Transcriptional Response of
Mycobacterium tuberculosis on
Encounter with Neutrophil In Vitro

Amin Aziz Bakir

Thesis submitted to The University of Leicester for the
degree of Doctor of Philosophy

March 2016

Department of Infection, Immunity and Inflammation
College of Medicine, Biological Sciences and Psychology
University of Leicester
University Road, Leicester, LE1 7RH



Abstract

Background: Neutrophils are reported to be the dominant phagocytes in sputum
from tuberculosis (TB) patients and may explain the distinctive pattern of gene
expression of Mycobacterium tuberculosis (Mtb) in these samples. Moreover,
neutrophils play an important role during tuberculosis both in collaboration with
macrophages as well as antimicrobial functions such as NETosis. Therefore,
understanding the transcriptional changes of mycobacteria in response to

neutrophils is of general interest.

Methods: Following preliminary experiments to develop appropriate methods
using BCG and a neutrophil cell line, primary human neutrophils were infected with
stationary phase H37Rv preconditioned in RPMI overnight then sampled at 4 and
24 hours. Bacterial RNA samples from these experiments and from TB sputum
were subjected to RNA-seq analysis by lllumina NextSeq-500. Reads were
normalised by two different methods and differentially expressed genes were
detected at g-value < 0.01. Selected results were confirmed by gRT-PCR.

Transcription factors associated with detected genes were identified.

Results: The colony counts of H37Rv incubated with human neutrophils reduced
~10-fold at 24 hours. Striking up regulation of Mtb tgsl, hspX and icll was
observed during incubation in RPMI relative to exponentially growing bacilli. RNA-
seq revealed 90 genes differentially expressed (28 repressed and 62 induced) in
neutrophil encounters at 4 hours relative to RPMI controls. DosR and sigK were

the most significantly associated transcription factors with the induced genes.

Discussion: Comparison of the neutrophil-stimulated and sputum Mtb
transcriptomes did not support the hypothesis that the phagocytes provide a key
stimulus underpinning the sputum pattern. SigK regulated expression appears to

be a significant aspect of the neutrophil stimulated Mtb transcriptome.
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CHAPTER ONE

Introduction




1.1. General Introduction

Tuberculosis (TB) is a worldwide health problem with about 1.5 million deaths per
year. Mycobacterium tuberculosis (Mtb) is the principal causative agent of TB and
infects one third of world’s population (Zumla et al.,, 2015). Primarily, the
transmission of infection occurs via the respiratory route by inhaling Mtb-containing
droplets (Chao et al., 2010).

A microarray study of the Mtb transcriptome in sputum revealed a pattern similar to
non-replicating persistence described in in vitro growing Mtb (Garton et al., 2008).
Attempts were then made in this lab to identify the environmental signals
stimulating the sputum transcriptional pattern with limited success. A study by Eum
and colleagues found neutrophil leukocytes to be dominant in sputum of TB
patients (Eum et al., 2010) thus the Mtb-neutrophil interaction was recognised as a
possible candidate providing a stimulus that might contribute to the sputum
transcriptome. This provides the basis for the initial hypothesis of the present

study.

It was further recognised that there have been no published reports on the
transcriptional responses of Mtb to the neutrophil encounter. In fact, it can be
appreciated that investigating the interaction between mycobacteria and
polymorphs at transcriptome level is of potential general interest. In view of these
points, both q°PCR and RNA-seq have been deployed to address the central
question of this thesis.

1.2.Tuberculosis

TB is still one of the major infectious diseases that annually cause nine million new
cases (Zumla et al., 2015). An estimated one third of the world’s population is
asymptomatically infected with Mtb (Xu et al., 2010). As a result of reactivation or
re-infection of initial infection, about one in ten infected individuals will manifest the

symptoms of active tuberculosis (Soualhine et al., 2007). The most affected areas



in the world are developing and poor nations due to a variety of factors including
the AIDS epidemic, variable efficacy of vaccination with BCG and increasing figure

of multi drug resistant Mtb (Nascimento et al., 2005).

1.3. Mycobacterium tuberculosis and the M. tuberculosis complex (MTBC)

Mtb, originally named Bacterium tuberculosis, was discovered in 1882 by Robert
Koch. In the classification of mycobacteria proposed in 1986, it was placed in the
genus Mycobacterium, family Mycobacteriaceae , order Actinomycetales, class
Actinomycetes (Shinnick et al., 1994). It is classified as a slow—growing bacillus
with a doubling time of 18 — 24 hours under optimal nutrient availability and normal
oxygen tension at 37 °C, producing white to light yellow colonies on agar in 3 — 4
weeks (Gengenbacher et al., 2012).

Mtb bacilli are referred to as acid-fast bacteria. The acid-fastness is due to the
unusual composition of cell wall consisting of lipids such as mycolic acid
(Skvortsov et al., 2012). For that reason, special staining methods are used to
visualise the bacteria by microscopy. Thus, staining with Ziehl-Neelsen stain, Mtb
appears as rod shaped red bacilli. The bacilli grow under aerobic condition but can
survive in a micro-aerophilic environment for a long time (Starck et al., 2004). Mtb
is a non-motile, non-spore forming microorganism with the capacity to develop
dormant state in which the metabolic activity is reduced. The GC-rich genome of
Mtb is about 4.4 million base pairs encoding 4000 predicted proteins
(Gengenbacher et al., 2012)

Bacillus Calmette—Guerin (BCG) is a live attenuated vaccine strain of
Mycobacterium bovis used in the protection against tuberculosis (Soualhine et al.,
2007, Morel et al., 2008). It was derived in 1921 from M. bovis, a mycobacterium
causing TB in cattle (Kemp et al., 2005), and the only vaccine available against TB
since its first administration in 1948 to over three billion individuals (Hilda et al.,
2012).



Countless efforts have been undertaken by the major BCG manufacturing labs
(e.g. Pasteur, Moreau and Glaxo) to cultivate the bacilli on Dubos solid or pellicle
Sauton potato media under highly standardised methods of preparation and limited
number of passages. Nonetheless, subjected to the various conditions since its
distribution by the Pasteur Institute, different BCG strains have presented high
genetic variability and immunogenicity. Such variability in genotype and phenotype
of BCG and its diversity in immunological properties have occurred following
various protocols of cultivation and storage processes performed by research
institutes throughout decades of unlimited sub-culturing of BCG in dispersed liquid
cultures (Nascimento et al., 2005).

Due to its lowered virulence, BCG has been used as a model for Mtb in a variety of
experimental settings and in many biomedical studies. Indeed, there is a 99.95%
sequence identity between M. bovis and Mtb. This sequence similarity is also high
between Mtb and BCG and they share more than 99.90% genome sequence
identity (Carroll et al., 2009). During macrophage infection, BCG and Mtb reside in
the phagosomal spaces of macrophages and are able to block the acidification and
functional maturation of phagosome by preventing phagosomal membrane from
acquisition of ATPase proton pump and inhibiting fusion with hydrolytic lysosomes
(Butler et al., 2010). However, within vacuoles BCG bacilli are not able to progress

from fused phaglysosomes and remain bound to membranes (Bange et al., 1996).

1.3.1. Pathogenesis of tuberculosis

After inhalation Mtb bacilli enter the host via the mucosal surface of the airways
where they encounter and are then internalised by alveolar macrophages (Denis,
1991), polymorphs and dendritic cells (Hedlund et al., 2010). Primarily, Mtb is an
intracellular pathogen (Gupta et al., 2012). The internalisation occurs through
interaction of bacteria with Fc-y receptor and complement receptor in vitro
(Lamhamedi et al., 1999).



Bacteria inside phagocytes enter to the phagosome which normally fuses with
lysosome to form phago-lysosome inside which the ingested bacteria are exposed
to reactive oxygen and nitrogen species (Skvortsov et al., 2012). Mtb has the
ability to survive and multiply in macrophages by inhibiting the fusion of lysosome
and phagosome predominantly via suppression of calcium signalling (Dale et al.,
2008). Indeed, the ability of slow-growing Mtb bacilli in blocking the maturation of
phagosome at early stage of phagocytosis is strongly associated with their

success in intracellular survival (Schuller et al., 2001).

The infected macrophages invade the epithelial layer leading to a local
inflammatory response followed by recruitment of mononuclear cells from
neighbouring blood vessels that provide fresh host cells for the growing population
of bacteria (Russell et al., 2010).

Primary TB occurs within a few months of the initial infection as a result of local
bacterial growth and dissemination in the respiratory tract and blood circulation.
The bacilli can reach various organs and tissues following spread through blood.
Secondary or post primary TB commonly develops within two years of infection but
may develop many years later as a result of bacillary reactivation often associated
with immune defects. The active post primary course of infection has characteristic
features including severe destruction of lung with cavitation, involvement of upper
lobe and frequently sputum smear positivity. However, such outcomes are not
exclusive to post primary TB. The major transmitters of infection are patients that
have cavitary lesions whose granulomas have been broken through to the airway
(Gideon et al., 2011).

1.3.2. Latent tuberculosis

The spectrum of TB outcomes ranges from acute TB with clinical presentation of
coughing and fever, sub-clinical TB and latent TB (Figure 1.1). Although, there is a

strong antigen specific immune response after initiation of infection, the ability to



respond becomes markedly reduced in the infected tissues. Following
accumulation in tissues the bacilli create an immunologically privileged niche
where they can reside and induce a potent immune response. Such extensive
immune induction causes tissue damage which is necessary for transmission
(Cooper et al., 2012).

In further progress of disease the granulomas are formed resulting from immune
response. Although they hinder the occurrence of systemic infection, granulomas
promote bacillary proliferation by protecting them from immune system attacks.
Since, the pathogen cannot be entirely eliminated from host by protective

mechanisms of immune system, the infection remains for longer times while host’s

Active TB
< Latent TB
>
Sepsis
Extrapulmonary
Pulmonary TB
Chronic TB
Clearance
Mtb burden

Figure 1.1 Outcomes of Mtb infection. The variability of infection is depicted
for subdivisions of clinical outcomes of active (red line) and latent (blue line)
infections. The black line indicates for increasing bacterial burden from latent to

active TB. Figure redrawn after (Lin et al., 2010).



health is not apparently affected. At this stage it is so — called the state of latent
infection which can continue for several years. The infection can be reactivated

following reduced immune response leading to active TB (Skvortsov et al., 2012).

Various counterstrategies are employed by Mtb to respond to nutrient deprivation
and hypoxia within granulomas (Dorhoi et al., 2011) as well as to detoxify
macrophage generated reactive oxygen and nitrogen species (Russell et al.,
2010). One approach in response to stresses is that the pathogen adopts a
dormant lifestyle via altering gene expression pattern attributed to the non-
replicative state called dormancy (Betts et al., 2002). The dormant bacilli are able
to survive for decades until the immune system of host is weakened then can
develop active TB (Daniel et al., 2004). While discontinuing their replication the
bacilli remain viable in the course of latent infection as experiments with RNA
Polymerase inhibitors and Rifampicin treatment found to be effective during
latency suggesting for the presence of metabolically active dormant cells (Chao et
al., 2010). The ability to reside in the asymptomatic host is an indispensable
feature that enables Mtb to survive and succeed in the human population (Bartek
et al., 2009).

1.4. The genome and gene expression in Mtb

Mtb possesses the largest genome among intracellular bacteria and obligate
pathogens of human beings (Rodrigue et al., 2006). The whole chromosome of
Mtb (Type strain H37Rv) has 4,411,529 bp of DNA sequence (Figure 1.2) which
encodes for 4,018 protein genes, 13 pseudogenes, 45 tRNA genes, 3 rRNA
genes, 30 ncRNA genes, 2 miscRNA genes. The protein coding are 4,027,296
bases (about 91.2% of whole chromosome sequence). The gene density is 0.91
genes per kb with average length of 1,002 bases per gene. The genome is a high
GC-content amount for 65.9%. (Data collected from Tuberculist version 2.6 release

27 (http://genolist.pasteur.fr/TuberculList).
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1.4.1. Regulatory networks

Mtb encounters a broad range of environmental conditions to which it should be
able to successfully respond by regulation of gene expression. The distinctive
feature of successful Mtb strains is their ability to swiftly adapt to the environmental
changes. This is mainly done by rapid alteration in metabolic pathways to
acclimatise to the environmental cues through transcriptional regulation (Wang et

al., 2011a). The level of expression for a gene is determined by the promoter

M. tuberculosis

H37Rv
4,411,529 bp

Figure 1.2 Circular map of Mtb H37Rv genome. The outer circle represents
the scale in Mb starting with O as the origin of replication. The positions of
stable RNA genes are denoted by the first ring from exterior (blue for tRNA and
pink for others with pink cubes as direct repeat region). Inwards, the second
ring displays the coding sequence by strand with dark green as clockwise and
light green as anticlockwise. The third ring shows repetitive DNA; orange for
insertion sequences, and blue for prophage. The position of the members of the
PPE family is shown in the fourth ring (green) and PE family members
excluding PGRS are in fifth ring (purple). The sixth ring in dark red depicts
PGRS sequences. The center of histogram represents GC content in yellow.
Figure adapted from (Cole et al., 1998).



recognised as the sequence of DNA between 10 and 35 bases located upstream
of transcription start site where RNA Polymerase binds during transcription
(Newton-Foot et al., 2013).

In bacteria, an RNA polymerase holoenzyme mediates the transcription of mMRNA
from DNA. This enzyme consists of five subunits namely a, B B’ w o. Prior to
initiation of transcription the core complex of RNA polymerase a, 3 B’ w interacts
sigma factor (subunit o). The DNA promoter sequences are recognised then
engaged with one of several sigma factors resulting in a correct positioning of RNA
polymerase on promoter (Figure 1.3). This in turn facilitates DNA unwinding
followed by RNA polymerisation mediated by the a, B B’ w core complex. The
initiation of transcription by all sigma factors occurs via binding to the core RNA
polymerase but their recognition of consensus sequences of promoter is different.
Therefore, sigma factors are responsible for RNA polymerase specificity to target
promoter. Eubacteria have two principal sigma factor families; the RpoN-like o>*
family and the RpoD-like 6™ family (Wd&sten, 1998). Only o’® family is present in
mycobacteria (Rodrigue et al., 2006).

Based on gene function and its structure, the ¢® family is divided into four main
phylogenetic groups. Group 1 includes the primary o factors that are essential for
bacterial growth. Group 2 consists of proteins that are closely related to group 1
but not necessary for growth. Group 3 are factors that are often involved in regulon
activation in response to environmental signals such as heat shock. Group 3 have
more distant relation to ¢’® and further divided into different functionally related
clusters of proteins. Finally, group 4 which encompass the largest number of
factors and comprise a highly diverse subfamily of extra-cytoplasmic function
(ECF). The majority of the ECF subfamily responds to extra-cytoplasmic stimuli
(Paget et al., 2003).



< -

Sigma factor RNA polymerase

/

— — — Promoter region
-35 -10

* Formation of closed complex

Formation of open complex

Elongation

@ mRNA
Released Sigma factor

Figure 1.3 The steps for initiation of transcription of RNAP containing o9
or o related sigma factor. Binding of RNAP holoenzyme to the promoter
forms a closed complex leading to a conformational change that creates an
open form at 310 promoter region. RNAP holoenzyme in this open form initiates
small RNA molecule production which leads to formation of a ternary complex.
The final step is transcription of mMRNA molecule by RNAP from which o factor
is dissociated. Figure modified from (Wosten, 1998).

The Mtb genome encodes 13 sigma factors and has an alternative sigma factor
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Figure 1.4 Conserved regions in o factors. (a). The architecture of
conserved regions of sigma factors of Mtb H37Rv. The residues at the
beginning and end of each conserved region are presented in the top and
bottom of colored boxes by numbers. The number of last C-terminus residue is
indicated on the right side of each sigma factor and the amino-terminus of each
protein is shown as ‘1’ (b) The structural organisation is shown for group 1, 2, 3
and 4 sigma factors. Broken lines connect sigma factor regions to their
recognised promoter element. The arrow shows transcription start site.
Reproduced after (Rodrigue et al., 2006).

density (ASFD) of 2.8 making it the obligate human pathogen with the highest
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ASFD (Figure 1.4). These features probably reflect the complicated environmental
adaptation strategies and complex growth cycle of Mtb. Because the frequency of
ASFD in a genome is a measure of the physiological properties of a
microorganism (Rodrigue et al., 2006). Out of 13 sigma factors only oA is
essential: it is the primary sigma factor and belongs to group 1. oB is a primary-like
sigma factor belonging to group 2. oF is member of group 3 and other sigma
factors (oC, oD, oE, oG, oH, ol, aJ, oK, oL and oM) belong to (ECF) subfamily of
group 4 (Manganelli, 2014).

The regulation of sigma factors is modulated by anti-sigma factors. These are
unconventional transcription factors that bind to specific regions of sigma factor
preventing it from binding to promoter DNA or core enzyme of RNA polymerase
resulting in inhibition of transcription initiation. Mtb has five anti-sigma factors
regulating the activity of oE, oF, oH, oK and oL. The regulation of anti-sigma
factors is done in 3 different ways; interaction with extra-cytoplasmic proteins or
small effector molecules, sequestration by anti-anti-sigma factor, or secretions
from the microorganism (Paget et al., 2003).. The anti-anti-sigma factors further
regulate sigma-factors through inhibiting the activity of anti-sigma factors. There

are 7 anti-anti-sigma factors in Mtb (Newton-Foot et al., 2013).

1.4.2. Structure of the promoter in Mtb

The same components of classical bacterial promoters are generally present in
mycobacteria and they may be intergenic or located within unannotated regions
(Dieci et al., 2002).

Transcription initiation start point (TSP)

Transcription starts at a purine base (most often guanine) in the majority of
mycobacterial promoters though any base may occur occasionally in the +1
position as TSP in mycobacteria (Bashyam et al., 1996). The position of the

majority of TSPs is downstream 5 to 9 bases of the -10 sequence. However, in
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some Mtb promoters such as rel transcription begins at base 3 of the -10 region
and this has implications for transcription because it alters the conformation of the
DNA-RNA polymerase complex (Jain et al., 2005).

—-10 promoter region

The aligning of sequences for a number of mycobacterial promoters revealed a
conserved hexameric region located upstream of the TSP. This region is named
-10 promoter region because it is positioned about 10 bases upstream of TSP that
corresponds to the Pribnow box in classical bacterial promoters. Indeed, the
essentiality of this sequence for transcription is preserved through all bacteria as
chloramphenicol resistance tests demonstrated that the -10 region alone was
sufficient for transcription whilst its deletion in Mtb H37Rv resulted in no significant

transcription (Bashyam et al., 1996).

-35 promoter sequence

The mycobacterial —35 promoter sequence has little similarity to the TTGACA motif
in other bacteria. Moreover, not much homology of this sequence occurs within
mycobacteria. The —35 sequence is not essential for promoter function as it does
not support transcription on its own (Kenney et al., 1996). There is a disparity in
the sequence of —35 hexamer causing variation in activity. These diverse —-35
promoter sequences are recognised by different sigma factors and additional
transcriptional activators are required to allow transcription initiation for promoters

with unrecognised -35 motifs (Bashyam et al, 1996).

Intrahexameric region

The region between —-35 and —-10 in Mtb seems to be conserved at approximately

16 — 19 bp. This distance has no significant transcriptional role in mycobacteria as
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variation in this region appears to have no major effects on the strength of

promoter (Kremer et al., 1995).

Ribosomal binding site (RBS)

The RBS in mycobacteria is about 6 — 8 bp downstream to TSP and commonly an
adenine and guanine rich region. Although, RBS is typically located upstream to
start codon, for several genes encoded by leaderless RNA the start codon and
TSP are located at the same position. In view of that, the RBS and other

transcriptional signals are absent on the mRNA transcript (Bashyam et al., 1996).

Start codon

The position on MRNA where translation into a peptide starts is the start codon. In
mycobacteria, similar to most bacteria, ATG is the most dominant start codon from
which methionine is translated. Alternative start codons however can occur as
about 30% of proteins of Mtb are translated from GTG start codon. This may

reflect high GC content of mycobacterial genome (Lew et al., 2011).

Length of promoter

Generally, the minimum length of promoter is considered to be about 40 bp that
includes the =10 and -35 hexamers and TSP. While for transcription initiation it
seems to be the basic requirement, other components like RBS and DNA binding
regulator motifs are necessary for optimal expression. The distance between the
start codon and RBS can be about 40 bp and between RBS to the TSP up to 1000
base pairs. A required length of DNA necessary for optimal expression of a
polypeptide can be highly variable that can reach up to 2000 bp upstream of the
gene (Hunt et al., 2012).

14



Transcription termination

The two transcription termination mechanisms in bacteria are factor-dependent
and intrinsic termination. In factor-dependent the binding of proteins to RNA
polymerase dissociates it from DNA, whereas, intrinsic termination is the result of
specific feature of mMRNA that cause transcription termination. In typical bacteria,
the intrinsic terminator has a CG-rich palindromic sequence which is followed by a
poly adenine sequence. Following transcription of this region a secondary hairpin
structure forms and is continued with a uracil-tail. Formation of hairpin results in
RNA polymerase dissociation and consequently termination of transcription
(Unniraman et al., 2002).

The putative terminators in the Mtb genome are positioned within 50 base pairs of
the stop codon. However, majority of terminators consist of a hairpin structure but
lack the uracil tail which might again reflect the high GC content. Indeed, high GC
may provide an alternate termination mechanism and a less complicated

terminator structure compared to other well-studied bacteria (Mitra et al., 2008).

Expression from multiple promoters

The majority of genes in mycobacteria are expressed from a single promoter
upstream of the gene within the intergenic region. However, under different
conditions the multiple promoters can express the same gene. The multiple
promoter system may provide the ability for a gene to be differentially expressed in
basal and inducing conditions as well as for transcription in a reverse orientation.
Therefore, multiple promoters contribute to regulating the expression of
mycobacterial genes in a variety of conditions in order to optimize the

transcriptional pattern in the cell (Gopaul et al., 2003).

Expression from insertion sequences

Insertion sequences are compact, small DNA molecules that are flanked by 10 —

40 base pair terminal inverted repeat sequences. They are mobile DNA elements
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that encode factors responsible for their own transposition (Mahillon et al., 1998).
The insertion sequence 1S110 is only found in the Mtb complex and is involved in
its evolution. It has the ability to transpose to different parts of the genome.
Depending on the insertion site this may lead to altered or loss of specific gene
expression. OP6110 is an example of insertion sequence mediated up-regulation
in the late phase of H37Rv growth in human macrophages. The insertion leads to
up-regulation of some downstream genes including Rv2080. In this case, the
presence of a mobile genetic element capable of transcriptional regulation in
response to macrophage environment appears to be essential for the intracellular
survival of Mtb (Brosch et al., 2001).

Regulation of transcription by inducible promoters

In promoter region the induction and repression of transcription can be through the
binding of sigma factors as well as activator and repressor proteins to specific DNA
sequences. Alternatively other transcription factors such as anti-sigma factors and
ppGpp that bind to RNA polymerase can influence the regulation of transcription.
Using these mechanisms the mycobacteria can adapt to diverse conditions and

survive (Haugen et al., 2008).

