentially expressed
as the transcripts had a g value of less than 0.05 (FER)g 51).

In order to establish the total number of genes identified at least once by the
RNA-seq the Salmon transcript count data was convéstgdne level count data using
txtimport. This revealed 24 104 genes identified in at least one sample (61% of human
genes of the 39 297 in the Ensmbl biomart database used to convert transcript to genes).

RefSeq ID

Gene hame

g value

Fold

to Ml

change Spn
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NR_033926.1 actin gamma 1 pseudogene 20 0.01961 -3.79

NM_021006.5 C-C motif chemokine ligand 3 like 1 variant 1 0.00193 -9.16

NR_111964.1 C-C motif chemokine ligand 3 like 1, variant 2 0.00232 -8.98

NR_111969.1 C-C motif chemokine ligand 4 like lvariant CCL4Ldelta2 0.03280 -7.51

NM_001565.3 C-X-C motif chemokine ligand 10 0.00000 -15.59

NM_001199880.1 | early growth response 3, transcript variant 2 0.01521 -3.83

NM_001199881.1 | early growth response 3, transcript variant 3 0.01521 -3.83

NM_004430.2 early growth response 3, transcript variant 1 0.01421 -3.77

XM_005273425.3 | early growth response 3 (EGR3), transcript variant X1 0.01521 -3.83

XM_005273426.3 | early growth response 3 (EGR3), transcript variant X3 0.01521 -3.84

XM_011544429.2 | early growth response 3 (EGR3), transcript variant X2 0.01557 -3.82

NM_015675.3 growth arrest and DNA damage inducible beta 0.00011 -3.97
Nuclear growth arrest and DNA damage inducible beta

XM_017026822.1 | (GADDA45B), transcript variant X1 0.00010 -3.98

NM_000619.2 Interferon gamma 0.00000 -207.52

XR_937617.2 uncharacterized LOC105372754 0.00012 -6.65

XR_001754988.1 | uncharacterized LOC107985489 0.00732 -5.17

XR_001756620.1 | uncharacterized LOC107987437 0.01521 -7.26

NR_001458.3 MIR155 host gene 0.00752 -3.51
nuclear receptor subfamily 4 group A member 1,

NM_001202233.1 | transcript varint 3 0.00193 -2.99
nuclear receptor subfamily 4 group A member 1,

NM_001202234.1 | transcript varint 4 0.00247 -2.90
nuclear receptor subfamily 4 group A member 1,

NM_002135.4 transcript varint 1 0.00193 -2.99
nuclear receptor subfamily 4 group A member 1,

NM_173157.2 transcript variant 2 0.00171 -3.03
nuclear receptor subfamily 4 group A member 1 (NR4A1),

XM_005268822.3 | transcript variant X1 0.00230 -2.95
nuclear receptor subfamily 4 group A member 1 (NR4A1),

XM _005268824.3 | transcript variant X4 0.00211 -2.98
nuclear receptor subfamily 4 group A member 1 (NR4A1),

XM_006719363.1 | transcript variant X3 0.00193 -2.98
nuclear receptor subfamily 4 group A member 1 (NR4A1),

XM_006719364.3 | transcript variant X5 0.00232 -2.96
nuclear receptor subfamily 4 group A member 1 (NR4AL),

XM_017019247.1 | transcript variant X2 0.00193 -3.00

NM_006186.3 nuclear receptor subfamily 4 group Amember 2 0.00193 -2.81
uclear receptor subfamily 4 group A member 2 (NR4A2),

XM_005246621.3 | transcript variant X1 0.00211 -2.84
Homo sapiens nuclear receptor subfamily 4 group A member 2

XM_005246622.3 | (NR4A2), transcript variant X6 0.00247 -2.91
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XM_006712553.3 | transcript variant X3 0.00300 -2.76
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XM_011511246.1 | transcript variant X5 0.00247 -2.76
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XM_017004219.1 | transcript variant X2 0.00247 -2.83
nuclear receptor subfamily 4 group Amember 2 (NR4A2),

XM_017004220.1 | transcript variant X4 0.00353 -2.73
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XR_001738751.1 | transcript variant X8 0.00294 -2.71
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XR_001738752.1 | transcript variant X9 0.00391 -2.79
nuclear receptor subfamily 4 group A member 2 (NR4A2),

XR_427087.3 transcript variant X7 0.00284 -2.74

NM_002852.3 Pentraxin 3 0.00353 -4.94

NR_002716.3 U2 small nuclear 1 0.00006 -7.51
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NR_004394.1 U6 smallnuclear 1 0.00000 -13.62
NR_125730.1 U6 small nuclear 2 0.02262 -3.11
NR_104084.1 U6 small nuclear 7 0.00000 -12.20
NR_104088.1 U6 small nuclear 8 0.00000 -12.20
NR_104080.1 U6 small nuclear 9 0.02262 -3.11
NM_000594.3 Tumour necrosis factor 0.00193 -13.23
NM_001178096.1 | Coagulation factor lll, tissue factor (F3) transcript variant 2 0.01943 -2.56
NM_001993.4 Coagulation factor llI, tissue factor (F3) transcript variant 1 0.02060 -2.54

The RNAsseq analysis revealed 47 transcripts that were differentially expressed
after challenge witls. pneumonia@y<0.05). These relate to 18 different genomic
locations. Given the low number of geppathway analysis was not performed.