1.5.Human pulmonary immunity against Mtb

The success or failure of protection against Mtb within lung tissue and
bronchoalvelar cells hinges on a collective contribution of innate, adaptive and
regulatory mechanisms of immunity in the bronchoalveolar microenvironment. The
lung immune response to Mtb exposure characterizes the outcomes of early
interaction between host and pathogen that may result in eliminating the pathogen,

developing latent infection or progressing to active TB.
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Table 1.1 Innate immunity: Cell types, Receptors and effector mechanisms

Receptors involved in Mtb uptake and signaling

- Complement receptor-3 (CR3)

- C-type lectin Dectin-1

- Fc receptors

- Scavenger receptors

- Chemokine receptors

- Mannose receptors

- DC-SIGN

- Adenosine receptor

- Toll-like receptors (TLRs) 2, 4, and 9

- Nucleotide oligomerisation domains (NODSs)
TLR-mediated effector mechanisms

- NF-kB activation

- Antimicrobial peptides

- INOS, nitric oxide

- proinflammatory cytokines

- IL-12,1L-18

Mtb TLR agonists
- Lipoarabinomannan (TLR2)
- Heat shock proteins 65 and 71 (TLR2, TLR4)
- Mtb DNA (TLR9)

Lung collectin-mediated host mechanisms
- NF-kB activation
- Expression of TLR2 and TLR4 (surfactant protein A [SP-A])
- Increase in Mtb adherence and phagocytosis (SP-A)
- Decrease in phagocytosis (SP-D)
- Increased expression of phagocytic receptors, scavenger receptor A,
and mannose receptor

Definition of abbreviations: DC-SIGN = dendritic cell-specific intracellular adhesion
molecule-3-grabbing non-integrin; INOS = inducible nitric oxide synthase; NF-kB =

nuclear factor-kB. Table reproduced after (Bermudez et al., 1996)
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Transmission Dynamics and Host Immunity

The majority of Mtb infections occur through inhalation of aerosolised droplets
released from individuals with active pulmonary TB. Rarely, exposure to laboratory
generated aerosols and contact with infected animals can also transmit the
pathogen. The transmission of Mtb in aerosol depends on several factors including
the duration of exposure and shared air space, distance from source, the amount
of bacteria in the source TB case’s respiratory secretions, and the immune status
of the new host. Other factors that can also affect the efficiency of transmission are
the amount and rheological characteristics of sputum in addition to the strength of
cough (Fennelly et al., 2004).

A wide range of pattern recognition receptors interact with Mtb on inhalation into
the pulmonary area (Table 1.1). In the lungs, Mtb bacilli interact with alveolar type |
and Il epithelial cells and are ingested by alveolar macrophages and dendritic cells
(Bermudez et al., 1996).

During interaction, the Mtb products can activate neutrophils that are the dominant
phagocytes among bronchoalveolar cells in active TB. Such neutrophil interactions
results in expression of a variety of receptors and production of antibacterial
effector molecules (Neufert et al., 2001). Moreover, the activated polymorphs have
the capability of restricting the growth of Mtb in vitro (Martineau et al, 2007) and

can contribute in activation of macrophage in vitro (Tan et al., 2006).

The early initiation of innate immunity against TB involves active contribution of
dendritic cells and subsets of bronchoalveolar cells such as aff and yo T cells,
natural killer cells in addition to active soluble molecules including nitric oxide,
surfactants and antimicrobial peptides. Two groups of pattern recognition receptors
can be activated by Mtb; the Toll-like receptors (TLRs) and the nucleotide
oligomerisation domain receptors (Liu et al., 2008). Depending on the type of
antigen, cytokine and inflammatory cells, the TLR engagement can be stimulatory

or suppressive to the immune response. The immune-stimulatory TLR2, TLR4 and
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TLR9 on macrophage and dendritic cells are essential in innate resistance against
mycobacteria (Pompei et al., 2007). As a result chemokine are released and
different immune cells are accumulated leading to production of antimicrobial
effector molecules (Korbel et al., 2008). However, potent immunosuppressive
responses can be mediated by TLR engagement resulting in evasion of Mtb from
host immunity. On example can be the anchoring of mycobacterial glycosyl
phosphatidyl inositol to phosphatidyl myoinositol hexamonosides that blocks the
binding of myeloid differentiation protein 88 and TLR4. As a result, the release of
nitric oxide and cytokines such as TNF-a and IL-12 is strongly inhibited (Doz et al.,
2009). In a similar way, the activation of NFKB and interferon regulatory factors are
inhibited by the early secreted antigenic target 6-KD protein (ESAT-6) after TLR2 —
ESAT-6 binding.

The TLR2 — ESAT-6 interaction can suppress IFN-y induced expression of class Il
major histocompatibility complex (MHC-II) via TLRs mediated mechanism (Pathak
et al., 2007). The bronchoaleveolar space is a unique immunological compartment
in which the expression of TLR2 is low; TLR4 at similar levels and TLR9 is higher
in alveolar macrophages compared to autologous macrophages. In view of that,
there is a difference between alveolar and peripheral macrophages in their
interaction with surfactant proteins A and D (SP-A and SP-D) which has a
significant effect on lung immune responses to Mtb. The expression and signaling
of TLR2 and TLR4 in macrophages is regulated by SP-A resulting in decreased
phosphorylation of NFkB activity leading to reduced TNF-a secretion. SP-A could
increase phagocytosis of Mtb by human alveolar macrophages via enhancing the
adherence of bacilli following up regulation of mannose receptor activity on
alveolar macrophages (Gaynor et al., 1995). In contrast, SP-D decreases the
phagocytic activity of macrophages partly due to a direct Mtb SP-D interaction that
limits the intracellular replication of Mtb via enabling phagosome—-lysosome fusion
(Ferguson et al., 2006).
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1.6.Sputum transcriptome of Mtb

An effective anti-mycobacterial immune response able to control the growth of
bacteria causes localisation of bacilli in the granulomas and nodules in the lungs.
Within the caseous portion of granuloma, a state of non-replicating persistent is
likely due to the effects of hypoxic conditions. Recruitment of O, even after a
prolonged hypoxia—induced dormancy can initiate bacterial resuscitation (Voskuil
et al., 2003).

In the Mtb infected microenvironment of the pre-caseous granuloma multiple
stimuli are likely variably present in addition to hypoxia including nitric oxide,
carbon dioxide, oxygen radicals, low pH and restricted nutrients. In such a diverse
set of microenvironments, it can be expected that Mtb is in different growth states
including a dormant/replicating equilibrium (Gengenbacher et al., 2012). Thus,
during an active TB a mixture of dormant, resuscitating and replicating bacteria are
present (Chao et al., 2010).

Among heterogeneous populations of mycobacteria in human pulmonary
infections, individual groups can be dominant or disappear depending on their
ability to adapt in the presence of host immune response (Bukka et al., 2011). Host
immune status ultimately allows replication of bacteria to resume and ultimately
leads to the emptying liquefied caseating granuloma contents into airways (Dorhoi
et al.,, 2011). Based on recent studies prior to transmission the final burst in
mycobacterial replication occurs upon release of bacilli from granuloma into the

sputum (Eum et al., 2010).

The phenotype and staining properties of isolated Mtb bacilli are different from in
vitro growing bacteria (Betts et al., 2002). In this regard, visualisation of sputum
samples from active TB patients revealed characteristics of dormant bacilli
containing lipid bodies similar to non-replicating persister Mtb (Garton et al., 2008,
Gengenbacher et al., 2012).
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The presence of lipid bodies in sputum population of Mtb was demonstrated in
parallel with a transcriptome study (Garton et al., 2008). The pattern of gene
expression revealed was unique but most closely resembled non-replicating
persistent Mtb in vitro. Looking into functional categories, the expression of genes
involved in ribosomal function and aerobic respiration were found to be
significantly reduced compared to aerobic growth in vitro. Whereas, the genes
required for cholesterol utilisation and fatty acid metabolism had a significant rise
in their transcript. Notably mentioned in the same study, similarities in transcript
abundance were observed between sputum transcriptome and a model of chronic
murine infection. Thus, genes repressed during bacillary stasis in murine model
including ctaD, nuoB, atpA, atpD, and gcrC were also found to be repressed in
sputum. Likewise, narK2 was induced as was the case in murine infection (Garton
et al., 2008).

The most prominent pattern of expression observed in sputum was related to the
DosR regulon This is interesting as activated DosR has been associated with long
term survival of bacteria during anaerobiosis (Honaker et al., 2009). DosR is also
essential in bacterial recovery in conditions where aerobic respiration is limited
(Leistikow et al., 2010). Up regulation of the isocitrate lyase (icll) gene is an
indication that lipids are utilised as a carbon and energy source which has been
consistent with the findings in an in vivo study. Moreover, evidence of an activated
KstR regulon in pulmonary exudates indicates signals related to cholesterol

utilization and occurrence of this type of lipid in sputum (McKinney et al., 2000).

The patterns seen in sputum transcriptome such as utilization of lipids, activation
of DosR, and a signature of slow growth are similar to many experimental
conditions that have previously been studied in macrophage and animal studies
(Garton et al., 2008).
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1.7.Neutrophils

Neutrophils are one of key elements of immunity against invading pathogens. High
numbers are generated in the bone marrow and they comprise ~60% of all white
blood cells in circulation in human (Dale et al., 2008). Circulating neutrophils have
a half-life of 6 to 10 hour before their spontaneous apoptosis. Their lifespan can be
prolonged by pro-inflammatory signals in inflamed tissues (Corleis et al., 2012).
When the skin and mucus membrane fail to prevent microorganisms from entering
into the tissues, the local endothelial cells become activated by signals generated
from microbes and resident macrophages. Following the activation of endothelial
cells at the site of infection passing neutrophils are captured and guided towards
the microbes. The neutrophil-microorganism encounter results in phagocytosis of
microorganism followed by production of bactericidal substances in the phagocytic
vacuole. The products of neutrophils in tissues attract further neutrophils and other
immune cells. Ultimately, neutrophils extracellular traps are produced by the
neutrophil encounter with microbes (Summers et al., 2010).

1.7.1. Production of Neutrophils

Neutrophil production is the dominant activity in myelopoisis (i.e. collective
production of granulocytes and monocytes) within venous sinuses of bone marrow.
Granulocytes and monocytes differentiate from a common progenitor cell. The
regulation of granulocyte differentiation occurs via selective expression of a subset
of transcription factors such as HoxB7, Egrl and STAT3 as well as overexpression
of receptors for granulocyte — macrophage colony stimulating factor (GM-CSF) and

N-formylmethionylleucyl-phenylalanine (Sasmono et al., 2007).

In a normal adult person the neutrophil production is extensive with 1 — 2 x 10**
cells produced per day. Granulocyte colony stimulating factor (G-CSF) plays an
important role in producing higher number of neutrophils during infections

(Lieschke et al., 1994). In bone marrow the population of neutrophils can be

22



classified into three subdivisions. 1) The stem cell pool consisting of
undifferentiated hematopoietic stem cells. 2) Mitotic pool consisting of committed
progenitor cells which are granulocytes with active proliferation and differentiation.
3) Post-mitotic pool consisting of fully differentiated mature granulocytes which are
considered as the neutrophil storage of bone marrow ready for release. Based on
studies the transit time from stem cell pool to post-mitotic pool is about 4 to 6 days
(Summers et al., 2010).

1.7.2. Terminal Granulocytopoiesis

Mature granulocytes are produced from committed progenitors in a process called
terminal granuloctyopoiesis (Figure 1.5).

Two essential transcription factors are required for the commitment of myeloid
lineage; these are PU.1 and CCAAT/enhancer binding protein-a (C/EBPa). The
balance between PU.1 and C/EBPa determines the subsequent decision between
monocyte and granulocyte commitment (Nerlov et al., 1998, Reddy et al., 2002).
High expression of C/EBPa derives granulocytopoiesis (Zhang et al., 1997)
especially during fungal infections (Hirai et al.) whereas PU.1 induces monocytic
differentiation (Radomska et al., 1998). Further differentiation of neutrophils
requires growth factor independent-1 (Gfi-1) a transcription factor that
overexpresses during the commitment of stem cells to promyelocytes (Velu et al.,
2009). Beyond promyelocytes, a number of transcription factors are involved for
further differentiation. One of the key transcription factors expressed at the stage
of myelocyte is C/EBPe (Morosetti et al., 1997). C/EBPe regulates the transition of
promyelocyte into myelocyte which is associated with the termination of cell cycle.
This is done via binding of Rb and E2F1 mediated by C/EBPe¢ which inhibits the
activation of genes associated with cell cycle (Gery et al.,, 2004). During the
transition from myelocytes into metamyelocytes C/EBPB, C/EBPy, C/EBPS, and
C/EBPC are also expressed (Bjerregaard et al., 2003). Granule proteins are highly

expressed by C/EBPs during terminal granulocytopoiesis (Chumakov et al., 2007).
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Figure 1.5 Granulocytopoiesis in the Bone Marrow. Osteoblast and
endothelial cells provide localisation of stem cells. The transcription factors
(top of figure) indicating for different subsets of granules in neutrophil;
azurophilic (red), specific (green), gelatinas (yellow), secretory vesicles
(empty) that are sequentially formed during promyelocyte maturation.
Retention of cells is favored by CXCR4 and SDF-1 ligand whereas the
release of cells is favored by CXCR2 and its ligands KC and Grof3. Release of
neutrophil is directly stimulated by G-CSF via direct effect on neutrophil and
indirect effect on decreasing SDF-1 while increasing Grof expression on

endothelial cells. Figure modified from (Borregaard, 2010).

1.7.3. Release of Neutrophils from Bone Marrow

From early developmental phases the G-CSF receptors are present at high levels
on neutrophils surfaces. Correspondingly, there is low expression level of CXC
chemokine receptor 4 (CXCR4) on mature neutrophil surfaces (Hubel et al., 2002).
Expression of CXCR4 is essential factor for neutrophils to retain in the bone

marrow. Stromal-derived factor 1 (SDF-1), a CXC chemokine -constitutively
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produced by stromal cell of bone marrow is the main ligand for CXCR4. The
CXCR4 and SDF-1 interaction can result in retaining of neutrophils in marrow
(Hernandez et al., 2003).

After maturation, neutrophils migrate from the haematopoietic compartment to
circulation through sinusoidal endothelium by a unique process of trans-cellular
migration. This occurs when CXCR4 is significantly reduced during differentiation
allowing the mature neutrophils in bone marrow to move into circulation. However,
the life span of circulating neutrophils is not affected by the release of mature
neutrophils into circulation (Eash et al., 2009).

1.7.4. Circulating and marginated pools of granulocytes

Based on a study done on healthy volunteers, roughly half of the neutrophils given
by infusion disappear from circulation (Mauer et al., 1960). Addition of adrenaline
to the infusion caused an increase in the number of granulocytes remaining in the
circulation. This recoverable number of neutrophils is named the marginated pool.
The total granulocyte pool in blood is about 6.5 x 10" cells per kilogram body
weight, of which 51% are in the marginated pool and 49% are in the circulating
pool (Athens et al., 1961).

1.7.5. The pulmonary marginated pool of granulocytes

The size of a marginated pool is determined by the passing time of neutrophil
through capillary bed. There is controversy on the size of pulmonary marginated
granulocyte pool. A number of studies suggest that the predominant site for
neutrophil margination is the lung as the entire cardiac output passes through the
lungs (Hogg et al., 1995). Moreover, the maturation and activation status of
neutrophils determine their biodistribution. Thus young circulating granulocytes

home back to bone marrow and mature peripheral blood granulocytes mobilise
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back to the bone marrow and liver whereas inflammatory mature neutrophils

predominantly mobilise back to lungs and liver (Peters, 1998).

1.7.6. Neutrophil-Endothelial Cell Interactions

To arrive into the site of microbial entry, neutrophils should cross the vascular wall
and this largely occurs in postcapillary venules (Figure 1.7). The neutrophils can
easily come to contact with the walls of blood vessel as the diameter is small and

- - - - Endothelial cells

P C;O ~ Cytokines
- O
Phagocytosis ==

Macrophage

NETosis Apoptotic -
neutrophil

Figure 1.6 Neutrophils in Tissues. The endothelial cells P-selectins capture
neutrophils. The rolling and activation of integrins on neutrophil is mediated
by binding of endothelial cells to PSGL-1, L-selectin, and CD44 on neutrophil.
Thus the cell interacts with expressed ICAMs on endothelial cells. The
crossing of neutrophil through endothelial membrane can be paracellular or
transcellular. Phagocytosis of microbes may lead to apoptosis or NETs
formation. Figure redrawn after (Borregaard, 2010).
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the wall is very thin; but neutrophils are too large to cross the endothelium.
Nevertheless, leukocytes are recruited to the sites of infection in systemic organs
via diapediesis. This mechanism of transendothelial migration is unique to
neutrophils (Woodfin et al., 2010).

1.8.Pathogen killing by neutrophils

Three major mechanisms are involved in the process of killing invading pathogens
by neutrophils. Firstly, the pathogen is engulfed via receptor mediated uptake into
the phagocytic vacuole. Secondly, the vacuole produces highly toxic reactive
oxygen species (ROS). Finally, the neutrophil granules containing different

antimicrobial elements are fused with the vacuole (Mayadas et al., 2014).

1.8.1. Phagocytosis

As an immunological response, a massive recruitment of circulating neutrophils
occurs during microbial challenges. At the sites of infection neutrophils play a key
role in phagocytosis and killing of microorganisms. Two different classes of
receptors are involved in the neutrophil phagocytosis; complement receptors
including CR1 (CD34) and CR3 (CD11/CD18 integrin) and Fcy receptors including
FcyRIIA (CD32) and FcyRIIIB (CD16). However, the major functional receptors for
phagocytosis are CR3 and FcyRIIA whose function is facilitated by co-receptors
FcyRIIIB and CR1. These two receptor classes are different in their phagocytosis
process as well as signalling pathway.

In the FcyRIIA receptors mediate phagocytosis and activated Src-tyrosine kinases
phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMS), the
cytoplasmic motif of FcyRIIA receptor. The phosphorylation of ITAMS and
aggregation of FcyRIIA receptor prompts the internalisation of IgG-coated targets.
The engagement of phosphorylated ITAMS with Syk tyrosine kinase activates PI3-

kinase and Rho proteins resulting in extension of membrane protrusions. This
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serves as the phagocytic cup that engulfs the opsonised particle (Massol et al.,
1998). The proposed role of FcyRIll receptors in neutrophil phagocytosis is
recruiting the FcyRIIA receptors resulting in aggregation of ITAMS (Chuang et al.,
2000).

In CR3 mediated phagocytosis the complement opsonised target is sunk into the
neutrophil membrane producing minor protrusions. In addition to binding of CR1
and CR3 to C3b/iC3b the activation of neutrophils is required to achieve complete
phagocytosis. Thus, the stimuli in activated neutrophils phosphorylate CR1 that
promotes outward signals which in turn enhance the binding capacity of CR3.
Unlike, FcyR-mediated phagocytosis, C3b dependent phagocytosis is not
accompanied by the production of cytokines and arachidonic metabolites during
activation of respiratory burst. Indeed the internalisation of opsonised targets
promotes a complex signalling pathway leading to fusion of granules rich in
protease within the phagosome that trigger the oxidative burst (Yamamoto et al.,
1984).

1.8.2. Granule biogenesis

Upon neutrophil activation the granules are filled with microbicidal molecules. The
biogenesis of granule occurs parallel to differentiation pathway of granulocyte
(Borregaard, 2010). At the promyelocyte stage the azurophilic granules emerge
containing serine proteases, antibiotic proteins and myeloperoxidase (Fouret et al.,
1989). Therefore, mobilised upon phagocytosis, the azurophilic granules are
considered as compartment with true microbicidal properties. Azurophilic granules
are not classified as lysosomes due to the absence of lysosome-associated
membrane proteins (LAMPSs). Nonetheless, their functional characteristics
resemble secretory granules (Cieutat et al.,, 1998). At the metamyelocyte stage
specific granules containing collagenase and lactoferrin appear followed by a
population of gelatinase containing tertiary granules. Finally, at the stage of mature
neutrophils the fourth type of granules appears; these are known as secretory
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vesicles. Since plasma proteins such as albumin are present in secretary vesicle
granules, they might be originated from the endocytic environment of neutrophils.
The mechanism of secretion the four morphologically distinct granule populations
may be separately controlled. The exocytosis resulting from a rise in cytosolic
calcium occurs first in secretory vesicles followed by gelatinase granules then

specific granules and finally azurophilic granules (Sengelgv et al., 1993).

1.8.3. Granule proteins

Antimicrobial Proteins in granule are an array of peptides and proteins used by
neutrophils to eliminate invading microbes (Table 1.2). The majority of
antimicrobial proteins are in the azurophilic granule that should be delivered into

the phagolysosome.

Bactericidal-permeability increasing protein (BPI) is stored in azurophilic granules
and is one of the most active elements; it can also be expressed at the neutrophil

plasma membrane (Elsbach, 1998).

Defensins, another group of antimicrobial peptides, are small cationic antibiotic
peptides known as beta-sheet defensins. They induce membrane permeability in
Gram-negative and Gram-positive bacteria. Defensins are suggested to have a
role in wound healing as they are mitogenic for fibroblasts (Murphy et al., 1993).

Proteins localised in the matrix and the membrane of neutrophil granules and
secretory vesicles. The localisation is inferred from the gene expression profile
according to the targeting-by-timing hypothesis but has not been confirmed at the

protein level (Borregaard, 2010).

Lactoferrin is an iron-binding protein produced form proteolysis of longer proteins
and also has antimicrobial effects (Hwang et al., 1998). Other proteins in specific
granules that may contribute to the bactericidal activity of neutrophils include

lysozyme and phospholipase A2 (Harwig et al., 1995).
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Table 1.2 Neutrophil granule proteins

Membrane Proteins

Azurophil . ) i
Specific granules Gelatinase granules  Secretory vesicles
granules
- CD11b/Cd18, CD66, CD67 CD11b.CD18, CD67 CD11b.CD18, CD67
- Gp91phox/p22phox Gp91phox/p22phox Gp91lphox/p22phox
- MMP25 MMP25
LIR1-4, 6-7, 9; CD35;
CD16; C10-R; IFN-aR1
- TNFR, uPAR TNFR and IFN-aR2; IFN-yR1
and IFN-yR2; TNFR1 and
TNFR2
SNAP-23, VAMP-2,
CD63, CD68, SNAP-23, VAMP-2, Stomatin, SNAP-23, VAMP-2, Nrampl, alkaline
presenilin PGLYRP Nrampl phosphatase, DAF, CD10,
CD13
Matrix Protein
Elastase,

] Collagenase, Gelatinase, ] ] )
Cathepsin G, ) ) Gelatinase, Arginasel Plasma proteins
) uPA, cystatin C, cystatin F
Proteinase 3

hCAP18, NGAL, B12BP,

Defensins, BPI, lysozyme, lactoferrin,
) ) Lysozyme -
MPO, lysozyme haptoglobin, pentraxin 3,
prodefensin
Sialidase, ) )
o A-1-anti-trypsin, SLPI, ) ]
Azurocidin, . 32-microglobulin,
. orosomucoid, heparanase, -
B-glucoronidase, ] ) CRISP3
o B2-microglobulin, CRISP3
azurocidin

Abbreviations: B12BP, vitamin B12 binding protein; CRISP, cysteine-rich secretory
protein; DAF, decay-accelerating factor; Gp, granule protein; LIR, immunoglobulin-
like receptor; uPA, urokinase plasminogen activator. Reproduced after (Elsbach,
1998)

30



Secretory leuko-proteinase inhibitor (SLPI) is a production of mucosal surface cells
and is present in neutrophils. It is a two domain polypeptide that expresses anti-
proteinase activity at its carboxy terminal domain while has a broad antibacterial
properties at its amino terminal (Tomee et al., 1997). SLPI synthesis can be
induced in murine macrophages upon exposure to lipopolysaccharide of Gram-

negative and lipoteichoic acid of Gram-positive bacteria (Jin et al., 1998).