The GC motif chremokine ligand 3 like 1(CCL3DI1gene encodes the
chemotactic cytokine known as macrophage inflammatory protein-Q&d/PD78b ). It
attracts both lympdcytes and monocytes as part of the inflammatory response. It has
been shown to potently bind to chemokine receptor 5 (CdRb also receptors 1 and
3 (Struyf et al., 2001)It therefore plays a key role ihd host response to the
macrophage tropic Human immunodeficiency wiumfection(Proost et al., 2000)
Importantly it is upregulated during pneumococcal infecaod associated with
macrophage recruitme(fillion et al.,2001)

C-C motif chemokine ligand 4 like 1(CCL4)fiene encodes the chemotactic
cytokine know as MIPLb. It was first identified following endotoxin stimulation of
macrophageéWolpe et al., 1988)Like MIP-1a, it binds to CCR5 cell surface receptor
and acts as a chemoattractant andipflammatory cytokine. Both CCL3L1 and
CCLA4L1 can competitively bind to CCR5 thereby impairing Hi\éntry into cells
(Shao et al., 20Q71t is also upregulated by pneumococcal infection and is linked to
macrophage recruitme(fillion et al., 2001)

The GX-C motif chemokine ligand 10 (CXCL)@s a GX-C chemokine that is
secreted in response to inflammatory stimuli, it acts as a chemoattractaotipg
inflammation and binds to the CXCR3 recedlau et al., 2011) It has been shown to
play a crucial role in the pathogenesis of a number of different infections such as
Legionella pneumophilidn murine models CXCL10 has been shown to be one of the
most highly up regulated ges following an intranas&l. pneumoniaenfection,
highlighting the importance of these chemokines in the host response to infection. More
recently, it has been shown to regulate the production einfleonmatory cytokines in
monocytes by binding to tHeXCRS3 receptor and initiating downstream p38 MAPK
signalling(Q. Zhao et al., 2017)

Early growth response 3 (EGRI8 a member of the EGR transcriptionttac
family whose members are involved in the regulation of growth and differentiation
(Tourtellotte and Milbrandt, 1998t was initially seen to be induced by growth factors
(Patwardhan et al., 1991BGR3 deficient mice were found to develop sensory ataxia as
it was shown to be critical for muscle spindle developriEotirtellotte and Milbrandt,
1998) More recently, it has baeshown to play an important role in the regulation of
transcription of inflammatory genes in T cell activation by interacting witK BIF
(Safford et al., 2005; Wieland et al., 200Burthermore, deficiency in EGRand
EGR-3in B and T cells results in a lethal autoimmune syndrgmet al., 2012)
Moreover, adhesion o8. pneumonia pharyngeal epithelial cells has been shown to
induce the upregulation of EGRamongst other transcription facs (Bootsma et al.,
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2007) EGR3 has been found to be-uggulated following infection of human
monocytes with different gram positive bacteria sucBtaphylococcus aureus, S.
pneumonia@ndL. monocytogene@ chatalbachev et al., 201)his highlights the
importance of EGR in the regulation of the inflammatory response.

Growth arrest and DNAlamage inducible beta (GADD4%B involved in the
response to DNA damage in particular in response to environmental s{easget
al., 2016)and mediates apoptosis via p38/IJNK path{iakekawa and Saito, 1998)
GADDA45B has kenshown to play an important ein the regulation of the
inflammatory response in mi¢8alerno et al., 2009Yhe authors showed that
GADD45B deficient mice were more susceptible to septic shock from low dose LPS
challengelt has a role as a stress sensor in mice. Indeed, in an intraperitoneal sepsis
model, GADD45B deficient mice recruited less macrophages to the peritaneum
Furthermorethe bone marrow derived macrophages from GADD45B deficient mice
produced | ess ROS in response to LPS, highlig
immune responsgSalerno et al., 2012t has been shown to be suppressed in a number
of cancerqOu et al., 2015; Z&ini et al., 2004)

Interferon gamma (IFMN) is a key component of both the adaptive and innate
immune responsgSchroder et al., 20040t has been shown to be secreted by
monocyte derived macrophages in response-t?lland I-18 caestimulation(Darwich
et al., 2009) IFN-g has been demonstrated to play a number of different
immunomodulatory roles in particular activating macrophages and leading to T cell
differentiation(Gessani and Belardelli, 1998\t also priming for the production of
antimicrobial conponents such as NO or ROS; therefore demonstrating its pivotal role
in the hostpathogen response. Furthermore, 4§has been shown to be essential to
NO production in response to pneumolysin stimulation in murine macrop(Bges
et al., 1999)

microRNA 155 host gene (miR1p& a small non protein coding RN&lton et
al., 2013) It plays an important role in post translational control of gene expression by
interacting directly with messenger RNA for exam{iio et al., 2010)Macrophages
were found to ugegulate the production of miR155 in respohs TLR, TNFa or
IFN-gstimulation( O 6 C d et al.e2D07) Additionally, the production of pro
inflammatory cytokines was found to be reduced in miR155 deficient (@atdonski et
al., 2016) It has also baeshown to be critical for clearance&fpneumoniarom the
nasopharynx of mic@/erschoor et al., 2014jniR-155 has been implicated in a
number of different cancerand it has been postulated that it may represent a link
between aberrant inflammatory processes anébpoogenic statéElton et al., 2013)

Nuclear receptor subfamily 4 group A member 1 (NR4A1, also known as
Nur77) is a member of the steroid thyroid hormone receptor fafRygeck et al.,

1989) It has beenlown to play a number of metabolic roles in skeletal muscle cells

and hepatocyte@han et al., 2012)t has been demonstratexbind to liver kinase B1

and lead to attenuation AMP-activated protein kinase (AMBKhereby modulating

glucose metabolisrtzhan et al., 2012Moreover, in T cells NR4A1 has been shaen

have a preapoptotic role by interacting with B& (Lin et al., 2004) Furthermore, the
regulation of activated T cells has been shown to play a role in bacterial clearance in the
lung (Marriott et al., 2012)Nuclear receptor subfamily 4 group A member 2 (NR4A2

also known as Nurrl, along with NR4A1 have bdemonstrateth macrophages to

play important roles in the regulation of inflammation as they are induced by a number
of different preinflammatory ligands such as LEBei et al.2005) More recently it

has been demonstrated that NR4A1, and NR4A2 to a lesser extent, induce a number of
inflammatory cytokines such TN& via modulation of the NKB pathway(Pei et al.,
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2006) highlighting the important role played by these nuclear receptors in the host
pathogen interaction. NR4A2 has also been implicated in the polarisation of
macroplages towards an alternative or M2 phenotfidehajan et al., 2015, p. 2)
suggesting that it may play a role in controlling inflammation and resolution of the
inflammatory response.

Pentraxin 3 (PTXBis a secreted protein that plays a critical rolthainnate
immune respons@ottazzi et al., 2010)t is involved in resistance to a number of
differert infections including bacterigboares et al., 2006hfluenza A virugReadigy
et al., 2008j|nd fungal infectiongGarlanda et al., 2002 modulates the production of
NO and TNFa during the inflammatory responfeerea et al., 2017; Soares et al.,
2006)and therefore plays a key role in the resolution of inflammation in macrophages
(Shiraki et al., 2016and the response & pneumoniagCole et al., 2014; Kadioglu et
al., 2008b)

The transcripts for both U2 and U6 components of the spliceosome were also
upregulated by the bacterial challenge which would be expected given the increase in
gene transcrifpon and therefore the need for ptstnslational modification of pre
MRNA (Will and Lihrmann, 2011)it has been suggested that during infection of
macrophage alternative splicing events can occur to confer increasedal for
intracellular pathogens such s tuberculosigKalam et al., 2017)

Coagulation factor 11, also known as tissue factor ¢elhsurface glycoprotein
that playa a critical role in the coagulation casg®kmerson, 1988nd as such is an
important component of the immemesponse.

Finally, it is reassuring to see that despite the low number of differentially
expressed transcripts, the majority of t|
upregulation of prelominantly preinflammatory cytokines such as TNE CCL4 and
CCL3. The overall low numbers of differentially transcription may reflect the early time
point, and as | would expect only a subset of cells will have ing&stedeumoniget
is possible that the overall effect is masked by-reactive bystader cells.

Moreover, the overalbbverlapin theRNA-seq and microarray analyses shows
that the 64% of the differentially expressed genes from the microarray analysis were
also identified in the RNAeq analysis.

5.3 Chromatin precipitation and sequencing of key histone PTMs:

In order to gain further insighttio the role played by the changes in global
relative abundance of the tose PTMs observed by MS, Ch#q was employed.
Given the potential role played by H3K4mel, H3K27me3 and H3K9me?2 asfhet
regulation of gene transcription these marks were selected for further analysis. Despite
the use of HFBA in the loading buffer the overall abundance of H3K4me3 and
H3K27ac marks remains low and | was not able to distinguish any significant
differences in their relative abundance after infective challenge. However, given the
pivotal role played of both of these marks in the regulation of transcriptional responses
(Creyghton et al., 2010; Jenuwein and Allis, 20@hd as they & been widely
studied by ChIFSeq and ee difficult to quantitate by mass spectrometry, they too were
taken forward for further analysis.
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5.3.1 Optimisation of ChIP-Seq workflow: Sonication efficiency:

The success of ChiBeq relies on several factors; adequate fragmentation of the
chromatinto be able to sequence it efficiently, and antibody specificity are two key
componentgLandt et al., 2012)

Therefore, the efficiency of the sonication used to shear the crosslinked DNA
fragments was first validated by assessing the effect of sonigat@rto agarose gel
electrophoresis analysis (after reversal of the crosslinking as deseriGadpter 2on

anagarose gelHigure 5.4.

Figure 5.4: Validation of sonication efficiency.