Protegrins demonstrate a strong antibacterial and antifungal activity as well as
toxic effects against enveloped viruses

Proteases play an essential role in physiological processes as the most
components of extracellular matrix are degraded by neutrophil-derived proteases.
Based on the chemical properties of their active sites the proteinases are classified
into four distinct groups. Metalloproteases and serine proteases are involved in
degradation of extracellular proteins whereas aspartate proteases and thiol-
proteases play a role in digestion of intracellular proteins (Owen et al., 1999).

Serine proteinases are found in azurophilic granules. They belong to a large family
of enzymes termed the catalytic triad formed from aspartic acid, histidine and
serine. The three neutral serine proteases include cathepsin G, elastase,
proteinase 3 that are homologs of azurocidin (Almeida et al., 1991). Cathepsin G
mediates the aggregation of platelets (Chignard, 1993). Elastase has the ability to
cleave CD14 on monocytes and this inhibits LPS-mediated activation of cells (Le-
Barillec et al, 1999). Proteinase 3 can induce IL-8 synthesis in endothelial cells
(Berger et al, 1996). Finally, Azurocidin has the ability to stimulate phosphate
kinase C in endothelial cells (Pereira et al, 1996).

Matrix metaloproteinases (MMPs) a family of enzymes involved in many
physiological processes of degradation of matrix (Middelhoven et al., 1997).
Collagenase (MMP-8) in specific granules has a specific ability of cleaving type |
collagen while, 92 kDa gelatinase (MMP-9) in secretory vesicles can degrade type
V collagen (Elkington et al., 2011).
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1.8.4. Mechanisms of degranulation

The key mechanisms in the neutrophil activity include intracellular transportation of
proteins, delivery of proteins to different compartments, and finally secretion of
proteins to extracellular spaces (Figure 1.8). One of the major events during
microbicidal activity of neutrophils is degranulation of vesicles into extracellular

space or phagolysosomes.

Apart from the secretory vesicles that have endocytic origin the fusion of plasma
membrane and neutrophil granules is considered as a heterotypic fusion. Such
fusions are protein—protein interactions leading to the final destination of the
vesicle that favours the interaction of vesicle phospholipid bilayer with the target

membrane (Berton, 1999).

1.8.5. Respiratory burst in neutrophils

Two parallel events in the phagolysosme of stimulated neutrophils determine the
antimicrobial efficiency of neutrophils. The release of antimicrobial and enzymatic
proteins from granules as well as the ROS production from activated NADPH-
dependent oxidase. A variety of receptors as well as phagocytic targets are

involved in the triggering these responses.

One of the mechanisms involved in eliminating the invading pathogen is the
generation of ROS by activated neutrophils. Respiratory burst is initiated from
NADPH oxidase which is a complex enzyme of cytosolic and membrane proteins.
The cytosolic parts of NADPH oxidase include p40phox, p47phox, and

p67phox whereas membrane proteins are p22phox and glycoprotein-91phox
(Babior, 1999).
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Figure 1.7 The effector mechanisms of neutrophils during inflammation
and defense against pathogenic microorganisms. Following phagocytosis
of pathogens the effector systems of neutrophil are mobilised. CR1 and CR3
recognise C3b and C4b. Ig receptors (FcyR) recognize IgG opsonins. The
oxidative response is the first microbicidal pathway consisting of radical oxygen
species resulted from activation of NADPH-oxidase complex which includes
superoxide anion (O»-), hydrogen peroxide (H20O), hypochlorous acid (HOCI)
and chloramins. The second pathway is a non-oxygen dependent consisting of
the product of phagolysosome or granule proteins. The azurophilic granules
contain myeloperoxidase, antibiotic proteins and serine proteases. Specific
granules contained antimicrobial proteins such as lactoferrin and cathelicidin,
as well as metalloproteinases (gelatinase and collagenase). Gelatinase is
present in tertiary granules thus termed gelatinase granules. Redrawn after
(Witko-Sarsat et al., 2000)

33



The phosphorylation of p47phox upon neutrophil activation is accompanied with
the migration of cytosolic components to the plasma membrane where they bind to
cytochrome b558 resulting in assembly of active oxidase. Formation of this
complex can produce superoxide anion (O2) which in turn dismutates into H,O,
(Nathan, 1987).

O, reduction into hydrogen peroxide H,O, is mediated by three intermediates
generated via one electron transfer namely superoxide (O2), (H20) and hydroxyl
(OH") radicals. The production of O, is the basic material to initiate the generation
of wide range of reactive oxidants. One example is halogenated oxidants which
are produced from myeloperoxidase (MPO) pathway (Klebanoff, 1998). MPO, a
haeme protein in azurophilic granules, is released into the phagolysosome and the
extracellular space after activation of neutrophil. It produces reactive intermediates
that increase toxic potential of H,O,. The main MPO product in the plasma is
hypochlorous acid (HOCI), a potent oxidant that can chlorinate electron-rich

substrates and lyse heme proteins and nucleotides.

A wide range of byproducts are made from MPO substrates. In this regard, the
MPO-H,0, interaction system generates chlorination products, tyrosyl radicals,
tyrosine peroxide, reactive aldehydes, and the oxidation of lipoproteins and serum
proteins (Heinecke, 1999). MPO utilizes substrates such as hydrogen peroxide
and nitrite in order to catalyze the nitration of tyrosine in proteins (Sampson et al.,
1998) as well as reacting with peroxinitrite (Podrez et al., 1999). These interactions
can initiate the connection with the nitric oxide synthase system. Beside their role
in host defence, MPO-derived oxidants are also implicated in processes of
carcinogenesis, atherosclerosis, and chronic renal failure due to high levels of
MPO-derived proteins in plasma leading to inflammatory reactions (Witko-Sarsat et
al., 1998). While the main source of MPO is neutrophil, some MPO-mediated

biological activities can occur in monocytes.
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Nitric Oxide-Synthase-Derived Reactive Nitrogen Intermediates

Among eukaryotic enzymes, nitric oxide synthases are unique as they are dimeric,
calmodulin-containing cytochrome P450 hemoproteins with the ability to combine
reductase and oxygenase domains in one monomer. Nitric oxide (NO) is a
member of reactive nitrogen intermediates that react with oxygen forming potent
oxidants such as nitrogen dioxide (NO). The direct toxicity of nitric oxide can be
profoundly increased by peroxynitrite (ONOO-) produced from its interaction with

superoxide (Beckman et al., 1996).

1.9.Neutrophil Extracellular Traps (NETS)

NETs occur when a meshwork of chromatin strands loaded with granule-derived
antimicrobial proteins and enzymes such as elastase and MPO are extruded by
neutrophils. This process of NETs formation is called NETosis a novel mechanism

to entrap and Kkill extracellular bacteria (Mesa et al., 2013).

1.9.1. Mechanism of NETosis

During NETosis the granule membranes and nucleus of the cell disintegrate
resulting in release of granule products and decondensed chromatin fibres into the
extracellular space. The co-localisation of granule proteins and chromatin fibres
outside the cell can be visualised by immune-staining and is characteristic of NETs
(Papayannopoulos et al., 2009).

NETosis can be distinguished from apoptosis by lack of “eat me” cell surface
signals. Therefore, NETs are not removed by other phagocytes, instead nucleases
disassemble the residual chromatin strands (Fuchs et al., 2007). The stimulation of
NETosis can be initiated by a wide range of inflammatory mediators such as
immune complexes, tumour necrosis factor and IL-8, as well as microbial proteins
from bacteria, protozoa, and fungi. In fact, the extent of NET formation is

determined by the combination and strength of such stimuli. NETosis, unlike
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oxidative burst and degranulation, is a slow process taking more than 4 hours to
occur (Clark et al., 2007).

NADPH oxidase activity is required to stimulate NETosis during infection (Bianchi
et al., 2011). Intracellular caspases can be inactivated by ROS leading to inhibition
of apoptosis and induction of autophagy and this promotes the breakdown of the
cell membrane during NETosis (Remijsen et al., 2011). In the absence of ROS
production other stimuli such as soluble immune complexes immobilised to
fibronectin via FCyRIIIA can also induce NETosis (Chen et al., 2012). Citrullination
of histones (i.e. conversion of arginine into citrulline) is required for chromatin

disassembly to facilitate complete dispersion of NETs (Wang et al., 2009a).

Antimicrobial function of NETs

NETs have antimicrobial functions; first, the pathogen is localised and trapped
within a chromatin meshwork, then the pathogen is exposed to high concentrations
of antimicrobial peptides and enzymes. In addition to MPO and elastase, NETs
contain other concentrated antimicrobial substances such as LL-37 and lactoferrin-
chelating proteins. Likewise, histones have considerable antimicrobial activity
(Papayannopoulos et al., 2010).

The synergistic action is enhanced when both chromatin activity and antimicrobial
proteins work together. In fact, some bacteria such as streptococci and
staphylococci degrade NETs by expressing nucleases so that they can be
released from chromatin network (Beiter et al., 2006). Streptococcus pneumoniae
provides another example of an escape strategy by modifying its capsule to reduce
contact with NETs (Wartha et al., 2007).

Despite the fact that DNA is expelled from the cell to produce NETS, it has been
suggested that neutrophils are able to migrate and perform antibacterial activities
in a conventional way even in the absence of a nucleus (Yipp et al., 2012). Thus

NETosis is a distinct from apoptosis because the latter is associated with the lack
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of neutrophil function. The molecular mechanisms that differentiate between
NETosis and apoptosis are not particularly clear as both processes are affected by
ROS. In this regard, the fate of neutrophil can be determined by the duration and
magnitude of ROS production (Chen et al., 2012).

1.9.2. NETs in tuberculosis

Ramos-Kichik and colleagues showed that Mtb can induce NETosis. Formation of
neutrophil aggregates was stimulated by both Mtb H37Rv and M. canetti in vitro
and detected by transmission and scanning electron microscopy. For confirmation,
neutrophil elastase, DNA and histones were stained with fluorescent
immunohistochemical stains. While, NETosis is induced by Mtb and entraps the
bacilli, it is reported that NET effector mechanisms are not lethal to this organism.
This is in contrast to another intracellular pathogen, Listeria monocytogenes, and
may reflect the importance of unique lipid-rich mycobacterial cell wall (Ramos-
Kichik et al., 2009).

The interaction between Mtb and components of innate immune system is
complex. Macrophages have been found capable of ingesting proteins from
azurophil granules of neutrophils and to utilize these proteins to kill mycobacteria
(Jena et al., 2012). This effect was initially attributed to neutrophil elastase and
cathepsin G. Alveolar macrophages were able to uptake these enzymes and
apparently also use them to eliminate invading mycobacteria (Steinwede et al.,
2012). Moreover, neutrophil-derived azurophilic enzymes can be taken up by
macrophages and subsequently employed for destruction of mycobacterial species
including Mtb (H37Rv), M. bovis (BCG) and M. smegmatis. Thus, acquiring
azurophilic enzymes in macrophages can facilitate bacterial cell envelope
degradation (Jena et al., 2012).

Interestingly, extracellular traps can also be generated by macrophages on
encounter with Mtb. The formation of macrophage extracellular traps mainly
depends on the presence of IFN-y and the ESX-1 system in mycobacteria leading
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to the rupture of phagocyte and release of bacilli. The extracellular traps of
macrophages are similar to NETs and comprise both DNA and citrullinated
histones (Wong et al., 2013).

1.9.3. Host influence on NETosis in pulmonary system

A direct interplay between microorganism and components of the innate and
adaptive immune systems is a key to eliminating invasive pathogens. Mtb provides
a prime example of a virulent bacterium that breaks down this system by evading
the host and eventually killing it (Alimuddin et al., 2013).

The ability to produce NETs by neutrophils depends on external stimuli as well as
the local microenvironment and the host pulmonary environment offers all the
required components (Figure 1.9). Proteins such as collectin, SP-A, and SP-D are
synthesised by alveolar epithelium and these bind carbohydrate moieties on
pathogens such as Mtb and fungi (Giannoni et al., 2006). They can also bind to
NETs and stimulate augmented NET-mediated antibacterial effects. In some
conditions disturbance in alveolar tissue leads to NETosis and a pool of cell-free
DNA (Papayannopoulos et al., 2011).

1.10.Neutrophils in TB sputum

Traditionally, macrophages are believed to be the main target of Mtb and play an
important role in containment of these bacilli in granulomas. Nevertheless, the role
of polymorphs in TB is gaining recognition. A transcriptome study on peripheral
blood of TB patients yielded a strong signal indicating the presence of interferon-
stimulated neutrophils (Berry et al., 2010).

Neutrophils are one of the initial cellular components in TB granulomas (Gideon et
al., 2011). They isolate the infected cells in an organised structure and suppress
mycobacterial replication (Gupta et al., 2012).
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Inflammatory cells accumulate at the initial sites of infection. The polymorphs die
and alveolar macrophages and the surrounding pulmonary tissues are subjected to
the effects of toxic immune products. As a result a caseous necrotic core is
generated on which extracellular Mtb bacilli live and replicate (Rustad et al.,
2008). The necrotic core is surrounded by a mixture of cells including activated
macrophages, neutrophils and fibroblasts (Chao et al., 2010). It has long been
thought that caseum of liquefying cavities provides the site for rapid growth of Mtb.
The bacilli are ultimately released to airways and transmitted to the air. However,
Eum and colleagues propose that there is a burst of replication during the exit of
bacilli from a liquefying cavity into the sputum and that this involves contact with
neutrophils (Eum et al., 2010).

Therefore, neutrophils may play a much important role in the pathogenesis of Mtb
than was previously appreciated. Their participation in several functions during TB
has been demonstrated and includes the transportation of live mycobacteria from
the lung periphery to lymph nodes in mice (Abadie et al., 2005). Neutrophils
isolated from TB-susceptible mice appear to have higher capacity for migration
and survive longer (Eruslanov et al., 2005). One function of neutrophils may be the
transportation of bacilli from lesions into sputum. Eum et al found them to be the
dominant phagocytes present in TB sputum. These authors microscopically
examined for acid-fast bacilli in sputum, bronchoalveolar lavage (BAL) and cavity
caseum samples from TB patients. The majority of neutrophils were found to be
associated with acid-fast bacilli. Further microscopic observations suggested that
large proportion of bacilli were extracellular mainly in association with a

polymorphonuclear phagocyte (Eum et al., 2010).

Neutrophils are abundantly found in the bronchoalveolar fluid of TB patients (Law
et al., 1996). While, recruitment of neutrophils as the first defensive cells occurs
following acute infection, they are persistently recruited to tissues during chronic

mycobacterial infection (Appelberg et al., 1991). Indeed, sputum samples with
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abundant neutrophil content are considered as a high-quality sample (McCarter et
al., 1996).

Neutrophils appear to be important in providing a microenvironment for Mtb in the
pulmonary environment of TB patients. It is well known that Mtb has a metabolism
highly adaptable to its microenvironment. Understanding the mechanisms of
mycobacterial adaptation in sputum, specifically during its interaction with
neutrophils could reveal novel approaches for interfering with the transmission of
Mtb.

1.11. Aim and objectives

This study was performed with the aim to investigate the transcriptional responses
of Mtb (H37Rv strain) to human neutrophils in an in vitro interaction. The main

objectives were:

- To characterise the in vitro interaction of Mtb and neutrophils regarding

phagocytosis and survival of ingested mycobacteria

- To establish a method of RNA extraction from H37Rv associated with human

neutrophils in vitro

- To test the primary hypothesis that neutrophil encounter may explain the

distinctive sputum signature of Mtb

- To determine the pattern of H37Rv transcriptional changes on encounter with

neutrophils

- To detect and categorise differentially expressed genes unique to the neutrophil

encounter
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CHAPTER TWO

Materials and methods
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2.1. Sources of polymorphs and mycobacterial strains used in this study

CELLS DESCRIPTION SOURCE

HL60 cells Human Leucocyte cell line ATCC (CCL-240)

Isolated from human

Neutrophils Primary human neutrophils
venous blood
M. bovis BCG Attenuated category 1l TB
: : Laboratory stock
(Glaxo) vaccine strain

_ Laboratory stock
M. tuberculosis

Virulent laboratory strain (WR Jacobs lab
(Ha7Rv)

strain)

2.2. Materials, culture media and reagents

Falcon tubes and other plastic-wares were from Corning (New York, USA). 1.5 ml
micro-tubes and 2 ml screw capped cryotubes were from VWR (Lutterworth,
Leicestershire, UK). All chemicals and eukaryotic cell culture media were obtained
from Sigma-Aldrich (Poole, Dorset, UK) or Fisher Scientific (Loughborough,
Leicestershire, UK), unless otherwise indicated. All bacterial culture media were

obtained from Becton Dickinson Biosciences (Oxford, UK) unless otherwise stated.

The sterilisation of media and reagents was achieved by autoclaving at 121°C at

15 psi for 15 minutes unless otherwise stated.
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2.2.1. Growth media
2.2.1.1. RPMI 1640

For growth of neutrophils RPMI was supplemented with L-Glutamine (final conc.
1%), FBS (Final conc. 10%) and penicillin / streptomycin (final conc. 1%). For
infection and washing purposes the antibiotic free RPMI was used.

2.2.1.2. Middlebrook 7H9 broth

In a 1L Duran bottle Middlebrook broth was made by dissolving 4.7g of broth
powder in 900ml distilled water containing 2.5g glycerol then the solution was
sterilised. The broth was supplemented with 10% w/v Albumin-dextrose-catalase
(ADC) and 10% Tween-80 at concentration of 0.05% (v/v).

2.2.1.3. Middlebrook 7H10 agar

Middlebrook 7H10 agar was made by dissolving 19g of agar powder in 900 ml
distilled water containing 6.25g glycerol. The agar was heated and stirred until the
powder was fully dissolved then sterilised. Prior to solidification the medium was
supplemented with Oleic acid-albumin-dextrose-catalase (OADC) at a
concentration of 10% (v/v).

2.2.2. Reagents

Albumin — Dextrose — Catalase (ADC) supplement

ADC was made by dissolving 7.5g bovine serum albumin (BSA) fraction (V), 3.0g
D-Glucose, 1.28g Sodium Chloride and 6.5mg catalase in 150ml distilled water.
The solution was centrifuged at 6000xg for 30 minutes to exclude undissolved
particles then filter-sterilised using 0.2um micor-filter (Nalgene, Hereford, UK) and
stored at 4°C.
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Oleic Acid-Albumin-Dextrose-Catalase (OADC) Supplement

Oleic acid is a supplement for mycobacterial growth (Winn et al., 2006). OADC
supplement was prepared as per ADC supplement above, with the addition of 8.63
ml of Oleic Acid solution (1% w/v) in 0.2 M NaOH (pre-warmed to 50°C). The
OADC solution was filter sterilised through a 0.2um filter.

Tween 80

Tween 80 is used to minimise clumping of the mycobacteria species during growth
in liquid culture. Tween 80 was prepared by dissolving 10g of stock solution in
distilled water to a final volume of 100 ml and final concentration of 10% (w/v). The

solution was sterilised by filtration through a 0.2um filter unit and stored at 4°C.

Amikacin

500mg amikacin powder was dissolved in 10ml distilled water to a final
concentration of 50mg / ml. The solution was filter-sterilised by 0.2um micro-filter.
10 aliquots of 50mg/ml were made in 2 ml screw capped cryotube and stored at -
80°C.

2.3. General methods

2.3.1. Neutrophils

2.3.1.1. Isolation of human neutrophils

Neutrophils were isolated from venous blood of healthy volunteers who had no
alcohol consumption for 48 hours prior to blood collection. A consent form was
signed by the donor. Using a 50ml syringe containing 2ul/ml of heparin (5000
unit/ml) 50ml of blood was taken and neutrophils were isolated. To 5 ml of isolation
medium (Cedarlane, Burlington, Canada) composed of sodium metrizoate and
dextran 500 (v/v) in a 50ml Falcon centrifuge tube 5ml of blood was carefully

layered with the pipette tip close to the surface to avoid mixing.
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The suspension was centrifuged at 500xg for 35 minutes at room temperature. The
blood should separate into 6 distinct bands in the sequence: plasma, monocytes,
isolation medium, neutrophils, further isolation medium, and red blood cells as a
pellet. If these bands were not clear, the separation process was repeated. The
top three layers were carefully removed and discarded. The layer of neutrophils
and all of the isolation media beneath were carefully aspirated and transferred into
a new falcon tube. The neutrophil suspension was diluted to 10ml with Hank’s
balanced salt solution (HBSS) without Ca2+/Mg2+ and the tube was inverted a few

times to mix.

The suspension was centrifuged at 350xg for 10 minutes producing a red pellet
containing neutrophils and residual red blood cells (RBCs). After removing the
supernatant 2ml Red Cell Lysis Buffer was added and the suspension vortexed at
setting 3000 RPM followed by centrifugation at 250xg for 5 minutes and discarding
the supernatant with a pipette. The lysing process was repeated as required. 500yl
HBSS without Ca2+/Mg2+ was added to each tube and dilution was done by
adding 10ml Ca2+/Mg2+ free HBSS. The tubes were then centrifuged at 250xg for
5 minutes then supernatant was discarded. The pellet was re-suspended in 250l
HBSS Solution (2% HSA). Cells were then counted and adjusted to the desired

concentration.

2.3.1.2. Maintenance of HL60 cells

The stock of HL60 cells growing at passage 5 was kindly provided by Dr C. Bunce,
University of Birmingham, and was originally acquired from ATCC (CCL-240). The
cells were maintained in RPMI-1640 supplemented with 10% heat inactivated FBS
and 1% of Streptomycin (final conc. 100 uyg / ml) — Penicillin (final conc. 100 U/ml).
The cultures were maintained at 37°C in 5% CO,. Feeding of cells with fresh RPMI
was done every two days to preserve cell density between 2x10° to 9x10° cells /
ml. This was determined by microscopic observation of Trypan blue stained

preparations (See below) which should show a single-cell suspension with no
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tendency to adhere to the flask. The cells were only maintained up to a maximum
of 35 passages with the optimal passages being 10 — 20 for infection purposes
(Fleck et al., 2005).

2.3.1.3. Differentiation of HL60 cells

All-trans retinoic acid (ATRA) was added to primitive HL60 cells in RPMI at
concentration of 30ng / ml in order to differentiate them into mature HL60 cells.
The cell suspension was incubated at 37°C in 5% CO, for 5 days. After
differentiation, cells should remain non-adherent. The accomplishment of cell

differentiation was checked by Giemsa staining of treated and untreated cells.

2.3.1.4. Cryopreservation of HL60 cells

For long term storage of cells the cryopreservation of undifferentiated HL60 cells at
their third passage was accomplished in liquid nitrogen. In 1.5ml screw cap tube 2
x 10° cells / ml in RPMI based medium containing 20% DMSO were added. Since,
DMSO is an active inducer of cellular differentiation and is toxic to cells and this
effect was minimised by placing the cell suspension at -20 °C for 2h immediately
after adding DMSO then the vials were transferred into liquid nitrogen. Thawing
was done by placing the vial under in water bath at 37°C. The cells were washed
twice with pre-warmed RPMI via centrifugation at 200xg for 5 minutes in order to

remove the preservation medium.

2.3.1.5. Trypan blue viability test

From trypan blue stock (Sigma Aldrich, Dorset, UK) a fresh solution of 0.4% in distilled
water was prepared.

- 10ul of neutrophils were added to 10ul trypan blue 1:1 (v/v) and gently mixed

- 10ul was transferred to a haemocytometer

- Cells were counted in total area 1mm? at magnification of 20x corresponding to

cell density of 10* / ml
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Cells
ml

Density = Total counts per area x 10%+ 2 =

- Dead cells stain blue while viable cells remain unstained and fully transparent

Total—dead "
Total

Viability = 100

2.3.1.6. Preparation of ATRA-treated HL60 cells

Prior to infection the differentiated HL60 cells were washed twice with RPMI at
200xg for 5 minutes then the viability and density of cells were measured with
Trypan blue. The density of cells was adjusted according to the experimental
design and only HL60 suspensions with more than 80% viability were used. Then
the cells were re-suspended in pre-warmed RPMI to be ready for infection. When

required IFN-y (50 units/ml) was added for 1 hour before the infection started.

2.3.1.7. Activation of neutrophils with IFN-y

When required isolated primary human neutrophils and differentiated HL-60 cells
were activated with IFN-y 50 units/ml and incubated at 37°C for 1h prior to

infection.

2.3.1.8. Washing neutrophils with RPMI

Antibiotic free RPMI was used to remove extracellular bacilli, antibiotics and other
reagents from neutrophil - mycobacteria suspensions. Any individual wash was
done by transferring the cell suspension to a 50ml propylene conical tube and
topped up to 40 ml with antibiotic free pre-warmed RPMI then centrifuging at
200xg for 5 minutes. The supernatant was removed and the pellet re-suspended in

the desired volume of RPMI.
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2.3.2. Mycobacteria

2.3.2.1. Cultivation of BCG

BCG was routinely grown in 7H9 broth supplemented with OADC and Tween 80.
The culture was incubated statically in 50 ml conical flasks at 37°C. The cell
suspension was maintained at log phase of growth via mixing 1ml of cell culture at
OD = 0.5 — 0.9 in 49ml fresh 7H9 broth. The OD of the culture was regularly

measured at A = 580nm.

2.3.2.2. Cryopreservation of BCG

20 ml BCG in 7H9 broth at OD = 0.5 — 0.8 was transferred into 50ml propylene
conical tube and centrifuged at 1000xg for 10 minutes. The supernatant was
removed and 10ml RPMI containing 20% human serum was added to re-suspend
the pellet. 20 aliquots of 0.5ml were made at density of 2.5 x10" bacilli per ml in 2

ml screw capped cryotube then frozen at -80°C for future experiments.

2.3.2.3. Cultivation of H37Rv

Based on Advisory Committee on Dangerous Pathogens (ACDP) H37Rv is
classified as category Il hazardous pathogen which requires level-3 biohazard
containment. Thus, all cultivation and experiments with H37Rv were performed
within the containment laboratory suite in Class | and class Il microbiological safety

cabinets in accordance to the suite’s code of practice.

A frozen vial of Hz;Rv was kindly provided by Dr N J Garton. In a 250ml
polypropylene conical flask the bacteria were grown in 50 ml 7H9 broth
supplemented with 10% ADC and 1% Tween 80 incubated at 37°C /100 rpm in a
shaking incubator. The first subculture was done when the OD of the culture
reached 0.32 (early exponential phase growth) by transferring 1ml of growing
bacilli into 24ml fresh ADC-Tween 80 supplemented 7H9 broth. The culture was
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then further incubated as before. After 3 further sub-cultures at early exponential
phase bacteria were prepared for cryopreservation.

2.3.2.4. Cryopreservation of H37Rv

30ml H37Rv in 7H9 broth growing at OD = 0.6 — 0.8 was pelleted in a 50ml
propylene conical tube at 1000xg for 10 minutes. The supernatant was removed
and pellet was re-suspended in 20ml RPMI containing 20% human serum. 20
aliquots of 1ml containing 5.6 x 10’ bacilli / ml were made in 2 ml screw capped

cryotube then stored at -80°C.

2.3.2.5. Preparation of H37Rv for neutrophil infections

For each infection, an aliquot of 1ml frozen H37Rv was thawed and mixed with
24ml 7H9 broth at room temperature in a class 2 safety cabinet. A 5ml pipette was
used to disperse the clumps of bacteria by pipetting up and down 10 times then
the suspension was transferred to a 125ml flask and incubated at 37°C 100 RPM
shaking incubator. The OD of the culture was measured every day at 580nm.
When the OD reached 0.3 the bacterial suspension was sub-cultured by
transferring 1ml culture into 24ml fresh 7H9 broth then incubated at 37°C in
shaking incubator at 100 rpm. The OD was checked every day. After 3
subcultures, 1ml of culture was taken into 49ml of fresh 7H9 broth in 250ml flask
and incubated at 37°C / 100rpm in shaking incubator. The OD was checked every
day until it reached OD=1.0 at 580nm.

A required volume (40ml) of culture at OD=1.0 was taken into a 50ml propylene
conical tube then centrifuged at 1000xg for 10 min. The supernatant was removed
and the pellet was re-suspended in RPMI 1640 supplemented with 10% Fetal calf
serum and 1% L-glutamine to be used for infection.
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2.3.2.6. Measuring optical density

The optical density (OD) was measured by transferring 1 ml of culture into a 1.5ml
cuvette which was then double sealed with autoclave tape and Nescofilm (Bando
Chemical, Kobe, Japan). The OD of BCG was measured using a Sanyo SP75
UV/Vis spectrophotometer (Watford, UK) in Category 2 laboratory whereas
Jenway 6300 spectrophotometer (Stone, UK) was used to measure the OD of
H37Rv in the Category 3 laboratory. To insure accuracy, thick cultures (OD > 1.0)
were diluted 1:10 prior to measurement. The OD580nm of was measured against
blank of 7H9 broth.

2.4. Notes and consideration

In all experiments in this study the following should be considered unless
OTHERWISE stated:

1. The number for cells, bacteria and multiplicity of infection (MOI) is the mean
of replicates

2. For removing antibiotics and other substances two washes were applied.

3. For removing extracellular bacteria three washes were applied.

4. Biological replicates referred to as “n” were individual experiments that have
been performed at different times. A new stock of bacteria and neutrophils
was used for each biological replicate.

5. Technical replicates were done when practicable and required by the

analysis.
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CHAPTER THREE

Establishing Conditions for Studying
BCG and H37Ryv Interactions with

Human Neutrophils
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3.1. Introduction

It was necessary to determine the factors affecting the interactions between Mtb
and neutrophils in order to progress to studying the mycobacterial transcriptional
responses to this encounter. It was also important to appreciate and manage the
factors affecting bacterial responses in vitro so that these could be controlled in the
planned experiments and enable reproducible results to be obtained. The HL60
cell line was used here to develop the experimental protocols and enable the most

effective use of freshly isolated neutrophils.

3.1.1. HL6O0 cells

The Human leukocytic cell line (HL60 cell) was originally derived from peripheral
blood of a 36 year old Caucasian woman with acute pro-myelocytic leukaemia
(Tsiftsogiou et al., 1985).The cells have been used as a model system for human
polymorphonuclear phagocytes in view of the fact that terminally differentiated
primary human neutrophils have a relatively very short life time and are not

suitable for genetic manipulation (Hauert et al., 2002).

3.1.1.1. Characteristics of HL60 cells

For decades since its isolation, the HL60 cell line has been extensively
characterised. It has been among the first human myeloid leukocyte lines to be
established in long term culture. The original wild type cells show several
properties of malignant cells and have oncogenic potential enabling induction of
tumours in nude mice; these mainly comprise leukemic myeloblasts and
promyelocytes (Fleck et al., 2005). HL60 cells maintain continuous proliferation
with doubling times of 36 to 48 hours in suspension culture (Collins, 1987).
Enhanced by several passages and a number of colony stimulating factors, the

cells can grow in agar and semisolid methylcellulose medium as colonies. As a
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result, many sublines have been developed with restricted differentiation potential
including eosinophilic sublines incapable of differentiation to monocytes and

neutrophils.

Cytological studies of HL60 cells have confirmed that they are myeloblastic or
promyelocytic with ovoid or round shape but occasionally expressing pseudopods
in culture. They are heterogeneous in size ranging from 9 to 25um in diameter.
With large round nuclei, undifferentiated HL60 cells are sometimes binucleate with

fine chromatin and distinct margins.

The cytoplasm of HL60 cells has prominent multiple azurophilic granules and is
intensely basophilic. The periodic acid-Schiff reagent stains HL60 cells positively; a
characteristic of mature ex vivo granulocytes. However, unlike naive granulocytes,
they do not express characteristics of in vivo-derived granulocyte such as alkaline
phosphatase. Additionally, some HL60 cells can bear a resemblance to the

precursors of erythrocytes or megakaryocytes (Fleck et al., 2005).

3.1.1.2. Differentiation of HL60 cells

Multiple environmental conditions including chemicals and pH enable HL60 cells to
be differentiated into various myeloid lineages via arresting their cell cycle. The
optimal differentiation can be affected by several factors such as concentration of
the inducer, the relative proportion of cells in different stages of the cell cycle and
the length of exposure. However, even a short exposure to these inducers may be

sufficient with no necessity to maintain continuous exposure.

Despite the fact that cultivation of HL60 cells is relatively simple, careful handling,
passaging and culturing is needed as the cells can easily be provoked to
differentiate into a subline or to a non-proliferating cells. The cell density should be

maintained at less than 10° cells/ml (Fleck et al., 2005).
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Differentiation of HL60 cells into mature polymorphonuclear phagocytes can be
induced with a range of chemical substances including All Trans-Retinoic Acid
(ATRA) and Dimethyl Sulphoxide (DMSO). They can also be induced to
differentiate into macrophage-like cells with 12-O-Tetradecanoylphorbol-13-acetate
(TPA) or 1a, 25-dihydroxyvitamin D3 (Tsiftsogiou et al., 1985). During
differentiation, HL60 cells begin to change their morphology, express new genes

then undergo apoptosis.

Various phenotypic changes occur in the differentiated granulocytes including the
expression of surface antigens such as CD11b and CD66 while CD71 undergoes
down regulation. The cell can recognise deposited C3b and iC3b and the Fc
fragment of bound antibodies on bacterial surfaces via specific receptors
(Nordenfelt et al., 2009). The expression of insulin and transferrin receptors is
crucial for proliferation. Therefore, even in the absence of serum in nutrient media
such as RPMI, the cells maintain their proliferation capacity provided that the
medium is supplemented with insulin and transferrin. The requirement for insulin
and transferrin is absolute. The expression of transferrin receptors significantly

decreases while cells run through terminal differentiation (Collins, 1987).

3.1.1.3. HL60 cells as a model for Primary human neutrophils

Owing to their high functional resemblance, terminally differentiated HL60
granulocytes have been used widely as a model system for primary human
neutrophils in a variety of studies including those concerned with haematopoiesis
and neoplasia (Tsiftsogiou et al., 1985), responses to chemokines and motility
properties (Hauert et al., 2002, Wang et al., 2009b), and in the process of NET
formation (Kawakami et al., 2014). In phagosome studies of neutrophils, however,
due to the absence of specific granules, the HL60 cells can be viewed as granule

poor neutrophils.
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The respiratory burst in the phagosome of HL60 cells is relatively lower than in
native neutrophils because NADPH oxidase deposition on the phagosome is
incomplete and associated with lower phagosome antibacterial efficiency. Such
characteristic phagosome inefficiency in HL60 cells has made them useful in the
studies of killing capacity of plasma membrane localised respiratory burst (Timm et
al., 2008, Nordenfelt et al., 2009). Nonetheless, the use of HL60 cells for human
neutrophil studies provided a number of scientific and practical advantages, for
example by minimising experimental variation due to heterogeneity of primary

human neutrophils.

3.1.2. Aim and objectives

The primary aim of the work described in this chapter was to characterise
neutrophil interactions with BCG and Mtb in order to establish a robust model of
the encounter between Mtb and these cells in the lower respiratory tract at the time
of expectoration in sputum. The main objectives were:

- To quantify the uptake of mycobacteria by neutrophils

- To study the survival of BCG and Mtb in their encounter with neutrophils

- To determine the time course of oxidative burst in neutrophils infected with

Mtb
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3.2. Methods

3.2.1. Materials and preparations

3.2.1.1. Cell culture plates and flasks

Cell culture plates 12 and 24 well plates were purchased from Nunclon (Roskilde,
Denmark).Vent cell culture flasks were provided from Corning (New York, USA).

3.2.1.2. Giemsa Stain

Giemsa stain was used to stain neutrophils. Slides were prepared by spreading
50ul cell suspension on a slide then air-drying at room temperature. The slides
were fixed with 100% methanol for 1 minute then rinsed with tap water. Fresh 10%
Giemsa stain (v/v) was made in distilled water and this was applied to slides for 30

minutes then rinsed off with tap water and air-dried.

3.2.1.3. Microscopy

For visualisation of slides a Nikon Ti-E eclipse inverted microscope with an Intensi-
light C-HGFIE pre-centred fibre optic light source was used. The images were
produced using ImageJ software (National Institutes of Health, Besthda,

Maryland).

3.2.1.4. Tetrazoluim solution

2-4-iodophenyl-3-4-nitrophenyl-5-phenyl-2H-tetrazolium chloride (INT) solution
was made by dissolving 500mg INT powder in 20ml distilled water (25 mg/ml). The
solution was incubated overnight at 37°C in order to completely dissolve the

powder then sterilised by passing through a 0.2um filter.
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3.2.1.5. Colony forming unit (CFU) counts

Sodium Dodecyl Sulphate SDS (0.15% final concentration in 7H9 broth) was
added to pellet in order to get lysate of host cells and release of internalised bacilli.
The lysate was then diluted at 10-fold serial dilution (10 to 10®) in 7H9 broth.
From each dilution 20ul in triplicate was dropped on Middlebrook agar. Plates were
incubated at 37°C for 10 — 15 days after which colonies of mycobacteria were
counted. Two plates were made for each sample. On a plate only one section with
maximum of 20 colonies was taken for calculation. Counts were based on

aggregate of reads from all biological replicates each with two technical replicates.

3.2.2. General Methods

3.2.2.1. Infecting neutrophils with BCG and H37Rv

Infections of HL60 cells and primary human neutrophils were done in 1ml RPMI in
12 well cell culture plates unless otherwise stated. The BCG inoculum was
prepared in RPMI by removing 7H9 broth from exponential phase bacilli using
centrifugation at 1000xg for 10 minutes. For CFU counting at the end of incubation
Sodium Dodecyl Sulphate (SDS; 0.15% final concentration in 7H9 broth) was
added to the cell suspension in order to lyse the host cells and release internalised
bacilli. Clumps of bacilli were dispersed via pipetting the cell suspension up and

down 10 times.

3.2.2.2. Removing extracellular bacilli via multiple washes

The effect of washing on removing extracellular bacilli was measured as:

(CFU of Wash) = (100)
(CFU of Inoculum)

Efficiency of Wash =
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The viability of HL60 cells was assessed after each wash.

3.2.2.3. Measuring oxidative burst in HL60 cells infected with H37Rv

Tetrazolium salts were used to measure the oxidative burst of neutrophils in their
encounter with Mtb. Thus, the formazan produced by reduction of INT was
measured using a colorimetric assay. 2.6 x 10 IFN-y treated HL60 cells in 150pl
phenol red-free RPMI were added per well in a 24 well cell culture plate. 50l
H37Rv was added to the HL60 cell suspension at MOI = 5.7 in total volume of
200ul then incubated for 0, 30, 60, 90, 120, and 150 minutes. 5ul of INT was
added to the sample at the end of incubation (final conc. 2mg / ml). 30 minutes
after adding INT the phagocytes were lysed with 5ul of 20%SDS to release the
produced formazan. 550yl DMSO was added to the suspension to solubilize the
formazan then the contents of the well were transferred into a micro-cuvette to
measure the absorbance at 580nm. The blank was set as all reagents without
neutrophils and bacilli.
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3.3. Results

3.3.1. Efficacy of amikacin for killing extracellular bacteria
The initial focus of this study was to confirm phagocytosis was occurring. The

extracellular bacilli were excluded from being counted because of their sensitivity
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Figure 3.1 CFU count of BCG was significantly reduced at 2h
exposure to 200ug/ml amikacin. 9.2+1.2 x 10° exponential phase BCG
bacilli in RPMI were treated with 200ug/ml for 1h, 2h and 4h then washed
with RPMI and CFU was measured from pellet.

(Error bars: SD n =4)

to the bactericidal effect of amikacin. Figure 3.1 demonstrates a four log reduction
in the CFU count of BCG after 1h of amikacin exposure and five logs after 2h and
4h. The difference between 2h and 4h was not significant (Paired t-test p = 0.52).

Therefore, 2h amikacin treatment was assigned as the standard exposure time.

3.3.2. Differentiation of HL60 cells

Primitive HL60 cells were treated with ATRA for 5 days to differentiate them into

mature neutrophils. Giemsa staining showed cells with no distinct nuclei before
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treatment (Figure3.2A) and about 97.8% cells with segmented nuclei clearly
distinguishable from cytoplasm after treatment with ATRA (Figure 3.2B).The
trypan blue test revealed that 80% of the cells were viable 72h after differentiation.
Viability then decreased substantially to around 30% after 120h (Figure 3.2C).
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Figure 3.2 HL-60 cells were differentiated with ATRA for 5 days
and the majority remain viable for a further 72h. Naive HL-60 cells
were incubated with 30ng/ml ATRA for 5 days then cells were stained
with Giemsa. Non-ATRA HL-60 cells (A) and ATRA treated HL-60 cells
(B). 5x10° differentiated HL60 cells in RPMI were incubated for120h
then viability was assessed every 24h (C)  (Error Bars: SD n = 3)
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3.3.3. Role of differentiation in phagocytic efficiency

To investigate the influence of differentiation on the phagocytic capacity of HL60
cells, primitive (pHL60) and differentiated (dHL60) cells were infected with
exponential growing BCG (Figure 3.3). The numbers of phagocytosed and
phagocyte-associated BCG were significantly higher in differentiated HL60 cells
(A). After differentiation there were threefold and tenfold increases in the CFU

-
wn

-
o
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Figure 3.3 Differentiated HL60 cells are more efficient in capturing and
internalising BCG. Exponentially growing BCG bacilli at MOI=9.2+3 were
incubated with 5.2+1.4 x 10° HL60 cells (dHL60: differentiated and pHL60:
primitive) in RPMI for 18h. Amikacin was used to kill extracellular bacilli.
Three washes with RPMI were applied to remove extracellular bacteria and
antibiotics. The CFU of samples (A) and the difference in CFU count
between associated and internalised bacilli with regard to the differentiation
of HL60 cells (B). Paired t-test was done to determine statistical

significance of difference between conditions. (Error Bars: SD n =23)
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counts for phagocyte-associated and internalised BCG respectively (B). Therefore,
the use of differentiated HL60 cells was established routinely in subsequent

experiments.

3.3.4. Effect of centrifugation on uptake of mycobacteria

Centrifugation can press phagocyte and mycobacteria therefore it was applied to
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Figure 3.4 Centrifugation increases phagocyte-bound and
internalised BCG in HL60 cells. In RPMI 8.4 x 10° HL60 cells were
incubated with BCG at MOI=5.5 with and without centrifugation (1000xg
for 10min) for 18h. Three washes with RPMI were done. The CFU of
samples (A) the difference in CFU counts between associated and
internalised bacilli with regard to the centrifugation of samples (B) and
Trypan blue test of viability for HL60 cells after incubation (C).

Paired t-test was done to determine statistical significance of difference

between conditions. (Error Bars: SD n = 3)
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improve their interaction. A significant increase in the number of phagocyte-
associated and internalised BCG cells occurred when samples were centrifuged at
1000xg for 10 minutes as compared to non-centrifuged samples (Figure
3.4A).After centrifugation of samples there was a 3-fold increase in the number of
HL60-associated bacilli while the number of internalised bacilli increased by
twofold and this difference was noted to be statistically significant (Figure 3.4B).
The viability of infected HL60 cells was not significantly different after
centrifugation and 18h incubation (Figure 3.4C). Therefore, prior to incubation,
centrifugation was applied in subsequent experiments to increase the proportion of

intracellular bacilli.

3.3.5. Removing extracellular bacilli via multiple washings

The initial target in this study was to investigate intracellular Mtb signals only. To
this end a series of washes were applied to the bacteria — phagocyte suspensions
in order to remove extracellular bacteria. This was done by separation of non-
ingested bacteria through differential centrifugation and washing. The results
showed a significant difference in the number of removed bacilli between first and
second and between second and third washes but no further significant differences
between subsequent washes (Figure 3.5). Thus, 98.5% of the bacilli were
removed after the third wash and no significant effect was achieved with further
washes. Trypan blue demonstrated a gradual decrease in neutrophil viability

corresponding to the number of washes.
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Figure 3.5 The Majority of extracellular bacilli are removed after 3
washes. In RPMI 7x10°> HL60 cells were incubated with BCG at
MOI=7.5 for 18h. Each sample was washed either 1 to 5 times with pre-
warmed RPMI. CFU count for BCG (A) and viability test for HL60 cells
(B) was done to each wash. Paired t-test was done to determine
statistical significant differences between washes.

(Error Bars: SD n=3)
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3.3.6. The viability of HL60 cells exposed to different MOIls of BCG

To determine the most suitable MOI for infection, samples were prepared with
different ratios of mycobacteria to neutrophils. The target was to get the highest
number of intracellular bacteria with minimum death of infected neutrophils. The
results (Figure 3.6) showed that the viability of HL60 cells at all MOIs was above
80% until 12h then it decreased to 60% for MOI = 50 and 100 while remaining
above 75% for MOI = 5 and 10. Therefore, for further experiments an MOI of 5 to

10 was prepared.
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Figure 3.6 HL60 cells show higher viability at lower MOI.
5x10° +2HL60 cells incubated in RPMI with BCG at MOI = 5.3, 11.5, 56.6
or 95.2 for 18h. (Error Bars: SD n =3)
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3.3.7. Time-course of the HL60-BCG interaction over 24h

HL60 cells were incubated with BCG to investigate the uptake and phagocyte
adhering of BCG within 24h (Figure 3.7). The CFU counts revealed a pattern of
about 3 fold decrease from 2h to 24h in BCG-HL60 sample. The ANOVA test to
five consecutive time points demonstrated an overall statistically significant
difference among them. At 2h the ratios of HL60-associated and internalised bacilli
relative to BCG-HL60 were about 10% and 1% respectively. From 2h to 24h the
successive time points in sample of HL60-associated displayed a gradual dropping
down to 10 fold decrease in CFU counts. Notwithstanding, the internalised bacilli
were increased from 2h to 4h and remained at a plateau up to 12h then showed a

substantial decrease of nearly 10 fold at 24h.
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Figure 3.7 CFU counts of BCG during 24h incubation with HL60 cells.
In RPMI 6 x 10° HL60 cells were incubated with BCG at MOI = 10.6+1.2 for
2, 4,8, 12 and 24 hours. One set of samples was treated with amikacin for
2h. Statistical analysis was performed to each sample by taking all time
points into One Way ANOVA. (Error Bars: SD n =4)
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3.3.8. H37Rv uptake into HL60 cells

HL60 cells were incubated with H37Rv in order to assess their ability to
phagocytosis pathogenic MTBC bacilli. The CFU counts showed that less than 5%
of H37Rv were internalised after 2h which was about half of total counts for HL60-

bound bacilli (figure 3.8) while no uptake took place at 4°C.
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Figure 3.8 Phagocytosis of H37Rv during 2h of HL60 cell infection. 1.2 x 10°
HL60 cells were incubated with H37Rv at MOI =9.2 in RPMI for 2h at either 4°C or
37°C with or without amikacin.