This 2% agarose gel demonstrates the efficiency of the chromatin sheering after 4 x 10min cycles, 30s on
/ off on high output. 4 x cells were lysed and the chromatin sheered 10% of the sample was ran on the
2 % gel after having cross linkversal, RNAase A and Proteinase K treatment, then PCR clean up Kkit.

The results show that using 4 x 10 minute cycles of 30 seconds on / off on the
high output setting, resulted in efficient shearing of the DNA to the correct size range of
200bp. In ordeto further validate the sonication efficiency, prior to pull down each
sample was also analysed on a Bioanalyser priseqgoiencingKigure 5.5. the results
show that the majority of the sheared DNA was around 200lgmgth.
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Figure 5.5: Analysis of the DNA fragments after sonication using the

Bioanalyser.
This figure shows the bioanalyser analysis results and illustrates the length of the DNA fragments after
sonication demonstrating that the majority of DNA fragnts are around 224p.

5.3.2 Antibody validation:

ChIP-Seq data is only as good as the antibody used to perform the pull downs
(Landt et al., 2012)Therefore, only antibodies previously used by the Encode consortia
were usedTable 2.17)Furthermore, western blots were carried out for each antibody
to ensure only asgle band was detected (Figuréh

l’!
% — Bactin % . — Bactin — Bactin
2 - S — 3 actin —Bactin
s :
2 -
17 1 — H3K9me2 R — 307me3 e M — H3Kame3 t - —H3K27ac H3Kame1

Figure 5.6: Western blot validation of the ChIP grade antibodies used for

the ChIP.

5l of MDMs lysed in Laemli buffer were run 12% SDS page gel. After semidry transfer, the
membranes were incubated overnight with eacibady as described in ChapterThis shows alear
single band at the level expected for histone H3.

5.4 ChIP-qPCR:

To confirm that the chromatin immunoprecipitations had worked and were able
to enrich DNA compared to nespecific pull downs (beads on)y)carried out a series
of pull downs followed by gPCR. The primers chosen were either house keeping genes
(GAPDH, Actin, OAZ1) or genes kmm to be targets of H3K9me2 for exampisulin
(Mutskov et al., 2007)MYOD10, STAT1 and CCL8Yoshida et al., 2015)r'he initial
pull downs were carried out comparing total H3 antibody to beads only and then
looking for enrichment in the hougeepinggenes Eigure 5.7.
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Figure 5.7: Validation of ChIP using gPCR.

ChIP was performed using total H3 antibody to enrich DNA fragments in conjunction with gPCR to
detect a number of house keeping geiibss figuredemonstrates successful enrichment of the pulldown
DNA compared to the nespecific binding seen in the beads only sample as the cycle threshdld (CT
values are significantly lower in the total H3 pull down. This in turn coamdp to significant

enrichment compared to na@pecific binding.

Next, the individual antibodies were assessed to see if enrichment was
detectable compared to ngpecificbinding Eigure 5.8.
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Figure 5.8: ChIP-gPCR validation of the antibodies.

This figure demonstrates that successful enrichment was possible for all of the antibodies. Unfortunately,
there was some nespecific signal see in the water only gPCR for the GAPDH and MYOD10 primers
although this had a greater CT value than thespatific binding seen with beads only. As H3K27me3

is thought to be predominantly associated with repressed gene expression the lack of enrichment with all
but the primer for insulin maybe due to these gdrgng expressed in our cells. Furthermore, the primers
were chosen to look for known targets of H3K9me2.

Finally, thesamples taken forward for Chigeq also had an aliquot run by
gPCR to ensure that they had been successutighed Eigure 5.9.
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Figure 5.9: ChIP-gPCR QC prior to NGS.

These bar charts illustrate the CT values for the gPCR following the 6 different ChIP of 6 samples prior

to library preparation and sequbeemadsriganllyd asna nepgl|fes twero
run. The left hand panel shows the results of pull downs for H3K4mel, H3K4me3 and H3K27me3 and

10% input samples (for the first two samples) using GAPDH primers. The right had panel shows those

resulting from the H3K4me3, H3K9mea&lpdowns and 10% input samples for the last four samples

using primers for STAT1. With each gPCR pull down a #fb
non-specific binding, and a negative control (water).

5.4 ChIP-Seq analysis:

Following optimisatiorof the ChIP procedure, chromatin immunoprecipitations
for H3K4me1l, H3K4me3, H3K9me2, H3K27ac and H3K27me3 were performed for 3
biological replicates of either mock infected or cells challenged Svigmeumoniagas
describedn Chapter 2 Theprecipitated DNA was then indexed and library preparation
performed by the core facility (SITraN, University of Sheffield). A selection of the pull
downs were assessed after the libraries were prepared using the Bioanalyser to ensure
appropriate size selection hadcurred Appendixfigure 51) prior to high throughput
DNA sequencing using a HiSeq 4000 (lllumina) performed by Edinburgh Genomics
(University of Edinburgh). The samples were pooled and run as descriGbapter 2
The ChIRSeq of histone PTMs has id#fied a number of PTMs to have distinct
profiles, some are considered to form narrow peaks (such as H3K@fess form
broader peaks (such as H3K9mé@2andt et al., 2012)in order to achieve the required
depth of sequencing suggested by EncyclogaeflDNA elements (ENCODEthe
broad marks (H3K9me2 and H3K27me3) were run across two lanes. The remaining 3
narrow ones (H3K4mel, H3K4me3, H3K27ac) and the input controls were run on
another two lanes. Thewadata was then processed in collaboration with the Advanced
Data Analysis Centre of the University of Nottingham.