(Error bars: SD n=3)
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3.3.9. Time-course of the HL60-H37Rv interaction over 120h

At this point, for reasons discussed fully in chapter 4, it was realised that
monitoring of the interactions between neutrophils and both intracellular and
extracellular bacilli was desirable and that mycobacteria within NETs would be
likely to represent the true situation in vivo. Therefore H37Rv was incubated with
IFN-y treated-HL60 cells in RPMI with no washing and no amikacin treatment for
120h (Figure 3.9). The results demonstrated stable CFU counts in all RPMI
samples. While for HL60 the counts were stable up to 24h and then significantly
declined between 24h and 120h.
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Figure 3.9 RPMI and HL60 cells do not support the growth of H37Rv. In
5 ml RPMI 8x10° IFN-y-treated HL60 cells were incubated with H37Rv at
MOI = 10.5. Samples for CFU count were taken at every 24h without

removing extracellular bacilli. Percentages are H37Rv CFU counts with
HL60 cells relative to H37Rv alone. Paired t-test was done to determine
statistically significant difference between conditions.

(Error Bar =SD n =14)
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3.3.10. The oxidative burst of HL60 cells on encounter with H37Rv

As evidenced in the previous experiments the phagocytosis of Mtb starts in the first
2h. To determine when the response of polymorphs against mycobacterial they
encounter occurs, the oxidative burst was measured in HL60 cells incubated with
H37Rv for 150 minutes using INT tetrazolium salt (Figure 3.10).The OD
measurements were constant up to 60 min. While, the OD was relatively
unchanging (OD range = 0.16 to 0.17) in the absence of bacteria it increased

significantly between 60 and 90 min in the HL60-H37Rv samples.
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Figure 3.10 Concentration of ROS increases in HL60 cells after 60
minutes of infection with H37Rv. In 200ul Phenol red free RPMI 2.6 x
10° IFN-y treated HL60 cells infected with H37Rv at MOI = 5.7 then
oxidative burst was measured using INT. Paired t-test was done to
determine statistical significant differences between time points.

(Error Bars: SD n=4)
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3.3.11. Isolation of primary human neutrophils

Giemsa staining was performed to determine the efficiency of the method used to
isolate primary human neutrophils (Figure 3.11); 93.5% of cells in the sample
shown were neutrophils with segmented nuclei and the remainders were mainly
monocytes with a one nucleus. Serial viability tests on isolated cells showed 75%
trypan blue negativity at 18h but 100% positivity after 36h.
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Figure 3.11 Human neutrophils lose viability 36h after isolation.
Giemsa stain of isolated human neutrophils (A). Trypan blue test (B). After
isolation and IFN-y treatment, 1x10° primary human neutrophils were
incubated for 36h in 1mlI RPMI. (n = 5)
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3.3.12. Interaction of H37Rv with primary human neutrophils

Although HL60 cells are considered as a standard model for granulocytes, they
may not fully represent primary human neutrophils (Timm et al.,, 2008). To
investigate the differences and similarities, isolated neutrophils were challenged
with H37Rv to investigate their phagocytosis and bactericidal abilities compared to
HLG0 cells. Primary human neutrophils from four different donors were primed with
IFN-y and incubated with H37Rv (Figure 3.12). The CFU counts demonstrated a

modest but significant decline at 24h compared to the RMPI samples.
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Figure 3.12 Primary human neutrophils reduce the number of H37Rv
bacilli within 24h of infection. 2 x 10° / ml primary human neutrophils
were incubated with H37Rv at MOI = 10 in 10 ml RPMI for 24 hours.
Percentages are H37Rv CFU counts with HL60 cells relative to H37Rv
alone. Paired t-test was done to determine statistical significant difference
between conditions. Blood samples were collected from 4 donors on 5

separate occasions. Error Bars: SEM

71



3.4. Discussion

This series of experiments was performed prior to establishing a method of RNA
extraction for the transcriptional studies. Therefore, the design of experiments was
done aimed at stepwise characterisation of the in vitro interactions of mycobacteria
and neutrophils.

3.4.1. Effect of amikacin on reducing mycobacterial CFU counts

At the start this study was intended to focus on intracellular bacteria for which an
anti-mycobacterial drug was used to kill extracellular bacteria. The idea of using
antibiotic came after several attempts to confirm the internalisation of bacteria.

The use of amikacin was adopted from a study in which 200pug amikacin was
applied for one hour to kill extracellular mycobacteria associated with infected
macrophages (Fortune et al., 2004). However, the results in the current study
revealed that a proportion of bacilli even after amikacin exposure were able to
produce CFU. To tackle the exposure time, the incubation time was extended to 2h
and 4h which demonstrated greater bactericidal results after 2h with no significant
increase in 4h. Considering the view that the time for using neutrophils in
experiments was very limited, the appropriate timing for amikacin in this study was
set at 2h exposure.

3.4.2. Differentiation of HL60 cells

Prior to using primary human neutrophils it was envisaged that the variability in
blood samples and delicacy of isolated polymorphs in vitro could make the results
prone to irreproducibility. With such difficulties and considering the short life time of
primary neutrophils found subsequently, HL60 cells were used in the preliminary

work. Several compounds are known to induce differentiation in HL60 cells; all-
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trans retinoic acid (ATRA) was used in this study. ATRA was found to give quicker
results compared to other reagents. For instance, DMSO treatment needed 7 days
to achieve the same level of differentiations seen at 5 days with ATRA (data not
shown). ATRA-treated cells were well differentiated polymorphs with multi-
lobulated nuclei and viability sustained for 3 days after differentiation (Figure
3.2C). This is considerably longer than the survival of primary human neutrophils

after isolation (Figure 3.8B) and may indicate a relative lack of maturity.

3.4.3. Role of differentiation in phagocytic efficiency

The CFU counts for phagocyte-associated and internalised BCG were significantly
higher in differentiated compared to non-differentiated HL60 cells (Figure 3.3).
This might be due to the more abundant expression of receptors on neutrophils
after maturation. Indeed, during ATRA-induced differentiation more than half of
HLG60 cells become Fcy receptor-positive which in turn increases the capability of
cells for phagocytosis (Nordenfelt et al.,, 2009). But the larger proportion of
internalised bacilli relative to HL60-associated signposts a greater effect on
phagocytosis than on binding of bacteria. This might be due to profound
expression of key receptors or in general the overall changes occurred during
differentiation are more in favour of phagocytosis than binding to extracellular
bacilli.

3.4.4. Effect of centrifugation on uptake of mycobacteria

This method was adopted from a study in which centrifugation was used with
macrophage infection (Rohde et al., 2007). The attachment properties of
neutrophils in vitro are different from macrophages as monocytes become surface
adherent while both naive and differentiated neutrophils remain floating in the

medium. Therefore, centrifugation could accelerate the settlement of neutrophils
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and subsequently bacilli will be pelleted on them. In this regard, it is essential to
consider the difference in size and sedimentation speed of cells. Neutrophils,
possess buoyant density of 1.1 g/ml (Pember et al., 1983) compared to
mycobacteria with buoyant density of 1.01 g/ml (Hertog et al., 2009). Thus, in
addition to minimising the depth of suspension an appropriate centrifugation speed
is required to achieve mycobacterial sedimentation with consideration of
neutrophils fragility. Accordingly, HL60 cells mixed with BCG were centrifuged at
1000xg for 10 minutes (Figure 3.4).

The volume of suspension was made as 1ml in a 50ml conical tube that created a
1cm distance between top and bottom of suspension aimed at decreasing the time
of sedimentation for BCG. A larger proportion of HL60-associated to internalised
bacteria after centrifugation indicated that bacterial binding was more affected than
phagocytosis. This was different to the previous observations with differentiated
HL60 cells. This higher level of binding might reflect that the capacity for
phagocytosis in differentiated neutrophils was close to saturated. It is also possible
that centrifuge-effected contact to phagocyte receptors might reduce
internalisation. An obvious concern here is that such contact could be destructive
to neutrophils. Nonetheless, the trypan blue assessment of neutrophils indicated
no significant differences in the viability between centrifuged and non-centrifuged
samples.

3.4.5. Removing extracellular bacilli via multiple washings

Three washes were determined to be optimum. A viability of less than 80% is
considered unacceptable for phagocyte studies in general and neutrophils in
particular(Fleck et al., 2005). Therefore, a trade-off of washing times was needed
in which maximum extracellular bacilli would be removed with least neutrophils
being lost. Thus a maximum of three washes were applied for the subsequent

experiments to remove extracellular bacilli.
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3.4.6. Viability of HL60 cells under different MOls

Another option to increase the number of intracellular bacteria was to increase the
multiplicity of infection (MOI). MOls of 5 and 10 were found to be more suitable
ratios for neutrophil infection in this study as the number of trypan blue negative
HL60 cells was highest compared to other ratios in 24h of infection. Beside
concerns on the viability of phagocytes, choosing lower MOI was advantageous
because of increased likelihood of bacterial clumping with increasing MOIs. This
could affect both the CFU counts and the interaction with the phagocyte.
Moreover, clumped mycobacteria may experience a different phagocytic pathway
than individual isolated bacteria, especially over longer exposure times (Schuller et
al., 2001).

3.4.7. Time-course of the HL60-BCG interaction over 24h

Similar to earlier experiments, the overall number of internalised BCG was about
1%. However, this level is low compared to macrophage studies in which the
phagocytosis of BCG by THP-1 cells has been reported to be between 30%
(Reyrat et al., 1996) and 70% (Soualhine et al., 2007). An overall 10% CFU count
for washed relative to unwashed samples indicates that the majority of bacilli were
bound to the cell membrane of HL60 cells and only a small proportion were

internalised.

The CFU counts showed a significant decline in unwashed samples from 2h to
24h. This could indicate a modest capacity of HL60 cells in kiling of BCG or
perhaps such small reduction in colony forming ability of BCG might be due to a
gradually increasing the amount of NET formation and consequently increasing the
likelihood of bacterial clumping. Looking into other samples, the trend of CFU
counts supports the view that some killing took place. In both samples of washed

and amikacin treated preparations, the number of BCG reduced from 2h to 24h at
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a statistically significant level though with differing patterns of reduction. In washed
samples a constant reduction at each time point indicates a continuous process of
BCG elimination which might be explained by two processes; a combination of
continued internalisation and killing. Continued internalisation can be recognised
from the increased CFU counts in amikacin treated samples at 4h, 8h and 12h.
The marked reduction of CFU in the amikacin treated samples at 24h seems to be

consistent with killing of bacilli by HL60 cells.

There is no published data on HL60 and BCG interaction. Nonetheless, this result
seems to be similar to the pattern seen in macrophage studies. Results from

macrophage studies indicate intracellular killing of BCG (Jordao et al., 2008).

3.4.8. H37Rv uptake into HL60 cells

The phagocytosis of H37Rv started in the first two hours though at levels less than
1%, similar to BCG. However, the percentage of internalised relative to HL60-
associated bacilli was about 60% which reflects a higher efficiency of HL60 cells in
ingesting H37Rv than BCG at 2h.

The attempt to apply low temperature in this experiment to stop phagocytosis is
worth considering because no CFU were obtained after 2h amikacin exposure at
4°C. This further indicates that the antibacterial activity of amikacin is preserved

within 4°C — 37°C while, the process of internalisation was stopped at 4°C.

3.4.9. Time-course of the HL60-H37Rv interaction over 120h

In order to investigate the survival of Mtb in neutrophils, H37Rv was incubated with
IFN-y activated HL60 cells for 120h. The presence of this cytokine has been found
to increase the half-life of neutrophils in vitro (Tak et al., 2013, Hilda et al., 2012).
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Although many bacilli are internalised by HL60 cells early during co-incubation,
exposure to the hostile environment resulting from NET formation may be an
equally significant part of the neutrophil-mycobacterium interaction. This view
combined with the fact that the composite intracellular and extracellular interaction
of mycobacteria with neutrophils seems to be more representative of in vivo
situation, led us to consider both internalised and extracellular bacilli as equally
important. Indeed, since the reason for performing these infection experiments was
to establish a neutrophil — mycobacteria system from which bacterial RNA could be
collected for transcriptome studies, it was appreciated that the presence of
amikacin killed extracellular bacilli in the preparation might distort the picture

obtained.

Therefore, it was decided to take both intracellular and extracellular bacilli into
account and the need to apply antibiotic was removed. This development also

reflected our recognition of the significance of NETSs in vivo.

3.4.10. Oxidative burst of HL60 cells on encounter with H37Rv

A key neutrophil response to invading organisms is activation of the respiratory
burst. The magnitude of this response can be measured using tetrazolium salts
(Tan et al., 2000). There was a significant rise in formazan formation in HL60 cells
after 90 minutes encounter with H37Rv (Figure3.10). Thus HL60 cells respond to
Mtb within the first hour of infection. Such early response indicates that
differentiated HL60 cells have capacity for induction of respiratory burst similar to
primary human neutrophils. This is consistent with likely up-regulation of the Fcy
receptor CD64 (FcyRI) in IFN-y activated HL60 cells, a response associated with
the respiratory burst in primary H37Rv-infected neutrophils (Hilda et al., 2012).
Demonstration of the oxidative burst here supports the view that HL60 cells
achieve killing of H37Rv bacilli as also appear to be the case for for primary human

neutrophils (Figure 3.12).
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3.4.11. Isolation of primary human neutrophils

The use of primary human neutrophils was intended after the preliminary
experiments with HL60 cells. Giemsa staining (Figure 3.11A) demonstrated that
93.5% of total isolated cells were polymorphs. Although a small proportion of
isolated cells appeared to be either monocytes (about 6%) the method of
neutrophil isolation was satisfactory and loss of viability within 36h was consistent

with their recognised half-life of neutrophils.

3.4.12. Interaction of H37Rv with primary human neutrophils

Infection of primary human neutrophils with H37Rv for 4h and 24h (Figure 3.12)
appeared comparable to that observed with HL60 cells. The CFU counts of H37Rv
were found to decrease after 24h of encounter with IFN-y activated primary human
polymorphs. Reduction of CFU counts with HL60 cells did not reach statistical
significance until 48h. This indicates a more rapid response of IFN-y activated
primary human neutrophils and may also reflect quicker NET formation.

Overall, results from this series of experiments indicate the suitability of HL60 cells
as comparable to primary human neutrophils in this study. HL60 cells were
therefore useful in establishing the experimental setup for the transcript analyses

discussed in the next chapter.

3.5. Concluding remarks

- Stages in the HL60 neutrophil-MTBC interaction were elucidated by: a)
differentiation of cells with ATRA; b) treatment with amikacin; c)
centrifugation of phagocyte-bacteria suspensions; d) removal extracellular
bacilli via washing; and e) activation of neutrophils with IFN-y.

- Uptake of BCG and H37Rv started within 2h with HL60 cells
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The respiratory burst in HL60 cells starts after 60 minutes encounter with
H37Rv.

The CFU counts of H37Rv decreased significantly at 24h with primary
human neutrophils and at 48h with HL60 cells.

The growth of BCG and H37Rv are not supported by RPMI for at least
120h.

Differentiated HL60 cells can be considered as a model for the study of

interactions between human neutrophils and the MTBC.
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CHAPTER FOUR
Development of conditions for
studying transcriptional responses of
Mycobacterium tuberculosis provoked
by the encounter with Neutrophils in

vitro

80



4.1. Introduction

The precision and value of transcriptome assessments are profoundly influenced
by the quality and quantity of initial RNA isolated. Given the time and financial
investment required, it is vital that preliminary evidence of high quality RNA and
reproducible signals are obtained for biological and diagnostic applications such as
gPCR, microarrays and next generation sequencing (NGS) (Fleige et al., 2006,
Akhtar et al., 2011).

4.1.1. Mycobacterial RNA processing

RNA is under regulation of various enzymes that control its content and modulate
its spatial and temporal expression. Nearly 20% of dry weight of prokaryotes is
RNA. There are multiple species of this molecule with different functions (Licatalosi
et al.,, 2010). In prokaryotes, ribosomal RNA (rRNA), transfer RNA (tRNA) and
messenger RNA (mRNA) undergo numerous modification and cleavage events
during maturation and degradation. In this regard, mMRNA as the mediator between
DNA genome and protein synthesis relies on tRNA and rRNA. Additionally, non-
coding RNAs can also be involved in such processes and their influence on gene
expression has been recognised in many prokaryotic species (Evguenieva-
Hackenberg et al., 2011).

In general the half-life of mMRNA is short relative to bacterial doubling time, while
stable RNA species including tRNA and rRNA can remain functional for a number
of generations. One of the most perplexing features in the metabolism of bacterial
RNA is that, in order to be functional, some regulatory small RNAs (sRNA) and
MRNAs must be processed and ultimately degraded by the same enzymes that

catalyze rRNA and tRNA maturation and degradation (Mackie, 2013).
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4.1.1.1. RNA turnover in Mtb

The firm control of MRNA enables bacteria to accomplish selective transcription
and consequent decoding of genetic information appropriate to certain
physiological states. The coupled nature of gene transcription and translation in
bacteria regulates the access of RNA degrading enzymes to individual transcripts
and thus influences the turnover rate of mRNA (Kaberdin et al., 2011).

An increase in abundance of mRNA for a significant proportion of the genome
during bacterial responses to environmental stimuli may be achieved either by
increasing the transcription rate or by decreasing the degradation rate and the
converse applies to reduced transcript levels (Shalem et al., 2008). In response to
environmental stimuli, mycobacteria change their metabolic activities. One way to
make this change is via alteration of gene expression. These adaptive processes
in the metabolism of RNA expressed by responding mycobacteria yield a
differential influence on the steady state levels of various transcripts, on the
biosynthesis of ribosomes and on RNase E/G levels. A variety of elements and
enzymes participate in mMRNA metabolism of which RNase E is particularly
prominent (Zeller et al., 2007).

Mtb demonstrates a slower mRNA degradation rate than the majority of other
bacteria. A number of mechanisms may contribute to this including apparently
lower abundance of or slower kinetics of RNA degrading enzymes in Mtb (Rustad
et al.,, 2013). Cleavage site specificities of enzymes together with post-
transcriptional modifications can also directly result in a slower global rate of
MRNA degradation. For instance, the RNase E enzyme of E. coli has a homolog
gene in Mtb which despite its kinetically equivalent function displays a limited
binding capacity to cleavage sites in Mtb. Thus the impact of degradation on
transcript levels must be taken into account in the development of valid models of

the regulatory networks in Mtb (Kovacs et al., 2005).
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4.1.2. RNA isolation from Mtb

4.1.2.1. Extraction of mycobacterial RNA from infected neutrophils

The currently proposed mycobacterial RNA isolation methods include enzymatic
cell wall lysis and mechanical shearing by pressure, sonication, bead beating or
nitrogen decompression. Each of these methods has potential deficiencies.
Enzymatic lysis is protracted and may compromise the integrity of RNA while
mechanical shearing and nitrogen decompression need expensive equipment and

may generate aerosols (Akhtar et al., 2011, Mangan et al., 1997).

It poses a serious challenge to design a system of mycobacteria — neutrophil
encounter in vitro from which a representative RNA sample could be collected for
transcriptional study. The greatest task appears to be controlling the reproducibility
of experiments due to the variation between biological replicates. There are a
number of factors causing such variability; first of all, neutrophils used in
experiment can be different due to the difference in their donors. Although, the
variability in neutrophil source can be minimised using a neutrophil cell line for
example HL60 cells, there is still a little likelihood of variation in the results. In
addition, the discrepancy may be originated from variability in inoculum used in
subsequent biological replicates. This is mainly attributed to the experimental
settings especially for a slow growing bacterium such as Mtb. In this regard, the
interval between two experiments may take days or weeks during which controlling

the growth condition is hard to achieve.

The fragility of RNA in bacteria and a fast turnover of their transcripts add to the
difficulty of RNA extraction from Mtb in infected neutrophils. Considering all these
factors and the presence of all variations inherent to the experiments it seems to
be a cumbersome process demanding for a careful design in order to maintain the

reproducibility and attain the biologically meaningful results.
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4.1.2.2. Purification and quantifying extracted RNA

One approach to the removal of host contaminants in RNA-directed phagocyte—
mycobacteria studies is to use chaotropic substances such as guanidium
thiocyanate (GTC) which selectively lyse eukaryotic cells and inactivate RNases
and other enzymes while leaving the mycobacteria intact. Trizol provides a
convenient formulation for RNA purification in conjunction with cell lysis by Fast-
prep treatment (Alli. et al., 2009). The residual proteins and other adventitious
substances can be removed through several steps of washing with chloroform and

dilutions of ethanol.

4.1.3. Aims and objectives

The overall aim was to establish an appropriate protocol for determining the
transcriptional responses of Mtb to encounter with neutrophils in vitro and a
preliminary view of the relationship of this response to the sputum transcriptome.
The objectives were:
- To establish a reliable method of RNA extraction from the neutrophil
experiments
- To determine the transcriptional responses of Mtb in various physiological
conditions when exposed to neutrophils in vitro.
- To determine the effect of preparative steps such as centrifugation and

RPMI exposure on selected transcripts
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4.2. METHODS

4.2.1. Reagents and chemicals

All chemicals and reagents were obtained from QIAGEN (Crawley, West Sussex,
UK), Sigma-Aldrich (Poole, Dorset, UK) or Fisher Scientific (Loughborough,
Leicestershire, UK), unless otherwise stated.

4.2.1.1.5M Guanidinium thiocyanate (GTC) solution

GTC it is a chaotropic substance which denatures proteins and therefore stabilises
nucleic acids (Mason et al., 2003). To prepare 500 ml of 5M GTC the following
materials were added in a Duran bottle:

- Guanidine thiocyanate (Promega, Hampshire, UK) 294.4g
- N-lauryl Sarcosine 2.59

- Tri-Sodium Citrate 12.5¢g
- Tween 80 10% (w/v) 25 ml

For preparation of 4M GTC the amount of guanidine thiocyanate was 236.3 g in
500ml water.

200ml distilled water was added and the materials were dissolved via incubation at
37°C overnight shaking at 100 RPM. Distilled water was added to the solution to
get the final volume of 500ml.

Aliquots of 20ml 5M GTC were made in 50ml polypropylene conical tubes. The
aliqguots were kept away from light and heat. Prior to use, 140upl of B-
mercaptoethanol was added to each aliquot to reach a final concentration of 7l /

mil.
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4.2.1.2. DNase | solution

DNase | powder was dissolved in 550ul DNase-RNase-Free water. Aliquots of
30ul were made and stored at -20°C. When required 10ul of DNase | solution was
mixed with 70ul Buffer RDD which was provided in the Turbo-DNase Kit.

4.2.1.3. Rotor-Gene SYBR Green (2X) master mix

A 2X SYBR Green master mix was provided by the manufacturer containing DNA
polymerase isolated from Thermus aquaticus, SYBR Green buffer (TrisCl, KClI,
NH,4CI, MgCl; and Q-Bond), dNTP mix, and SYBR Green I.

4.2.1.4. Preparing gPCR reactions

For each reaction 12.5ul SYBR Green (2x) master mix was added to 0.1ml PCR
tube then 1pl of 5mM forward and 1ul of 5mM reverse primer was mixed. The
content was brought to 24pl by adding 9.5ul RNase-DNase free water. 1l of

sample cDNA was added to get the final volume of 25ul.

4.2.1.5. Target Genes and primers

The expression levels of a number of genes were investigated using qPCR. Five
genes were chosen from the list of differentially expressed genes in sputum
transcriptome profile including three up regulated (icll, tgsl and hspX) and two
down regulated (mcelA and rpsL). 16s rRNA and sigA were also quantified for
their expression as housekeeping genes. The list of primers including their

seguence, length and melting temperature is available in the appendices.

4.2.2. General methods

The overall process of RNA extraction is displayed in Figure 4.1
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Figure 4.1 Overview of RNA extraction process from

H37Rv in infected neutrophils.
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4.2.2.1. RNA stabilisation

To stabilize RNA in the process of isolation from mycobacteria in infected
neutrophils, 5ml of sample was added to 20ml of 5M GTC 1:4 (v/v) in a 50ml
propylene conical tube. The viscosity of the suspension was reduced by vortexing
at 2000 RPM for 30 seconds to break up the long strands of host DNA. The
sample was then centrifuged at 1500xg for 20 minutes then the supernatant was
removed. The pellet was re-suspended in 20ml of 4M GTC and centrifuged again
at 1500xg for 20 minutes and supernatant discarded. (Note: when mycobacteria
alone were processed the second GTC treatment was not performed). The pellet
was then re-suspended in 1ml Trizol and transferred into lysing matrix B tube for
ribolysing in the Fast-prep set at 6.5 m/s for 45 seconds. Tubes were placed on ice

for 10 minutes before the subsequent chloroform — ethanol treatment.

4.2.2.2. Chloroform — Ethanol treatment

After ribolysing and maintenance on ice, 200ul chloroform and 200ul water were
added to the tube and thoroughly mixed by vortexing as above. The sample was
then centrifuged at 13000xg at 4°C (centrifugation condition A) for 15 minutes. The
upper aqueous phase was taken into a 1.5ml microfuge tube and an equivalent
volume of chloroform was added and mixed by vortexing. Following centrifugation
(A) for 5 minutes the upper aqueous phase was transferred into a new microfuge
tube. Isopropanol at 0.8 v/v was added and mixed gently then the sample was
frozen at -80°C for 2h to precipitation the RNA. After thawing the sample was
centrifuged at 17000xg for 15 minutes at 4°C. The supernatant discarded and the
pellet re-suspended in 1ml of 70% ethanol then subjected to centrifugation (A) for
5 minutes. After removing supernatant 200ul of 95% ethanol was added and the
preparation again subjected to centrifugation (A) for 5 minutes, the supernatant
discarded and the pellet dried at room temperature for 10 minutes. The pellet was
re-suspended in 50ul RNase free H,0.
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4.2.2.3. Turbo DNase treatment

5ul Turbo DNase buffer and 1ul Turbo DNase reagent were added to the extracted
RNA sample and mixed gently. The sample was incubated at 37°C for 30 minutes
in a heat block then 1ul Turbo DNase was added and incubated for a further 30
minutes. 10ul inactivation reagent was added then centrifuged (A) for 5 minutes.
To avoid carryover of the inactivation reagent, the aqueous phase was transferred

to a new tube and measured for RNA content.

4.2.2.4.0n-column DNase digestion

For further refinement of extracted RNA the sample was treated with on column
DNasel digestion.
The materials provided in the kit included:

- Mini-column

- Collection tube

- Buffer RLT

- 100% Ethanol

- Buffer RW1

- Buffer RPE
The volume of sample was increased to 100ul with RNase free water. 350ul buffer
RLT and 250ul 100% ethanol were added and the sample transferred to the mini-
column and centrifuged at 13000xg for 20 seconds. The flow through was
discarded and a further 350l buffer RW1 added and the preparation centrifuged at
13000xg for 20 seconds. After removing the flow through 80ul of DNase | solution
was added and incubated for 15 minutes at room temperature. 350ul buffer RW1
was added and the preparation centrifuged at 13000xg for 20 seconds, flow
through discarded and 500ul buffer RPE was added two times more with
centrifugation as before for 20 seconds for first and 2 minutes for the second time.
After removing flow through and replacing the collection tube the sample was

centrifuged at 20000xg for 1 minute. The collection tube was replaced with a 1.5
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ml capped tube then 50ul water was added and incubated for 10 minutes at room
temperature. The sample was then centrifuged at 13000xg for 1 minute to elute
RNA.

4.2.2.5. RNA quantification

A NanoDrop 1000 Spectrophotometer was used to quantify the extracted RNA.
The program was set at A= 260nm to read the samples. 1ul water was placed on
lens as blank. After cleaning the lens 1ul of RNA suspension was dropped on it.
The concentration (ng/upl) and ratio (260/280) of sample were recorded from the

output.

4.2.2.6. Reverse Transcription

Complementary DNA (cDNA) and no-reverse transcription (NRT) control reactions
were made for each RNA sample using Superscript Il kit protocol. In a PCR tube
0.5ug RNA was incubated with 1pl of 10uM dNTP and 1ul of genomic directed
primers (alternatively 172.5 uM random primers were used) at 65°C for 5 minutes.
1ul RNase inhibitor reagent, 1ul of 0.1mM DTT and 4ul of 5X first-strand buffer
were added to the reaction. 1ul Superscript Il (M-MLV reverse transcriptase) was
added only to the cDNA reaction. 1l water was added to the NRT reaction. A no
template control (NTC) reaction was also set up using all reagents in the
Superscript 1l kit without the RNA sample to check for DNA contamination. All
reactions were set to final volume of 20ul by H,O addition then incubated as:

- 50°C for 45 minutes

- 70°C for 15 minutes

4°C storage

90



4.2.2.7. Preparation of cDNA samples for gPCR

The cDNA samples were diluted 1:4 with RNase-DNase free H,O to minimise the

potential inhibitory effect of upstream reagents on amplification in gqPCR. The test

and controls reactions were set as:

Negative control (H,0)

Seven standards ( series of 10-fold serial dilution of genomic DNA in
order of 10" - 10 and a 5x10° copies / pl)

No template control (NTC)

One non reverse transcribed (NRT) per sample cDNA

Three test reactions per cODNA

The standards were made from mycobacterial genomic DNA and serially diluted

with H,O as follows:

1. Standard 1= 10’
Standard 2 = 5x10°
Standard 3 = 10°
Standard 4 = 10°
Standard 5 = 10*
Standard 6 = 10°
Standard 7 = 107

N o g A~ Wb

Of each sample 1pl was mixed with 24pl of Master Mix (4.2.1.3).

Rotor Gene 6000 software on Corbett PCR machine was used for quantitative

real-time PCR with setting as:

95°C for 15min Hold (for activation of Taq polymerase)
95°C for 10 sec Denaturing

60°C for 15 sec Annealing

72°C for 20 sec Extension with acquisition at cycling A

82°C for 20 sec Extension with acquisition at cycling B
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The green channel was set up to gain at 8 with 470nm and 510nm as source and
detector respectively. The acquiring fluorescence intensity was set at 72°C and
82°C to differentiate nonspecific products. Amplification was repeated for 40 cycles
and melt curve was fixed as rising 1°C degree from 60°C to 99°C. When needed

high resolution melt (HRM) was applied at the end of run.

4.2.2.8. Normalisation of gene expression data

The gPCR concentration values for target genes were normalised against one of
mycobacterial housekeeping gene namely sigA.

The relative gene expression (as fold change) was measured using the following
equation:

Test target gene / Test reference gene
Control target gene / Controlreference gene

Equation 4.1 Fold Change of gene =

4.2.3. Statistical analysis and visualisation of data

The statistical analysis was done using Graph Pad Prism software (Prism V6.0 for
Windows). Rotor-Gene 6000 (Corbett Life Science — Qiagen) machine and
software were used to run the gPCR and analyse the data respectively. The Rotor-
Gene 6000 and Graph Pad prism were used for visualisation of data. Relevant
analysis tests were performed to compute the statistical significance. A p < 0.05
was considered statistically significant. Coefficient of Variation was calculated
using the equation:

Equation 4.2 Cv = %

Where Cv is defined as the ratio of the standard deviation o to the mean p.

92



4.2.4. RNA isolation from mycobacteria in infected neutrophils

All neutrophil infections were performed in 25cm? or 75cm? vent cell culture flasks
in 5ml or 10ml respectively. An aliquot of frozen H37Rv was taken from -80°C
thawed at room temperature for 20-30 minutes then washed twice with pre-
warmed RPMI prior to infection. GTC treatment was done immediately after
thawing to get RNA representative of the inoculum. When ct value in gPCR results
of a given sample showed a difference of less than 10 cycles between NRT and

cDNA then the RNA sample was treated again with on column DNase |I.
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4.3. RESULTS

4.3.1. Gene expression of H37Rv in infected HL60 cells using inocula from

recently thawed bacterial preparations shows unacceptable levels of

variation.

Frozen aliquots of H37Rv were used to achieve uniformity in inocula for biological

Q 50- B tgs1 hspx O mce1A EA rpsL
=
v 40
8 _—
S
= o 301
® w0
o =
g}
g 20
-
< 104
0_ 6//4/2 ]

Figure 4.2 Variability was substantial in relative gene expression of
frozen H37Rv. In 5ml RPMI 9.6 x 10° IFN-y activated HL60 cells were
incubated for 4h at MOI = 5.4 with H37Rv taken from frozen stock then
washed twice with RPMI to remove extracellular bacilli and incubated in
5ml RPMI for 2h. H_E (HL60 cells relative to Exponential) and H_R
(HL60 cells relative to control RPMI)

(Error Bars: SD n=3)

replicates. Based on the primary hypothesis that the results of this in vitro study
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should be compared with sputum transcriptome, four genes were selected from
sputum profile including two up regulated (tgsl1 and hspX) and two down regulated
(mcelA and rpsL). The genes were investigated for their expression on encounter
with HL60 cells relative to exponentially growing H37Rv and RPMI control (Figure
4.2). The mean of fold changes for tgsl on HL60 encounter relative to exponential
phase in 7H9

broth and RPMI were 8.5 and 12.5 respectively. Fold induction of hspX in HL60
cells was 7.5 relative to exponential phase and 15 relative to RPMI. The gene

expression of mcelA and rpsL in HL60 cells showed no significant changes

Table 4.1 Calculated Coefficients of Variation for relative

expression of the test genes replicates.

Coefficient of Variation %

tgs1 hspX mcelA rpsL
HL60 / Expo.

1455 175.6 94.5 111.9
HL60 / RPMI

146.5 147.5 61.1 99.3

relative to exponential phase and RPMI. The values of Coefficient of Variation (CV)
for the transcript ratios obtained across 3 biological replicates are shown in (table
4.1). CVs of less than 20% are desirable for this type of experiment; therefore
experimental conditions were explored in order to reduce inter-experimental

variation
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4.3.2. Variability of results with exponential phase inocula

Mid exponential H37Rv was used for infection of HL60 cells following
centrifugation and re-suspension in RPMI and gene expression determined using
gPCR (Figure 4.3). As before tgsl, hspX, mcelA and rpsL were investigated
relative to exponential phase-7H9 broth and RPMI. There was no significant
change in expression of rpsL in HL60 cells relative to exponential phase-7H9 broth

and RPMI conditions. The overall variation between biological replicates showed

B fgs1 hspx E3 mcelA B rpsL

Ratio (log2)
(Normalised to sigA)

Figure 4.3 Gene expression of exponential H37Rv shows
down-regulation in HL60 cells relative to 7H9 and RPMI. In
10ml RPMI 8.5 x 107 IFN-y activated HL60 cells were incubated for
4h at MOI = 6.4+1.5 with H37Rv taken from OD= 0.7 then washed
twice with RPMI to remove extracellular bacilli and incubated in
5ml RPMI for 2h. H_E (HL60 cells relative to Exponential) and
H_R (HL60 cells relative to control RPMI)

(Error Bars: SD n=3)
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coefficient of variation less than 25% except for the tgs1 ratios (CV% = 40.6).

4.3.3. Effects of inoculum preparation on transcription

From the previous experiments it was suspected that centrifugation and re-
suspension in RPMI had a significant influence on gene expression and that this
effect would be maximal for exponentially growing Mtb. Given that the sputum
transcriptome indicated slow or non-growth of the bacilli present it was decided to
investigate stationary phase inocula and pre-conditioning in RPMI. Stationary
phase H37Rv cells were incubated in RPMI for 120h and expression of hspX, tgsl
and icll monitored to reflect respectively two DosR and one non-DosR regulated

genes. The results are shown in Figure 4.4,

More than 1000-fold induction of the DosR regulated genes occurred as a result of
centrifugation, while icll was relatively unaffected. When RPMI was added to the
pellet (Oh RPMI), the expression of hspX and tgsl fell by 10-fold while icll was
induced ~3.5-fold. After a further 2h, the expression of hspX and tgsl increased
again by ~10-fold and icll increased by ~5-fold. Expression appeared relatively
stable at 24h then declined out to 120h for tgsl and icll but relatively less for
hspX. The CVs between biological replicates was less than 20% for all time points.

These results were considered to support pre-incubation of inocula in RPMI for

24h prior to neutrophil infection.
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Figure 4.4 Relative expression of target genes stabilises at around
24h in RPMI. In 5ml RPMI 2.2 x10° H37Rv taken from OD= 1.8+0.8
were incubated for 120h. Relative gene expression was done to H37Rv
in 7H9 at OD=0.7. The samples were taken from pellet (i.e. bacteria in
7H9 broth was centrifuged and supernatant removed), Oh RPMI (i.e.
pellet re-suspended in RPMI), 2h, 4h, 8h, 24h, 48h, 72h, and 120h.
(Error Bars: SD n=3)
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4.3.4. Visualising NETs formation of primary human neutrophils infected
with H37Rv

The formation of NETs was investigated via microscopic visualization of Giemsa
stained slides. The images suggested an increase in aggregation and formation of
cytoplasmic protrusions in samples of Mtb-neutrophil after 24h, while no similar

morphological changes were seen in corresponding controls.

Figure 4.5 Increased aggregation and bridge formation of neutrophils

incubated with H37Rv. Slides of primary human neutrophils infected with
stationary H37Rv in RPMI at time points of Oh, 4h and 24h were prepared and
fixed with 23% formaldehyde overnight. Giemsa stain was applied to the slide and
visualised under light microscope at 1000X magnification. Corresponding time
points of controls were made from neutrophils without bacilli.

The scale bar applies to all slides
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4.3.5. Gene expression in pre-conditioned H37Rv bacilli exposed to HL60
cells

Successive attempts to establish a model of neutrophil infection returned a gradual
reduction in inter experimental variability. In addition to achieving stable expression
in the inoculum it was realised that processing the preparations to exclude
extracellular bacteria from the analysis could further Increase experimental
variation. Following recognition of the NET phenomenon it was also realised that
this approach may better reflect the interactions taking place in vivo. Thus bacteria
suspended in RPMI for 24h were directly mixed with HL60 cells for 4h and RNA
extraction was done immediately after incubation (Figure 4.6). The results showed
that tgs1l and hspX were up regulated in HL60 cells relative to exponential. While

tgsl was not significantly changed, hspX was statistically different relative to
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Figure 4.6 Differential expressions of target genes in H37Rv encountering
HL60 cells relative to exponential growth and pre-conditioned bacilli in
RPMI. In 5ml RPMI 6.5 x 10° IFN-y activated HL60 cells were incubated for 4h
at MOl = 11.7+1.2 with stationary H37Rv taken from OD= 1.9 and pre-
incubated 24hr in RPMI.

H_E: HL60 cells relative to Exponential; H_R: HL60 cells relative to control
RPMI; Paired t-test was done to compare H and R (Error Bars: SEM  n=5)
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stationary in RPMI. There was no significant change in expression of mcelA and
rpsL in HL60 cells relative to exponential and RPMI. The expressions of esat6
relative to exponential and RPMI were up regulated. All biological replicates
showed a CV of less than 20%.

4.3.6. Gene expression of H37Rv in infected primary human neutrophils

Pre-conditioned H37Rv cells were incubated with IFN-y treated neutrophils for 4h
and RNA extracted. Figure 4.8 demonstrates significant increases in expression of
tgsl and hspX compared to exponential phase growth. While tgsl did increase

relative to RPMI, hspX did not. RpsL, mcelA and esat6é showed no significant

change.
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Figure 4.7 The expression of stress genes in stationary H37Rv up-
regulated in infected primary human neutrophils relative to 7H9 and
RPMI. In 5ml RPMI 5.2 x 10° IFN-y treated neutrophils were incubated for 4h
at MOI = 9.2+0.7 with H37Rv taken from OD= 1.8 and pre-incubated 24hr in
RPMI. N_E: neutrophils relative to Exponential; and N_R: neutrophils relative
to control RPMI (Error Bars: SEM  n=5)
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4.4. Discussion

Several phases of experimental design were used to establish a model of in vitro
neutrophil infection from which a representative RNA sample could be extracted. It
was decided to analyze combined intracellular and extracellular responses for the

following reasons.

Firstly, because the initial step in RNA extraction experiments was focused on
getting intracellular signals from neutrophil infection for which extracellular bacilli
were removed via centrifugation and washing (Figure 3.3). The main problem with
this approach was difficulties in getting reproducible results due to the influence of
a number of stimuli inherent to the washing process. To address this problem, the
washing step was omitted in the subsequent series of experiments thus
extracellular bacilli were also included in RNA extraction.

Secondly, it was realised that internalised Mtb will eventually be exposed to
external environment following NETs formation. In view of that, it seems
impossible to differentiate between intracellular and extracellular stimuli that induce

transcriptional response in Mtb.

Finally, taking a combined sample of intracellular and extracellular Mtb in vitro
would be more representative of in vivo condition where neutrophils and
associated Mtb bacilli can be randomly sat at various positions to each other.
Altogether, it was recognised that both intracellular and extracellular signals are

equally important.

The rationale behind selecting specific target genes for PCR was the fact that the
results from this study should be compared with TB sputum transcriptome. Thus,
among the up regulated genes in sputum study, tgsl, hspX and icll were selected
in addition to mcelA and rpsL which were down regulated. There was also gPCR
done on narK2 that was up regulated in sputum but due to the low reproducibility in

results it was let off from further investigations (data not shown).
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ESAT6 was also included in this study because it is one of the key virulence
factors of Mtb causing neutrophil necrosis. This gene has been shown to be
involved in NETs formation following necrosis (Francis et al., 2014). Since NETs
formation was considered in this study, this gene was included in order to

investigate the link between its expression level and NETS.

There were also a number of genes exclusive to intracellular environment namely
echAl19, mbtl that were investigated at beginning of this study. Because the
direction of study changed towards addressing both intracellular and extracellular,

they experiments were stopped later on (data not shown).

4.4.1. HL60 cells infected with recently thawed H37Rv inocula

Although the ultimate target was to work with primary human neutrophils, sourcing
from different donations is an obvious cause of variation. Thus the HL60 cell line

was used to establish experimental protocols.

HL60 cells were used with less than 3 passages difference between two
consecutive samplings. Initially frozen Mtb stocks were used as the inoculum.
However, it was rapidly appreciated that the thawing process would lead to
changes in gene expression that would be at maximum at the time of inoculation

and this probably contributed to the extreme variation observed in this experiment.

Although mycobacteria in different biological replicates came from the same
source (frozen stock prepared from exponential H37Rv), the variability in results
pointed towards different environmental experiences of bacilli during
cryopreservation, thawing and incubation with phagocytes. Other studies have
shown that the outcome of experiments can be influenced by the means of
bacterial storage (Nascimento et al., 2005). Besides, it seems that other factors
such as time to defrost sample at the time of performing experiments were also
involved. Therefore, a reasonable suggestion to reduce the variability in gene

expression results was to use bacteria at growing stage for infection.
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4.4.2. Variability of results with exponential phase inocula

The use of actively growing Mtb was commended from the inconsistencies
observed in the results of previous experiments. Thus, the variability was
significantly reduced. The majority of samples demonstrated less than 25%
coefficient of variation between three biological replicates. One exception was the
presence of a relatively large coefficient of variation (CV% = 40.6) in quantification
of hspX for RPMI samples. This might be due to the fact that expression of hspX is
essentially induced by abundant environmental stimuli; one of which is the
transferring of bacteria from 7H9 broth as bacterial culture into RPMI as eukaryotic
medium. Such environmental changes and their impact on transcriptional
responses in mycobacteria have been addressed explicitly in the subsequent

experiments.

Regardless of slightly improved reproducibility in experiments, the results revealed
a new set of problems that were attributed to the use of exponential phase
mycobacteria. Thus, the results presented a dissimilarity of results from using
exponential phase H37Rv with sputum transcriptome profile. Such differences
emphasis, to a great extent, the fact that the majority of transcriptional signals in
TB sputum are not derived from exponential phase Mtb populations. As discussed
in the Garton study, the transcriptome signature of TB sputum is close to non-

replicating persistent bacilli (Garton et al., 2008).

In a population of persisting bacteria, the growth can be slowed as a consequence
of low oxygen tension, old age or quorum sensing (Mitchison, 2004). The notion of
persister bacteria in the sputum gave rise to the idea that stationary phase Mtb
should be used in the subsequent experiments. Essentially mycobacteria at
stationary phase seem to bear more resemblance to non-replicating persistent

bacilli in sputum.
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4.4.3. Transcriptional changes of H37Rv in RPMI

From observation in the previous experiments we recognised a significant
influence of environmental stresses including RPMI on gene expression of Mtb.
Therefore, H37Rv bacilli were incubated in RPMI for 120h in order to determine
the transcriptional responses to the wide range of stimuli in a transition from
bacterial culture to centrifugation in test tube then removing the culture and

eventually introducing a none bacterial medium such as RPMI (Figure 4.3).

The starting point of the journey was pelleting via centrifugation in order to
suspend the bacteria in RPMI. This is the commonly used medium for neutrophil
culture in vitro particularly for the purpose of infection studies with HL60 cells
(Rook et al., 1987) and primary human neutrophils (Perskvist et al., 2002) with
Mtb. It was therefore necessary to consider the changes in gene expression during

acclimatisation of bacteria to the new surroundings.

The impact of RPMI on transcriptional changes was found to be prominent during
the first 24h of exposure. Such RPMI impact has clear potential to explain the
variation in the previous experiment where the encounter with neutrophils took
place during the period of maximal response to RPMI. The changes in gene
expression in response to RPMI become stabilised and bacteria appear to be
acclimatised after 24h of incubation. Therefore the bacteria were incubated in

RPMI for 24h prior to infection in subsequent experiments.

4.4.4. Visualising NETs formation of primary human neutrophils infected
with H37Rv

Microscopic view of primary human neutrophils was indicative for increased
aggregation and cellular bridge formation with increasing time of exposure to
H37Rv in vitro. These features were not observed in neutrophils without Mtb
suggesting that polymorphs undergo different morphological changes depending

on presence or absence of H37Rv. In view of that, the results support the NETs
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formation. However, confirmation of NETs need special staining techniques such
as Sytox green which stains the chromatin so that the protruded strand can be
seen as green projection out of neutrophil (Kawakami et al., 2014). According to
the standard operating procedure in the University of Leicester a Category Il
microorganism like Mtb must be killed with 23% formaldehyde overnight before
taking the sample out of containment lab. As DNA staining could not be
appropriately applied to such fixations, it was decided to use Giemsa stain though
it is not as specific as DNA staining in detection of nuclear strands. Nevertheless,
the morphological changes over extended time points of incubation imply on a
meshwork of neutrophils in a close contact with H37Rv bacilli.

4.4.5. RNA extraction from stationary H37Rv in infected HL60 cells

The final experimental set up was accomplished by infecting HL60 cells with
stationary phase H37Rv pre-incubated overnight in RPMI then isolation of RNA
from both intracellular and extracellular bacilli. The HL60 cells were also primed
with IFN-y for 1h prior to infection to be more representative of in vivo situation of
infection. To this end the results seemed promising considering all modifications
applied to optimize the infection model. Thus, relative gene expression of Mtb in
infected HL60 cells demonstrated a reasonable level of reproducibility in this
modified infection system.