5.4.1 ChIP-Seq analysis and quality controls:

Briefly, the FASTQ files for each lane were assessed using FastQC (version
0.11.7 https://www.bioinformatics.babraham.ac.uk/projects/download. html#fastqc)
This showed that the median quality scores were greater th&yp@ér(dixfigure 5.9.
The reads from both lanes were then concatenated, and trimmed using Trimomatic
(Bolger et al., 2014)lignments were made using Burre\éheeler Alignment tool
(BWA) (Li and Durbin, 2009)samples were deduplicated using Pidaials
(https://github.com/lwadinstitute/picard)Peak calling was made using both narrow and
broad peak modes Modelbased Analysis of ChiBeq (MACS2 (Zhang et al.,
2008) then the peaks were assessed using phantompeakqualtools
(https://code.google.com/archive/p/phantompeakqualtools/source/default/sdinise)
showed that the majority of normalised strand coefficients (N@&te greater than 1.05
and the relative strand correlati(RSCO was greater than 0.8ppendixfigure 5.3
suggesting that the ChIP had been succe@séuldt et al., 2012} inally, ChipQC
(Carroll et al., 2014in R was used to characterise the peak picking (summarised in
Appendixfigure 5.9.

5.4.2 ChIP-Seq analysis and genomic distribution of peaks:

To further characterise each pull dgwalso used ChiPseekgru et al., 2015)
to annotate and visualise the peaks. This revealed that the H3K27ac and H3K4me3 pull
downs had sequences thare predominantly located at or near the transcription start
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site (TSS) as demonstratedrigure 5.1QandAppendixfigures5.5-6), whereas
H3K27me3 and H3K9me2 had predominantly distal intergenic occupancy.
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Figure 5.10: Distribution of reads relative to TSS of genes.

Using ChlPseeker, the reads were mapped to genomic localibissfigure illustrates thahe majority

of the peaks identified following H3K274left side) ChlIPSeq were within 1kb of the TSS. On the other
hand (right side) the resultom the H3K27m8 ChIRSeq illustrates that the majority of the peaks are
distal intergenic.

5.4.3 ChIP-Seq differential analysis and visualisation:

Differential enrichment for both the peaks picked in narrow and in broad mode
was performed using the Rgikage Diffbind(RossInnes et al., 2012)This generated a
number of BED files containing the differentially bound regions. In addition, using
Bedtools(Quinlan and Hall, 2010 consensus file for each of the pull downs for both
the mock infected and tl& pneumoniaehallenge samples were created. The data was
visualised in Integrated Genomics Viewer (I35 illugrated in Figure 5.1{Robinson
et al., 2011)
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5.4 ChIP-Seq results: Analysis of differentially enriched genomic locations

The analysis of the ChiBeq showed that overall the data was of good quality
(Appendixfigures 5.14). The differentially enriched peaks between the two conditions
(mock infected andhallenged withs. pneumonigehowever, only identified a few
differentially enriched regions after multiple test correction (FDR<5%).

ChlIP-segsuffers from a number of limitations in particular in relation to
sensitivity. The overall ability to correctlgientify changes in relative abundance of
histone PTMs at a given genomic location is governed a number of different factors.
Firstly, the quality of the antibody used and its ability to bind to the histone RtV
be displaced by neighbouring PTMs sashis the case in epitopeclusion and or
cross reactivity with other PTM# is also possible that the conformation of the
chromatin may not allow binding of the antibody to a PTM. Furthermore, the ability to
distinguish small changes occurring at a specific location may be below the detection
limit of these novel next generati sequencing methods. Moreover, there is a lack of
consensus on the interpretation of multiple replicatésin the field.Additionally, a
global decrease in a PTM occurring across the entire genome may not identify distinct
sites of change by Chigeq.Finally, it is likely that several layers of redundancy exist
within the histone PTM landscape and as a result it is probable that multiple PTMs act
in consort to perform their role, leading to dangers of over interpretation if individual
PTMs are studiet isolation.Taken together, these factors dictate that some caution be
used in the interpretation of the CkBq data and further validation studies using
ChIP-gPCR for example are warranted before making firm conclusions.

5.5 H3K?27ac:

The ChIRSeq aalysis identified between 20 744 and 32 713 narrow peaks
identified in 5 of the 6 samples with one outlier at 8 758.