As discussed previously, due to NETosis, non-internalised bacteria will be exposed
to similar stimuli to the internalised bacteria. This also provided the rationale for
inclusion of esat6 amongst the transcripts to be studied. A significant induction of

esat6 was observed relative to the exponential phase and RPMI control conditions.

One concern with the stationary phase inoculum was the use of sigA as a
reference gene for normalisation in gPCR as the expression of sigA is found to be
slightly reduced in the stationary phase H37Rv (Manganelli et al., 1999).
Nonetheless, sigA has been used extensively in quantification of mycobacterial
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gene expression (Singh et al., 2006) and some reassurance can be taken from the
observation that its levels were found proportional to Mtb replication inside THP-1
cells (Dubnau et al., 2002).

Overall, a marked improvement in reproducibility of experiments was achieved with

the protocol adopted in this section.

4.4.6. Gene expression of H37Rv in infected primary human neutrophils

The infection system established with HL60 cells was next applied to primary
human neutrophils. The data from relative quantification of gene expression for
tgsl, hspX, mcelA, rpsL and esat6 on encounter with primary human neutrophils

showed a satisfactory level of reproducibility similar to the use of HL60 cells.

The pattern of gene expression of H37Rv in primary human neutrophil was
different than HL60 cells. In partiicular, esat6 was not differentially expressed in
this system. This might reflect the greater potency of primary human neutrophils
noted previously. NET formation recognised by the aggregation of polymorphs was
extremely rapid and prominent in primary cells compared to HL60 cells (data not
shown). It seems possible therefore that esaté expression might have been

stimulated earlier with primary cells and declined to baseline by 4 hours.

Quantifying the expression of the other four selected genes demonstrated that
encounter with both types of neutrophils induced similar transcriptional resposnes
in H37Rv. With regard to the comparison between sputum transcriptome and
neutrophil encounter as the initial hypothesis of the study, the results from four
target genes can be interpreted in two ways. on one hand, the results of in vitro
neutrophil encounter can be comparable to TB sputum when the relative
expression was done against exponentially growing H37Rv. As in the majority of
previous works, the differential expression of genes in different test conditions
including phagocytosis was measured relative to expression of exponential phase

bacteria (Schnappinger et al., 2003). On the other hand, relative expression of four
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target genes against control RPMI indicates a different pattern of expression

between in vitro neutrophil encounter and sputum transcriptome.

The rationale for comparing to control RPMI is a view that only trasncriptional

signals exclusive to neutrophil encounter are appropriate for comparision. This

approach was also undertaken in a number of macrophage infection studies

(Rohde et al., 2007). Overall, the results were reproducible and further validated by

RNA-seq data in chapter 5.

4.5.

CONCLUDING REMARKS

A high degree of variability between biological replicates was found when
frozen H37Rv was used for infection of HL60 cells.

Relative gene expression of H37Rv in HL60 cells was substantially different
from sputum transcriptome when log-phase bacteria was used for infection
RPMI was found to have a great impact on gene expression of H37Rv
particularly during first 24h of infection

The reproducibility of experiments was improved with the use of stationary
phase H37Rv pre-incubated in RPMI prior to infection.

Using stationary H37Rv and extracting RNA from intracellular and
extracellular bacilli found to be more representative of in vivo condition and
yielded a further reproducibility

The initial hypothesis that neutrophils can be responsible for transcriptome of
TB sputum can still be valid when the gene expressions were measured
relative to exponential phase H37Rv while the hypothesis was not supported
when measured against control RPMI
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CHAPTER FIVE

The Transcriptional Changes in M.
tuberculosis H37Rv on Neutrophil

Encounter In Vitro studied by RNA-
Seq
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5.1.Introduction

5.1.1. Studying the bacterial transcriptome

The transcriptome is defined as the totality of the transcripts that are present in an
organism at a specific time. In a complete transcriptome analysis the main goal is
to characterise and record all expressed transcripts at a particular time and to
quantify the differential expression of transcripts in different conditions (Costa et
al., 2006)

To understand the functional output of a genome, a careful analysis of
transcriptome is essential. In this regard, all aspects of the transcriptome are
important including transcript content, determination of transcriptional start sites,
MRNA abundance and antisense RNAs (Filiatrault, 2011). A comprehensive
examination of global gene expression is hard to achieve in prokaryotes due to

high rRNA and tRNA abundance in addition to the instability of transcripts.

Recently developed technologies such as microarrays and next generation
sequencing enable a comprehensive assessment of the transcriptome. However,
the bacterial whole transcriptome analysis is rather different from eukaryotes to the
fact that rRNA constitutes about 90% of total RNA in bacteria. A cDNA library for
eukaryotic mRNA can be selectively produced in the presence of poly (A) tall
which is very infrequent in bacterial mMRNA. Therefore, removing rRNA from
isolated RNA samples to enrich mRNA can be a way to tackle this problem.
Nevertheless the rapid advance in high-throughput sequencing technology has
provided viable tools for the study of microbial transcriptome even in the presence
of such difficulties (He et al., 2010).
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5.1.2. RNA-Seq

The capability to directly and quantitatively identify all RNA species independent of
their being abundant or rare, large or small is essential for an ideal method of
transcriptome analysis (Pinto et al.,, 2011). RNA-seq, a high throughput
sequencing technology is a powerful approach for gene expression profiling,
discovery of previously non-annotated genes and mapping the architecture of
transcriptome in different species of bacteria (Wagner et al., 2013).

A number of advantages can be offered by RNA-seq over microarray such as
marked capacity in detection of low abundance transcripts and means for profiling
transcripts in a strain which has no available genome sequence or annotated
gene. The continuous reduction in sequencing cost, the mounting number of
facilities and accessibility of high-throughput sequencing, in addition to publicly
available tools of bioinformatics have made RNA-seq a popular and attractive

method for bacterial transcriptome study (Haas et al., 2012).

Nevertheless, there are biases inherent to RNA-seq that if not noticed can create
problems in the analysis. Such biases are mainly attributable to the transcript size,
fragmentation steps, cDNA synthesis and enrichment of mRNA prior to
sequencing. Moreover, RNA-seq is complex involving a massive data processing
for which a robust analysis is required. Thus, profound knowledge of bioinformatics

and high performance servers for computational processing are necessary.

Two major processes take place in an ordinary RNA-seq namely, data generation

(Figure 5.1a) and data analysis (Figure 5.1b).
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A) DATA GENERA TION B) DATA ANALYSIS

mRNA e e —
1'm'...ll-'-_- - - - Raw reads
|
RNA -~ T 1
fraaments — ”~
~ = —c
o~~~ p— [ — o —
e Trimming
‘ reads
Reverse B e P l
transcription &* =

N
[——————— ]
_,_

l ] Transcript
assembly
Adapter @ = ~
ligation - = =
A Normalization
==\ T
Aw AT
PCR o~ = Differential
amplification — A= expression and
N visualization
R
oF == W

Figure 5.1 A typical RNA-seq experiment. a | Data generation. To generate
an RNA-seq data set the RNA is extracted, DNA contamination is removed and
short fragments of RNA are made then reverse transcribed into cDNA. The
adaptors (red) are ligated and fragment size selection is performed. Finally, the
cDNAs are sequenced using NGS technologies to generate short reads
(black). b | Data analysis. Low quality reads and artefacts such as
contaminant DNA (Ewing et al.), adaptor sequences and PCR duplicates are
removed after sequencing. To improve the quality the sequence errors are
optionally removed. The reads are then assembled into transcripts and the
errors are removed via post-assembly processes. The transcripts are then
post-processed and the expression of each transcript is measured by counting
the number of reads that align to each transcript. Figure reproduced after
(Martin et al., 2011).
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The cDNA library is then sequenced by next generation sequencers to produce
millions of short reads using next generation sequencers. In data analysis phase,
the pre-processed reads are then assembled into transcripts in order to determine
their abundance followed by measuring the differential expression (Martin et al.,
2011).

5.1.2.1. RNA preparation

One of the main concerns in RNA library preparation is the RNA integrity. The
quality of isolated RNA may vary from one experiment to another and this can be
addressed by careful processing and proper handling of RNA after extraction.
Often shorter fragments of RNA can occur in the sample due to a rapid digestion of
RNA in the presence of ubiquitous RNase enzymes. The conventional approaches
to determine RNA integrity are gel OD measurement, Nano-Drop OD
measurement and denaturing agarose gel electrophoresis all of which, however,
fail to provide a strong correlation with RNA integrity (Schroeder et al., 2006).

Advanced technologies are now available as chip systems that provide a precise
measure of RNA integrity. In the Bioanalyser-2100 system for example, minute
amounts of sample RNA are separated on channels of a microchip based on
molecular weight then detected by laser induced fluorescence. The intensity of
fluorescence correlates with the quantity of RNA of a given size. The visualisation
of results in an electropherogram allows determining the RNA Integrity Number
(RIN) through a neural network-based analysis. This provides a numerical system
to classify total RNA in which 1 represents for the most degraded profile and 10
the most intact. The value of RIN is correlated with the validity of downstream
gene expression quantification experiments (Fleige et al., 2006).

113



5.1.2.2. Preparation of cDNA library

A successful RNA-seq analysis demands careful high yield and high quality RNA
isolation. Commercially available kits or organic solvents are typically used in most
procedures. The method should not bias the sampling across the transcriptome
(Croucher et al., 2010) and removal of rRNA prior to generating the cDNA library is
a commonly applied approach in bacteriology (Chen et al., 2014).

When RNA-seq was first established, random hexamers were used to make cDNA
followed by second strand DNA synthesis (Perkins et al., 2009). Such double
stranded DNA loses the strand specific signal in the RNA sample because both
sense and anti-sense strands are equal. In the llumina RNA-seq protocol,
however, the libraries are constructed only from the first strand cDNA. Thus, the

DNA strand specificity is maintained in RNA-seq data.

In general, among currently present RNA-seq technologies, Illumina, SOLID and
454 platforms have been commonly used to study the bacterial transcriptome
(Croucher et al., 2010).

5.1.2.3. Sequence library preparation

Prior to sequencing in all current RNA-seq platforms the DNA library needs to be
pre-processed by shearing into a suitable platform-specific size range. The next
step involves producing a blunt ended DNA fragment after an end polishing
process followed by ligation of specific adapters to 3" and 5° ends of the fragment.
Depending on the sequencing platform an extra set of unique adapters is used
which should be compatible with the downstream processing steps. Figure 5.2
demonstrates example of adapters used in different platforms (Buermans et al.,
2014).
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In the lllumina technology, all sequencing processes take place in a flow cell. The
cDNA molecules are attached to the surfaces in a flow cell and are amplified by
PCR (Dabney et al., 2012). Each molecule then is sequenced either from one end

(i.e. single-end reads) or from both ends (i.e. Pair-end reads).

A typical read, depending on the sequencing technology and design of experiment,
is about 30 to 400 bp (Wang et al., 2009c). Longer reads are preferable as they

a)

[Mlumina:
A: 5 - AAT GAT ACG GCG ACC ACC GAG ATC TACAC -3’

B: 5’ - CAA GCA GAA GAC GGC ATA CGA GAT - 3’

Roche 454:
A:5 -CGT ATC GCC TCCCTCGCGCCA-3’

B: 5’ - CTA TGC GCC TTG CCA GCC CGC - 3’

Library insert

b)

Library insert

PacBio:

5 - ATCTCT CTCTTT TCC TCC TCC TCC

GTT GTT GTT GTT GAG AGA GAT- 3’

Figure 5.2 Structure of sequence library molecules for the
different technologies. Linear library molecules (Panel A) contain
different adapter sequences at the 5’ [A] and 3’ [B] ends of the library
inserts. Circular library molecules (Panel B) contain identical adapter
molecules at both ends of the insert (Buermans et al., 2014).
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significantly minimise the complexity of the transcriptome assembly (Martin et al.,
2011).

The depth of sequencing determines the depth of coverage which is important in
detecting and quantifying transcripts with low abundance (Croucher et al., 2010).
Thus, in order to enhance the coverage in RNA-seq the total number of reads
should be increased (Chen et al., 2014). However, considering the costs of
sequencing, the experimental design for an RNA-seq experiment should determine
the right balance between the number of reads per sample (i.e. depth of
sequencing) and the number of samples needed to be sequenced (i.e. breadth of
sequencing). In this regard, for detection of rare transcripts the depth is critical
whereas the breadth seems to be important when statistical confidence is required.
For example, in order to statistically ensure that a gene is differentially expressed
in different conditions, several time-points and biological replicates are needed
(Haas et al., 2012). Moreover, there is a limit for increasing the depth of
sequencing as genes with no transcript are most probably not expressed.
Likewise, for a gene with one or few detected reads among millions of reads it is

biologically not meaningful to identify it as expressed gene (Wagner et al., 2013).

5.1.2.4. Base calling and quality score

Individual bases are predicted during sequencing through a base calling algorithm.
The mechanistic details are different across sequencing technologies but the
overall pipeline is similar (Ledergerber et al., 2011). In the Illumina platform for
example, fluorescently labeled bases with an attached reversible terminator are
incorporated in each cycle during sequencing. The terminators provide a
sequential incorporation of fluorescently labeled bases one by one. The whole
cluster is excited by a laser then the emission from individual incorporated bases is
captured by an imaging device. After removing reversible terminator the

incorporation of next base is allowed for the next sequencing cycle. Thus, four
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images with optimal wavelengths are generated at the end of each sequencing
cycle for each of four bases separately labelled with fluorescent dyes and
nucleotide channels A, T, C and G are represented by a corresponding intensity
value (Cacho et al., 2015).

The images translated into base calls are represented in a FASTQ format. In the
FASTQ file the nucleotides are designated with an ASCIl encoded quality score
named as Phred score. Phred score represents the probability that the

corresponding base calling is incorrect by the equation:

P = 10~(Q/10)

Were Q is the quality score ranging from O to 41 therefore the error rate ranges
from 1 to 0. 00008 for each base call (Del Fabbro et al., 2013).

The majority of low quality base calls occur at the end of reads particularly when
lllumina technology is used (Ledergerber et al., 2011). An essential step before
downstream processing is to distinguish low quality and good quality bases. Thus,
FASTQ files are taken through an extensive computerised process to detect
nucleotides with poor phred scores and these are consequently deleted. This is
routinely performed via a process called “trimming” by which specific and universal

adapters, low quality bases in addition to repeat sequences are removed.

5.1.2.5. Alignment and annotation of transcripts

Downstream to quality control of reads is the detection and quantification of
transcripts. The overall process falls into three phases starting with alignment of
reads followed by assembly of transcripts and then quantification of transcripts.
This is a demanding bioinformatics process and multiple programs and

approaches are available. Even a small RNA-seq experiment can produce more
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than a hundred gigabytes of raw sequencing reads in a single run (Trapnell et al.,
2012).

The reconstructing of full length transcripts from reads, except for small classes of
RNA, is performed via assembly of reads which is done in two main approaches
(Martin et al., 2011). In the reference-based assembly the sequencing reads are
aligned against a sequenced reference genome. In general, this approach is
preferable because it is relatively precise and fast though it requires a high quality
sequence of the reference genome; de novo assembly is required if this is not
available. The latter involves assembly of transcripts by combining overlapping
reads (Tjaden, 2015). Different mapping algorithms produce varying rates of false
positives and negatives. These may be due to errors in sequencing, deleted bases
in the referenced genome or structural rearrangements in the reads (Sims et al.,
2014).

5.1.2.6. Normalisation methods

One of challenges in performing RNA-seq is measuring the concentration of
original RNAs. The question is how quantification of transcripts can represent the
absolute RNA concentration (Mortazavi et al., 2008). There are a variety of

approaches proposed for normalisation of quantified reads:
Total count (TC): is the measure of all reads divided by the total mapped reads.

Upper quartile (UQ): instead of total count the upper quartile of counts different

from O are used in the computation (Bullard et al., 2010).

Median (Med): similar to UQ but the median is considered instead of upper

quartile.

DESeq normalisation: with the assumption that majority of genes are not

differentially expressed the median of ratio for a given gene is divided by the

118



geometric mean of total read counts. DESeq Bioconductor package is used for this

type of normalisation (Anders et al., 2010).

Trimmed Mean of M values (TMM): it is also based on hypothesis that most
genes are not differentially expressed. TMM has been used with lllumina data. It is
a factor used for computation of lanes results where one lane is considered as
reference and others as test samples. TMM implements edgeR Bioconductor to
calculate weighted mean of log ratio between reference lane and test lanes
(Robinson et al., 2010).

Quantile (Q): this was originally used for microarray data. Q is the distribution of
gene counts across lanes for which Limma package in Bioconductor is
implemented (Bolstad et al., 2004).

Reads per Kilobase per Million mapped reads (RPKM): originally was used for
comparison between genes within a sample. RPKM combines within and between
sample normalisation to correct for differences in gene length and library sizes
(Mortazavi et al.,, 2008). RPKM for a gene is calculated using the following
equation:

T, * 10°

RPKMg = fi—*R
g

1, - The number of reads mapped to a particular gene
f1, (feature length): the number of nucleotides in a mapped region of gene

R: Total number of reads in the sequencing run of a sample (Wagner et al.,
2013).

However, there are different versions of RPKM including a normalisation approach
by Rockhopper software, a program for prokaryotic RNA-seq analysis, which uses

upper quartile of gene expression level after excluding the genes with 0 counts
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(McClure et al., 2013). Although, RPKM introduces biases due to gene length
variances, it is a popular normalisation method in many RNA-seq applications
(Dillies et al., 2013).

Transcript per Million (TPM): is a modified normalisation method to measure the

transcript abundance.

6

Where N represents total number of transcripts

It is proportional to RPKM within a sample but slightly more accurate when applied
between samples (Wagner et al., 2013).

1.11.1.1. Detection of differentially expressed (DE) genes

One of necessities in high-throughput sequencing technology is the adoption of
statistical methods for assessing the quantitative differences between experiments.
In fact, detecting differentially expressed genes across a number of samples is a

complex task.

In comparative transcriptomic data analyses the standard approach is to set a null
hypothesis that the logarithmic fold change of expression for a gene is exactly zero
between test and control (Love et al., 2014). Based on this, several statistical
models have been implemented for detection of DE genes. Well-recognised
among these are: likelihood ratio statistics, t-statistics (both based on generalised

linear method) and Fisher’s exact test statistic (Bullard et al., 2010).
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There are parameters inherent to the RNA-seq technique that can introduce biases
to the results including differences in flow cell, long transcripts and GC-content
(Benjamini et al., 2011).

5.1.3. sigK regulon

All members of Mtb complex possess Sigma factor K (oK). A reduced expression
of mpt70 and mpt83, two immunogenic proteins of Mycobacterium bovis BCG has
been observed. This was recognised to be associated with sigKk polymorphism

leading to mutation in translation start codon (Manganelli, 2014).

Microarrays applied to investigate the global gene expression of oK impaired BCG
strain complemented with sigK form a wild type resulting in identification of two loci
on the chromosome that contain sigK-regulated genes. The first locus contains
sigk and Rv0444 (rskA) in addition to four genes including Rv0447c (ufaAl) that
encodes a cyclopropane-fatty-acyl-phospholipid synthase, a putative amino
oxidase together with Rv0446, Rv0448c and Rv0449c encoding for functionally
unknown proteins. The second locus consists of six genes encoding membrane
protein including Rv2873 (mpt83) a surface-associated lipoprotein, Rv2874 (dipZ)
an integral membrane C-type cytochrome biogenesis protein, Rv2875 (mpt70) a
major secreted immunogenic protein, Rv2876 a transmembrane protein, Rv2877c
an integral membrane protein, and Rv2878c (mpt53) a soluble secreted antigen
(Charlet et al., 2005).

The C-terminal domains are similar in mpt70 and mpt83 which mediate cells and
extracellular matrix interaction. They are proposed to be involved in binding to
proteins of host cells (Carr et al., 2003). The dipZ gene is also controlled by oL has
a conserved CcdA domain and involved in the biogenesis of cytochrome-c in

bacteria (Juarez et al., 2001).
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The expressions of mpt83 and mpt70 are low in Mtb compared to high levels in M.
bovis. This is largely due to a mutation in the anti-sigma factor rskA that controls
posttranscriptional regulation of sigK leading to high level of mpt70 and mpt83
production in M. bovis (Said-Salim et al., 2006). Whether overexpression of mpt70

and mpt83 offers a selective advantage for M. bovis is not clear.

The evolutionary analysis of sigK regulon indicates for the presence of a set of
genes mpt83 — sigK — rskA in a number of bacteria close to mycobacteria. Six
genes have been inserted into this region during separation of Rhodococcus and
Mycobacteria resulting in separation of mpt83 from sigK and rskA. This locus was
further separated during the evolution of mycobacteria into two loci; mpt70/83
locus and sigK — rskA locus. An additional gene, dipZ was inserted between two
paralogs in slow-growing mycobacteria. Although, this regulon considerably varies
across species, the sigK/rskA regulatory system across the mycobacteria genus is
conserved (Manganelli, 2014, Malkhed et al., 2011)

Expression of sigK regulon genes in macrophage

Different expression levels of genes in sigKk operon have been observed during
intracellular adaptation of Mtb. There is no published data regarding transcriptional
changes for members of sigK regulon on interaction with neutrophils. Nonetheless,
data from several macrophage infection studies demonstrate no significant
expression of Rv0448c, Rv0449c and dipZ while, mpt83 and mpt70 have been
found to be slightly up regulated (Table 5.1).
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Table 5.1 Gene expression of sigK related — operon in macrophages

Expression in MO

GENE Differential Phagocyte Reference
Expression Incubation time
ufaAl NA NA NA
Murine bone
Rv0448c NS (Rohde et al., 2012)
marrow M® 2hr
Murine bone
Rv0449c NS (Rohde et al., 2012)
marrow M® 2hr
o Murine bone (Schnappinger et al., 2003)
mpt83 Significant
marrow M® 24hr  (Fontan et al., 2008)
. Murine bone
dipz NS (Rohde et al., 2012)
marrow M® 2hr
o THP-1 cells _
mpt70 Significant it (Said-Salim et al., 2006)
r

- NS: No significant difference
- NA: Not available

-  M®: Macrophage
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5.1.4. Aim and objectives

In this chapter the data obtained from RNA-seq are introduced and discussed. The
primary aim was to assess the initial hypothesis that interaction with neutrophil can

explain the transcriptome of Mtb in sputum. The objectives were:

- To detect differentially expressed genes unique to the Mtb-neutrophil encounter
- To determine the effects of RPMI on gene expression in Mtb
- To validate selected the RNA-seq results by gqRT-PCR and also by comparing

two normalisation methods namely RPKM and TPM
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5.2. METHODS

5.2.1. Experimental design

The design of experiment was done based on optimised system for in vitro
infection of neutrophils with Mtb as shown in figure 5.3. Briefly, log phase H37Rv
was grown to stationary phase then 5ml suspension containing 5x10’ bacilli / ml
was centrifuged at 1000xg for 10 minute and supernatant was removed. The pellet
was re-suspended in 5ml RPMI containing 5% serum from neutrophil donor and
incubated for 24h.

RNA isolation X3 X3 X3
X3 X3
X3 X3
. ! Hs7;Rvin )
HyRvin Middlebrook Primary
Middlebrook broth human
broth oD=17-19 | neutrophils
OD=07-09
1\ ] ﬁ
BN % | [ ) Mtb-neutrophil
‘ [ V.
-t —> '=> C— |
- -, o a8

Start 10-15days 24 hours 4 hours 24 hours

v

Figure 5.3 Schematic view of experimental design for collection of RNA
samples. 24h prior to infection, stationary phase Mtb was pelleted and re-
suspended in RPMI containing 5% human serum (isolated from the neutrophil
donor). Each replicate was done with serum and neutrophil collected from

same donor.
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Primary human neutrophils were collected from 3 different individuals with

exclusion criteria of TB infection (Table 5.1).