There was one differentially enriched region for the narrow peak résults
H3K27ac pull downsTable 5.2andFigure 5.12. This corresponded tthromosome 21
position 8 219 749 to 8 220 258, this is within the intron for NR_038958, also known as
LOC100507412 and is a long nonding RNA. It also happens to occur vifitla CpG
island. The analysis of broad peak enrichment identified a region 10kb upstream of the
Gap junction protein alpha 3 (GJA3 ggneefects in this gene are associated with
congenital cataract formatigivao et al., 2017)It also identified a region within the
intron for Corf159, also known as-BGlutamate cyclase (DGLUQYThe enzyme
encoded for by this gene is pemisible for the metabolism of-Blutamatg Ariyoshi et
al., 2017)
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NR_038358 RNAZESNS
2.22B44533020453 2.22B44533020453 2.22B44533020453

1.16973564122843 157.914311565838 1.16973564122843

CpG:_239 CpG:_dd CpG:_23

Figure 5.12: IGV visualisation of enriched region for H3K27ac pull downs.

This IGV figure illustrates the region on chromosome 21 that is differentially populated following
bacterial challenge with an increase in H3K27ac within a CpG island in a loagpdorg RNA. Tle top

track in blue is the transcriptome information, in orange is the consensus BED file for the mock infected
and in green for th8. pneumoniaehallenged. Finally, the bottom track shows the location of the CpG
islands. This approach was used to chirése the relationship with coding regions of the genome for all
of the statistically differentially enriched regions.

As one of the samples had very few peaks, it is possible that this biological
replicate skewed the resyltbereforethe differentialanalysis was repeated excluding
this biologicalreplicate Table 52 orangerows). This resulted in 5 differentially
enriched regions being identified when looking at the broad peak picking results. The
first regian corresponds to an intron for the long famaing RNA (LOC101929709 also
known as NR_125822). This site is also situated within 10kb of the start site for
Receptorinteracting Serine/threonifg@rotein kinase 2 (RIPK2RIPK2 is a
Serine/threonine/kinase that is essential in the regulation of the innate immune response
due to its involvement in the NOD / IKIB signalling pathwayTigno-Aranjuez edal.,
2010; Zhao et al., 20127 he first intron for stabilin 1 (STABlwas also found to be
differentially enriched. This gene is encodes the receptor protein stabilin 1. High levels
of stabilin 1 have been associated with dewgulation of preinflammatory genes
(Palani et al., 2016)rhe ChIRSeq analysis suggests that there is less Hak2a mark
commonly associated with active gene transcription found at the start of this gene. The
transcriptomic analysis shows that there is slightly less trans&®iB2{ fold change)
in the bacterial challenge samples than the mock infected althioisgtoes not reach
statistical significance (p>0.05). Finally, the region 60kb downstream for the
pseudogene Ankyrin domain 26 pseudogene 1 was also differentially enriched. Ankyrin
domain 26 protein is found within the inner cellular membranes of rneutigsues and
is thought cooperate with signalling prote(R&aciti et al., 2011)Mutations in Ankyrin
domain 26 gene have been associated with acute myeloid leukadéanimni et al.,
2017)and thrombocytopenia@luteau et al., 2014)

Table 5.2: List of differentially enriched regions for H3K27ac pull downs.

Gene
PTM n| Chr Start End Fold FDR Gene body Distance
H3K27ac NR_125822 /
Broad 2| chr8 89727950 | 89730853 | 3.57 5.32E05 | upstream of RIPK2 | Intron
H3K27ac
Broad 2| chr3 52494678 | 52501213 | -1.64 | 0.0199 STAB1 Intron
H3K27ac Upstream GJA3 / 10kb / 10
Broad 2| chrl3 | 20174031 | 20175733 | 3.47 0.000828 | dowstream GJB2 No kb
H3K27ac Downstream from
Broad 2| chrl6 | 46398609 | 46401505 | 7.96 0.0379 ANKRD26P1 no 60kb
H3K27ac
Broad 2| chrb 49601597 | 49602776 | 7.85 0.0414 centromere no
H3K27ac Downstream from
narrow 2| chrl6 | 46398519 | 46401602 | 8.03 0.0107 ANKRD26P1 no 60kb
H3K27ac
narrow 2| chr5 49601485 | 49602902 8.24 0.0101 centromere no
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H3K27ac NR_125822 /
Broad 3| chr8 89727950 | 89730853 | 3.17 6.33E05 upstream of RIPK2 | Intron
H3K27ac
Broad 3| chrl4 | 91220428 | 91223032 | 4.74 0.00985 C140rf159 Intron
H3K27ac
Broad 3| chr21 | 8219800 8220686 5.07 0.00985 NR_038958 Intron
H3K27ac Upstream GJA3 / 10kb /10
Broad 3| chrl3 | 20174031 | 20175733 | 4.03 3.22E05 | dowstream GJB2 No kb
H3K27ac
narrow 3| chr21 | 8219748 8220258 6.08 0.0019 NR_ 038958 Intron

5.6 H3K9me2:

There were between 4 604 and 13 210 broad peaks identified in 5 of the 6
samples with one outlier at 539.

Despite identifying B55 regions in both the mock infected &doneumoniae
challenged samples following ChIP, none of these were differentially enriched after
FDR correction.

5.7 H3K27me3:

There were between 12 653 and 30 103 broad peaks identified in 5 of the 6
samples with one outlier with only8b1 peaks. There are 18 regions with differential
H3K27me3 peaks following challenge whpneumoniag¢Table 5.3.

There were two differentially enriched regidoiowing analysis with all three
samples; this is a region on chromosome 2 that is situated within 30kb of the start of the
cytoskeleton regulator RNA gene (CYTQ&nd another region on chromosome Y, 1mb
away fromthe testis specific transcript Y linked 23 (TTTY)23

The differential analysis after excluding the outlying biological replicate (orange
rows ofTable 5.3 resuled inmore regions of interest. One region was on chromosome
22, involving one of the exons for RNA, 45S Ri#osomal N1 gene (RNA45S)1
This region encodes the 45S ribosomal RIdA important constituent of the afome
(Yu and Lemos, 2016Dn chromosome, 2he intron for the SLIT homolog 2 protein
coding gene (SLITRwas found to be differentially enriched. This protein is found to
play a number of different roles and has recently been implicated in the control of
inflammation caused by LPS in endothelial célivao et al., 2014and has been found
to regulate monocyte adhesion to endothelial whésice playing a part in the
regulation of inflammatioiMukovozov et al., 20150n chromosome 9 the intron for
the glutamate ionotropic receptoriethytD-aspartate type subunit 1 (GRINdas
differentially enriched. This gene encodes a portion of thedthytD-aspartate
receptor which plays a role in memory and learning. Mutations in GRIN1 have been
associated with encephalopathigehavi et al., 2017)A further region was on
chromosome 12, located at the raoding RNA transcript NR_120467, a gene of
unknown significance.

Onchromosome 14, the region upstream of neurona”AP@rSim domain 3
(NPAS3, which has been implicated in the development of schizophrisraéso
differentially enrichedMacintyre et al., 2010)The region 10kb upstaen ofuridine-
cytidine kinase 1YCK1) was also enriched. UCK1 phosphorylates uridine and cytidine
(Meinsma and van Kuilenburg, 201&)d has beeassociated with neuroblastomas
(van Kuilenburg and Meinsma, 201&)inally, the region 6kb upstream of Human
growth hormone 1 homolog (HGH3ene was also found to be differentially enriched.
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Table 5.3: Differentially enriched regions following H3K27me3 diffbind

analysis.
Gene .
PTM n| Chr Start End Fold FDR Gene body distance
H3K27m downstream
e3 Broad 3| chry 11322543 11322787 3.22 0.0438 TTY23/ no 1mb
H3K27m Upstream
3 Broad 3| chr2 87423893 87425699 2.47 0.0284 CYTOR no 30kb
H3K27 chr22_
me3 2| KI270733v | 133811 135280 7.08 1.31E05 RNA45SN1 intron
Broad 1 random
chrl_
RERZ || o | NETOIAY | o 59525 5.96 | 0.00116
e3 Broad 1
_random
H3K27
me3 2| chrd 20254532 20255349 3.23 0.00557 SLIT2 exon
Broad
H3K27
me3 2| chr9 137160768 | 137161470 | 3.91 0.0166 GRIN1 exon
Broad
H3K27
me3 2| chrl2 132330028 | 132330311 | 3.59 0.0244 NR_120467 exon
Broad
chrun_
H3K27m | 5 | ki270467v | 2051 3828 073 | 0.0252
e3 Broad 1
H3K27m Upstream
3 Broad 2| chrl4 32932478 32934557 1.92 0.0152 NPAS3 no 10kb
H3K27m Upstream
3 Broad 2| chr9 131545680 | 131546557 | 2.2 0.0336 UCK1 no 10kb
H3K27m Downstream
e3 Broad 2| chr2 89610914 89613026 2.71 0.0265 NR_136329 no 15kb
H3K27m Downstream
3 Broad 2| chry 11332961 11334300 1.91 1.31E05 GYG2P1 no 1mb
H3K27m Upstream
2| chr21 12965934 12966712 -2.25 | 0.0356 ANKRD30B no 1mb
e3 Broad P2
H3K27m downstream
3 Broad 2| chr2 91477391 91479074 3.02 0.00557 LOC654342 no 200kb
H3K27m Upstream
e3 Broad 2| chr2 87423893 87425699 2.81 0.000791 CYTOR no 30kb
H3K27m Upstream
3 Broad 2| chr2 87418396 87419860 3.45 0.0146 CYTOR no 33kb
H3K27m centromere /
3 Broad 2| chr20 26602470 26604119 -3.51 | 0.0366 Upstream no 400kb
MIR663AHG
H3K27m Downstream
e3 Broad 2| chr7 56370534 56373033 3.4 0.0326 LOC650226 | M 40kb
H3K27m Upstream
e3 Broad 2| chr8 144125644 | 144126008 | 1.94 0.0487 HGH1 no 6kb
H3K27m
3 Broad 2| chr20 29326303 29327076 2.63 0.0156 centromere No
chrl4
H3K27m =
e3 2 | SH000225V 5974 59886 384 | 00318
narrow —
random
5.7 H3K4mel:

The number of narrow peaks identified following the pull downs with H3K4mel
ranged from B13 to 3169 across the 6 samples.

The differential binding analysis for the narrow peaks followirg8KKémel pull
down with the outlier excluded resulted in 75 significantly different regidablé 5.4.
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The analgis of the broad peaks resulted in 70 pe&ipéndixtable 5.3 of which the
only difference of note was the presence of enrichment in the exon / transcription start
site of long norprotein coding RNA 1667({NC01667).

The results also identified enriched regions common to both analyses, including
the second exon for mucin 3A (MUC38ene. MUC3A encodes a transmembrane
mucin(Williams et al., 1999)It has been suggested that mucimacrophages may
play an antinflammatory rolgKato et al., 2016)Another is within the Rho associated
coiled-coil containing protein kinase 1 pseudogene 1 (ROCKpB&udogene body. A
further region was within one of the introns for Double homeobox 4 (D\WHdich
was also significantly different between the two conditions. Deficiencies in DUX4 are
associated with Facioscapulohumeraiscular dystroph{Dmitriev et al., 2013)

Finally, the region coding for NR 38958 which is of unknown functioywas also
differentially enriched between the two conditions.

When comparing the differential analysis with the outlier inclutesi only
significant addition was an enriched region of chromosome 20 situated 30kianpst
of the defensin beta 125 (DEFBJ2%ene which can act as antimicrobial peptides.
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Table 5.4: Differentially enriched regions following H3K4mel diffbind
analysis.
Chromosome Start End Fold FDR Gene distance
chrl8 110245 110763 7.43 2.29E05 ROCK1P1 /MIR8078 exon
chrl8 109729 110029 5.89 0.00783 ROCK1P1 /MIR8078 exon
chrl8 107882 109395 2.24 0.0111 ROCK1P1 /MIR8078 exon
chr7 100957785 100958930 | 6.1 0.00298 MUC3A exon
chr21 8219768 8220288 5.7 0.014 NR_038958 intron
chr4 190177603 190178966 | 3.98 0.035 DUX4 intron
chrl6 46389641 46391270 9.56 1.88E11 Downstream ANKRD26P1 | no 100kb
chrl6 46388615 46389363 7.91 3.74E06 Downstream ANKRD26P1 | no 100kb
chrl6 46394275 46395099 8.2 0.000344 Downstream ANKRD26P1 | no 100kb
chr21 10692370 10693086 4.39 0.048 Downstream TPTE no 100kb
Downstream FRG2C / 10kb /
chr3 75668894 75669629 7.82 7.13E06 Upstream LINC00960 no 12kb
Downstream WDR97 / 10kb /
chr8 144125633 144126054 | 4.89 0.0398 Upstream HGH1 no 12kb
chr20 28897867 28898808 4.72 0.0466 Upstream FRG1DP no 180kb
chry 11332971 11334272 7.76 7.13E06 Downstream GYG2P1 no 1mb
chry 11329704 11330373 5.7 0.00783 Downstream GYG2P1 no 1mb
chry 11322566 11322761 4.77 0.0243 Downstream GYG2P1 no 1mb
chry 11318613 11319054 5.12 0.0267 Downstream GYG2P1 no 1mb
chry 10775971 10776671 -4.63 | 0.0492 Downstream TTTY23 no 1mb
chrl 143214220 143215408 | 6.54 0.00182 Downstream LOC645166 | no 200kb
chrl 143184638 143185470 | 6.19 0.0023 Downstream LOC645166 no 200kb
chrl 143263376 143264803 | 7.12 0.0033 Downstream LOC645166 no 200kb
chrl0 42070441 42071049 -4.16 0.0318 Downstream LOC441666 no 200kb
chrl0 41903968 41904399 4.53 0.0413 Downstream LOC441666 | no 200kb
chrl0 41896173 41896560 4.7 0.0467 Downstream LOC441666 no 200kb
chrl0 41879280 41879654 3.58 0.0492 Downstream LOC441666 no 200kb
chrl6 34582695 34583823 8.82 9.56E10 Upstream LINC00273 no 200kb
chrl6 34594857 34595785 6.89 0.00125 Upstream LINC00273 no 200kb
chrl6 34586491 34587021 4.59 0.00222 Upstream LINC00273 no 200kb
chrl6 34571640 34572115 6.24 0.00278 Upstream LINC00273 no 200kb
chrl6 34592580 34593661 6.38 0.014 Upstream LINC00273 no 200kb
chrl6 34573906 34574451 6.05 0.0222 Upstream LINC00273 no 200kb
chrl6 34582134 34582473 5.79 0.0313 Upstream LINC00273 no 200kb
chrl6 46380706 46381059 5.62 0.0396 Upstream LINC00273 no 200kb
chr2 89836279 89836822 6.95 0.000408 Upstream NR_136329 no 200kb
chry 56734619 56734919 5.93 0.00387 Upstream SPRY3 no 250kb
chrl0 41883097 41884055 4.75 0.00275 Downstream LOC441666 no 300kb
chr4 49091787 49092425 6.43 0.00126 Downstream CWH43 no 30kb
chr4 49110648 49110846 3.58 0.0493 Downstream CWH43 no 30kb
chr22 12693437 12694023 6.01 0.00325 Downstream NR_110761 no 600kb
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