Table 5.2 Contributing neutrophil donors

Gender Background
Donor 1 Male Middle East - Iraq
Donor 2 Female Middle East — Iran
Donor 3 Male West Africa — Ghana

Neutrophils were treated with IFN-y for 1h after isolation from venous blood then
mixed with bacteria in 25ml cell culture flask (MOl = 10) and incubated for 4h and
24h.

Controls of bacteria in RPMI only were set up in parallel to neutrophil samples.
After incubation the suspension was immediately mixed with 20ml of 5M GTC

solution and RNA extraction was carried out.

In addition, a sample of RNA from TB sputum was included in the RNA library for
RNA seq. The sample was provided by Dr N. J. Garton and was from an untreated

TB patient.

5.2.2. Measuring RNA integrity number (RIN)

The integrity and concentration of extracted RNA was assessed using Agilent RNA

6000 Nano-kit purchased from Agilent Technologies (Kidlington, UK).
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5.2.2.1. Chips and reagents
Chips
RNA Nano Chips
Tubes for Gel-Dye Mix
Syringe Kit 4 Spin Filters
Tubes for Gel-Dye Mix
Syringe
Safe-Lock Eppendorf Tubes for gel-dye mix

Reagents

Agilent RNA 6000 Ladder
RNA Nano Dye Concentrate
Agilent RNA 6000 Nano Marker (2 vials)

Agilent RNA 6000 Nano Gel Matrix (2 vials)

5.2.2.2. Setting up the assay equipment and Bioanalyzer

Preparing the Gel

550pl of Agilent RNA 6000 Nano gel matrix was added into the top receptacle of a
spin filter then centrifuged for 10 minutes at 4000 RPM. For each run 65ul was

filtered into 0.5 ml RNase-free microfuge tube.

127



Preparing the Gel-Dye Mix

RNA 6000 Nano dye concentrate was mixed thoroughly for 10 seconds on vortex
then 1ul was taken to a 65yl of filtered gel and mixed thoroughly. The gel-dye mix

was then centrifuged at room temperature for 10 minutes at 14000 RPM.

Loading the Gel-Dye Mix

On a new RNA Nano-chip 9ul of the gel — dye mix was added to the well-marked
black G by using a plunger that was positioned at 1ml to pressurise the spread of
mixture. 9.0 ul of the gel- dye mix was dispensed into each of two wells marked as
blue G.

Loading the RNA 6000 Nano Marker

5ul of the RNA 6000 Nano marker was pipetted into the well-marked with the
ladder symbol and each of the 12 sample wells.
Loading the Ladder and Samples

1pl of the RNA ladder was pipetted into the well-marked with the ladder symbol.
From each RNA sample 1pl was pipetted into each of the 12 sample wells. Then
the chip was horizontally placed on the adapter of vortex and mixed for 60 seconds
at 3000 RPM.

Starting the chip run

The chip was carefully placed into the receptacle of Agilent Bioanlyser 2100. In the
list of program in Agilent 2100 expert software prokaryotic — Nano RNA was
selected to run the chip. The results from electropherogram can be seen in the

appendices.

5.2.3. Quality control of isolated RNA

The isolated RNA was assessed for quality as portrayed in figure 5.4.
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Figure 5.4 Assessment and selection of RNA samples for RNA-seq.
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The extracted RNA samples were DNase treated and the checked for
genomic DNA contamination via gPCR. The RNA integrity was done to
determine appropriate RNA samples for RNA-seq. Samples with genomic
DNA contamination and no RNA integrity number were re-treated with

DNase and re-assessed. Samples with low integrity (RIN < 6.5) were not
used for RNA-seq
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5.2.4. NextSeq-500 Illumina workflow

The RNA samples were sent for RNA-seq on lllumina platform (vertis
Biotechnologie - Germany) recommended by Professor Jay Hinton (University of
Liverpool). The sequencing workflow is integrated with BaseSpace software which
Is the genomics computing environment in Illumina for data analysis, storage, and
collaboration. The full information on the platform can be found in NextSeq 500
System Guide (15046563 I) at http://support.illumina.com/.

Starting the sequencing run

RNA samples were reverse transcribed to make cDNA library of samples. The
cDNA strands were fragmented into 75nt bases and then universal and specific
adaptors were attached to fragment ends. A list of the adapters can be found in
appendices. To perform a sequencing run, the libraries of cDNA with adaptors
were denatured and diluted to 3pM then loaded onto reagent cartridge in a flow

cell.

Cluster generation

Single DNA molecules were bound to the surface of the flow cell and amplified to
make the clusters. The amplification ranged from 11 — 13 cycles for in vitro

samples and 16 cycles for the sputum sample.

Sequencing

Single end sequencing was performed during which clusters were imaged via 2-
channel sequencing chemistry and filter combinations that were specific to each of
fluorescent-labelled chain terminators. The process of imaging was repeated for
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each cycle of sequencing. The software performed base calling, filtering and

quality scoring following image analysis.

Analysis

As the run progressed, the software automatically transferred files of base call
(BCL) to BaseSpace for secondary analysis. FASTQ files were generated for each
sample containing details of the sequencing including the quality score. These files
were transferred to Leicester for further processing.

5.2.5. Trimming low quality reads

Trimming was done with the collaboration from Mr Ali Yavari in the Department of
Infection, Immunity and inflammation as well as Dr Mathew Blades in
Bioinformatics and Biostatistics Analysis Support Hub (B/BASH) in the University

of Leicester.

The universal and lllumina specific adapters were removed in addition to removal
of poor quality and repeating sequences using Trimmomatic version 0.32 (Bolger
et al., 2014). The quality score was set at Phred > 33 with the minimum acceptable
fragment of 25nt. The output files were generated in FASTA and SAM format for
downstream processes. The command line for trimming was written in Linux based
text. A complete script applied for trimming in this study can be found in
appendices. The FASTQ files before and after quality control were visualised using
fastgc 0.11.2 program in the ALICE High Performance Computing Facility at the

University of Leicester.

5.2.6. Alignment and normalisation of reads

The trimmed reads were aligned and mapped against H37Rv genome using
Rockhopper 2.0.2 and RSEM 1.2.9 software.
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5.2.6.1. Rockhopper processing of Reads

FASTA files generated after trimming of reads were loaded on Rockhopper
software version 2.0.2 for windows (Wellesley — MA, USA). The files were three
replicates per condition for in vitro samples while sputum sample was set as a
condition with only one replicate. For alignment of reads and TPM analysis
Bowtie2 was used to map the reads.

A dynamic programming alignment was applied when the reads did not match
exactly to the reference genome based on the Smith—-Waterman algorithm (Smith
et al., 1981) limited to 15% mismatches. These were corrected via insertion and
deletion scores in the dynamic programming table based on the Phred quality
score (Ewing et al., 1998).The transcript abundance was measured by normalising

the expression levels into RPKM.

5.2.6.2. RSEM processing of Reads

In addition to Rockhopper, RNA-seq by Expectation Maximisation program (RSEM
version 1.2.9) was used based on RSEM-calculate-expression script for alignment
of the reads and normalisation of transcripts. For alignment of the reads RSEM
uses Bowtie2 software (bowtie2/2.2.3) and then normalises the expression levels
into Transcript Per Million (TPM) by calculation of relative abundance(Li et al.,
2011). The program was run by using a perl script kindly provided by Dr Karsten
Hokamp (Trinity College Dublin, Ireland) on FASTA files of samples.

5.2.7. Differential expression of genes

Only Rockhopper software was used for detection of differentially expressed
genes. Before calculating the differential expression, the variance in expression of
a gene was estimated via calculating the variance of the gene’s expression across

replicates.
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As the variance is affected by the expression level, a highly expressed gene
would basically have higher variance across the replicates. Therefore, local
regression model (Anders et al., 2010) was applied to the normalised counts to
achieve smooth estimation of the variance. Then the differential expressions of
genes between conditions were determined by performing statistical test for the
null hypothesis. Thus, negative binomial distribution was used as a statistical
model in which a two-sided p-value was computed as the probability of observing

the expression levels of a gene in two conditions.

To control the false discovery rate due to multiple tests performed across the set of
genes, g-values were set using Benjamini — Hochberg procedure (Benjamini et al.,
1995). A gene was designated as being differentially expressed if its expression in

two different conditions was different at g < 0.01.

5.2.8. Visualisation
Intergraded genomics viewer (IGV) was used to visualise the expression levels in

Rockhopper software (Thorvaldsdottir et al., 2013).

R for graphics was used to visualise the correlations and multiple scatterplots
(Robinson et al., 2010). The packages and scripts used in this study can be found

in the appendices.

String version 9.1 software available online at http://string-db.org/ was used to see

the connection between Mtb genes as well as visualising the network of functional

proteins.
Graph Pad prism was used to graph the data and perform basic statistics.

Raw-density design, an online program http://raw.densitydesign.org/ was used to

display the data from long lists of differentially expressed genes.

133


http://string-db.org/
http://raw.densitydesign.org/

5.2.9. Target Genes and primers

The expression levels of esat6, Rv0691c, Rv0692a, mpt70, mpt83, dipZ and sigK
were measure using qRT-PCR. The list of primers including their sequence, length

and melting temperature is available in the appendices (Page 188).
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5.3.Results

5.3.1. Removing host nucleic acids

Total RNA was measured for samples of stationary H37Rv alone or mixed with
primary human neutrophils to investigate the efficiency of GTC method in removing
host nucleic acid. Nanodrop measurement following two rounds of DNase
treatment showed that H37Rv only and neutrophil-H37Rv were not significantly
different (Figure 5.5).
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Figure 5.5 Neutrophil RNA was significantly depleted from
extracted RNA. In 5ml RPMI 1.2x10° IFN-y activated primary human
neutrophils were infected for 4h at MOI=4.5+£0.4 with stationary phase
H37Rv at OD = 1.8. RNA was extracted and measured (A). Then the
concentration of 16s rRNA was quantified (B). Paired t-test was
performed to determine the statistically significant difference between

conditions. (Error Bars: SD n =3)
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5.3.2. Quality Control of Extracted RNA

The RNA samples were assessed for their integrity using both riboanalyser (a.k.a.
electropherogram) and Nonodrop1000 spectrophotometer V3.7. Figure 5.6 shows
the results from electeropherogram demonstrating the RNA integrity number (RIN)
of samples ranged 6.5 — 10 with the median value of 8.3. The highest RNA
integrity was found in exponential sample (Mean RIN = 9.8) and the lowest
integrity was attributed to Neutrophil-24h sample (mean RIN = 7). The full detail of

RIN for each sample is placed in appendix.

Figure 5.6 Integrity of RNA samples before RNA-seq. RNA
Nano-chip was used to assess the integrity of RNA samples using
electropherogram prior to RNA-seq
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5.3.3. Sequencing results

After quality control, the RNA samples were sent for RNA-seq. The NGS library

pool was sequenced on Illumina NextSeq 500 system using 75 bp read length.

Table 5.3 Reads information taken after RNA-seq

PCR Total GC

Samples Repl. Adaptor Trodles  SmpEieE O
_ I ATCACG 11 9,284,377 56
Mid Exp. Il CGATGT 11 9,330,053 56
(7H9 broth) i TTAGGC 13 9,403,848 56
_ I TGACCA 12 9,435,878 56
Stationary 1 ACAGTG 12 9,404,391 57
(7H9 broth) 1 GCCAAT 12 9,547,909 56
I CAGATC 12 8,481,541 56

RPMI Oh I ACTTGA 11 12,150,666 56
Stationary I GATCAG 12 10,069,465 56
I TAGCTT 12 14,246,063 56

RPMI 28h II CTTGTA 13 11,977,989 56
Stationary 11 AGTCAA 13 10,836,780 56
RPMI 4h I AGTTCC 12 10,898,947 56
Stationary I ATGTCA 12 11,458,934 56
I GTAGAG 13 11,039,856 56

RPMI 48h i GTCCGC 13 8,721,199 56
Stationary 1 GTGAAA 13 11,537,670 56
RPMI 24h I GTGGCC 13 10,516,731 56
Stationary I GTTTCG 13 5,117,598 56
Neutrophil 11 CGTACG 13 10,116,473 56
Sputum I ACTGAT 16 12,477,797 49
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The sequencing was done and a report was generated containing details of
sequencing including sequence of adaptors, number of cycles, total number of
sequences and GC content of sequences. The total number of sequences for all
samples was 216,551,313 with the average sequence number per sample of
10,252,318. Additionally, the mean GC content of sequences for in vitro samples
was 56% whereas the sputum showed 49% GC content. The reads were then
assessed for base and sequence quality scores which were detailed in FASTQ

files.

5.3.4. Read quality analysis

There are several steps in RNA-seq including preparation of sample,
fragmentation, amplification and sequencing which make the technique really
complicated. Even a modest error during any of these steps may result in a biased
or useless data. Therefore, it is necessary to assess the quality of the RNA-seq
data prior to analysis which starts with testing the quality of libraries. The quality
scores and relevant information from sequencing output were formatted in FASTQ
file. The FASTQ files were visualised using fastQC v.0.11.2 software, a quality
control tool for high throughput sequence data. Overall, less than 1% or all reads
were revealed to be of low quality. The average base quality based on Phred score
across all reads was 30 which positioned in the green zone designated for good
quality scores. However, removing low quality reads, adaptors and K-mers (i.e.

repeated sequences) is a prerequisite before alignment.
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Figure 5.7 An example of per base sequence quality. The reads in FASTQ
files were visualised using fastQC v.0.11.2 software. The X-axis shows
nucleotide position and Y-axis shows the quality scores for base call. The
colours represent as green for good, yellow for moderate score and the red for
low quality scores. The yellow boxes represent the inter-quartile range (25% -
75%). The upper and lower whiskers represent the 10% and 90% points. The
blue line represents the mean value of the quality score.
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5.3.5. Trimming the adapters and contaminating sequences

In the lllumina platform universal adapters, a sample specific adapter and small
RNA adapters were used during clustering and sequencing. Also there is a
possibility for the presence of contaminating sequences in such high throughput

sequencing mainly originated from poor quality or repetitive sequences.

The adapters and low quality reads were removed from data set using
Trimmomatic Software version 0.32. The result showed that for 21 in vitro samples
less than 0.1% of total reads were trimmed while about 1% of reads from the

sputum sample were deleted.

Trimmed %
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Figure 5.8 Very small amounts of sequences were removed after
trimming of reads. Using Trimommatic v.0.32 adapters, K-mers,
contaminating sequences and low quality reads below Phred = 33 were
removed. (Error Bars: SD)
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5.3.6. Alignment of reads

sion 2.0.2

sis. 90 open

w m a %//////////////////////////%wwfo w“gmw

duced a mean mapping percent

- > =

Rv. This was done u




reading frames (ORFs) were found to have absolutely no expression values in
either in vitro or sputum samples. Subsequently, the genes were organised based
on functional categories (Table 5.4). Conserved hypothetical, PE/PPE, and
Intermediary metabolism and respiration had 29, 23 and 14 genes without
expression respectively. While for Information pathways, lipid metabolism, and
regulatory pathway only two genes were found to be not expressed.

Table 5.4 Genes with no expression detected

_ Genes with no
Functional category _
detected expression

Conserved Hypothetical 29
PE/PPE 23
Intermediary metabolism and 14
respiration

Virulence, detoxification, v
adaptation

Cell wall and cell processes 7
Insertion segs and phages 4
Information pathways 2

Lipid metabolism 2
Regulatory protein 2

Total 90
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5.3.8. Proportion of ribosomal RNA

mmmmm spea. [[e 0] % FEEaE



proportion of rRNA to total RNA was ranged between 88% to 95% in overall

samples in vitro and in sputum.

5.3.9. Detected non-mRNA species

A considerable fraction of reads were mapped to regions other than predicted or
confirmed ORFs. The number of these non-mRNA species were shown in figure
5.6 based on their categorical distribution. Thus, against a total of 4120 annoted

Non-coding, 20

Antisense, 19

\

Unannotated, 93 Ribosomal, 3

Figure 5.11 The Pie chart of different RNA species detected from
RNA-seq data. The trimmed reads were aligned against H37Rv
genome then a list of mapped transcripts was made containing
annotated and non-annotated H37Rv genes. The non-mRNA species

were displayed based on their frequency distribution.
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ORFs, 3938 were polypeptide encoding. Of the remaining 182 non-mRNA
transcripts; 93 were non-annotated (51%), 19 were anti-sense RNA (10.5%), 45
were stable RNA (25.3%), 20 were non-coding and small RNA (11.5%), and 3
were ribosomal RNA (1.6%).

5.3.10. Anti-sense RNA detection
The presence of anti-sense RNA in a transcriptome can have a significant impact
on interpretation of the transcriptome. There were 19 detected anti-sense

Diff. Expressed
Type (Neut-4h vs. Expo) Name

-/_,_,O antisense: Rv0842

~ antisense: Rv1073
P ///__O
/Ye&()—ikéo antisense: Rv2706¢c
. — _
// \\\___O antisense: Rv2816¢

P ———(Q antisense: tcrY

/ . __—CQ antisense: Rv1805¢c
/ A //'// ___— antisense: Rv3645

e

/ “No-Q—==—————Q antisense: ino1

/ N
/ \\\:\——10 antisense: mpt63
Antisense T antisense: pirG

o genes

\. _—Q antisense: rrl

\ ///F—O antisense:

\ /?/ (O antisense: i
e

\ S : .
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- e .
Ribosomal RNA O Neo = O antisense: rrl

\\\E" — -
AN antisense:
N —0

\\\\—O antisense: rrl

~——( antisense: ITs

\““QO antisense: Irs
Figure 5.12 Mapping detected 19 antisense transcripts. Mapped
transcripts were annotated Rockhopper then displayed according to their

type and differential expression.
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transcripts of which 10 were antisense-mRNA and 9 antisense-rRNA genes related
to rrl and rrs. These were then investigated for their differential expression in
neutrophil 4h versus exponential sample. In the group of antisense-mRNA, 5 were
differentially expressed based on g-value < 0.01 and 5 were not differentially
expressed. None of the 9 antisense-rRNA transcripts were found to be
differentially expressed.

5.3.11. Expressions correlation across all conditions

The first task after performing quality assurance of RNA-seq data was the
assessment of primary hypothesis that the transcriptional responses of Mtb in
sputum were originated from interaction with neutrophils. Thus, total transcripts
from 21 in vitro samples (i.e. 7 conditions in 3 biological replicates) and one TB
sputum sample mapped against H37Rv genome were included in a comparison
using their TPM values. The TPM values generated for a total of 4132 annotated
and un-annotated genes were plotted on scatterplots. To compare the in vitro
conditions and sputum sample all together, a multiple scatterplot was generated
using R. 3.1.2 software. Spearman rank correlation was applied to each scatterplot
which in turn exhibited a colour encoded correlation. Accordingly red indicated for
highest, blue for medium and yellow for lowest correlations in the individual
scatterplot.

The lowest correlation was found to be between sputum and exponential samples
(R < 0.66) and the highest correlation was observed between 4h neutrophil and its
4h RPMI control (R > 0.88). Noticeably, the correlation between sputum and all in
vitro conditions was about R = 0.66. Samples of neutrophil 4h, RPMI Oh, and RPMI
4h had correlation value of 0.66 compared to exponential. Whereas stationary
sample, RPMI 24h and neutrophil 24h showed correlation of about 0.75 relative to
exponential samples. The stationary sample was found to have correlation of 0.75
with individual neutrophil and RPMI samples. The correlation between 4h

neutrophil and 24h neutrophil was about 0.88. Likewise, the correlation among Oh,
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4h and 24h RPMI samples were 0.88. The test and control samples namely 24h
neutrophil and 24h RPMI respectively showed to have a correlation of 0.88 when

compared to each other.

5.3.12. Differentially expressed genes in 4h neutrophil encounters

The main question here was the pattern of Mtb transcriptional adaptation in
response to the neutrophil encounter. The results showed that 90 genes were
differentially expressed at 4h relative to control RPMI; of these 28 were down
regulated and 62 were up regulated (Figure 5.14). The majority of genes were
conserved hypotheticals followed by cell wall and cell processes. Other categories
in order of frequency were intermediary metabolism and respiration, regulatory
proteins, insertion sequences and phages, virulence and detoxification, lipid
metabolism, PE/PPE, and information pathways.
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Figure 5.13 The lowest correlation was found between sputum and in vitro
samples. All transcripts mapped to H37Rv were normalised as TPM using
RSEM v.2.3.1 software, Using R for graphics version 3.2.3 the TPM values from
annotated mRNA transcripts were first transformed to a matrix of log2 and then
plotted into multiple scatterplots based on spearman rank correlation between
samples. The minimum and maximum correlations were ranged as 0.66 to 0.88
respectively and the level of correlation was designated by colour as red
indicating for highest blued indicating for medium and yellow indicating for lowest

in the range of correlation.
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Figure 5.14 The parallel set diagram showing 90 differentially expressed genes
detected at 4h neutrophil encounter. A list of 90 genes differentially expressed at
4h neutrophils relative to control RPMI was created based on g-value < 0.01. The
genes were classified into induced and repressed then grouped into 9 different
functional categories via searching Tuberculist website (http://tuberculist.epfl.ch/).
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Following detection of genes exclusive to the neutrophil encounter, attention was
drawn to the transcription factors known to affect their expression. Accordingly, a
transcriptional regulation network spread-sheet tool made from experiments in
which 206 transcription factors were overexpressed (TFOE) and the effects
determined by microarrays, was applied to identify all transcription factors that
altered the expression of target genes in these experiments (Rustad et al., 2014).
The differentially expressed genes were added to the spread-sheet which
displayed for a number of regulatory genes significant association (P < 0.05)
between their overexpression and differential expression of genes (Figure 5.15).
Thus, 8 transcription factors were found to be associated with up-regulated genes
of which dosR, sigK and Rv1024 were dominant. Likewise, 11 transcription factors
associated with down regulated genes among them Rv0091c, whiB5 and vapB40
found to have the highest association. Within three transcription factors of highest
significant association sigk was found to be unique to the neutrophil encounter as
dosR and Rv1024 were recognised to be significantly involved in regulation of
differentially expressed genes in other conditions. Therefore, genes under sigK

control were investigated for their transcriptional regulation.
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Figure 5.15 Transcription factors associated with 90 differentially
expressed genes in neutrophils. 90 genes differentially expressed at
4h neutrophil infection were placed in a spreadsheet of overexpressed
transcription factors. The transcription factors were assigned based on
significant association of their overexpression with differentially

expressed genes.
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5.3.14. The sigK regulon

Six genes in the sigK regulon were found to be up regulated in neutrophils
compared to the RPMI control. In an attempt to elucidate the connections, a total
of 8 genes in sigK regulon were visualised using String v.2 software. The image

(Figure 5.15) illustrates two loci in the regulon. The mpt70/83 locus composed of

dipZ

Figure 5.16 String view illustrating the connection between genes in
the sigK regulon. Six differentially expressed genes at 4h neutrophil
encounter, their main transcriptional regulator (i.e. sigK) and sigK regulator
(i.e. rskA) were inserted into String to visualise their connections. Thicker

lines renresent stronaer associations hetween aenes.
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dipZ, mpt70 and mpt83 which were in turn linked to sigK locus containing sigK,
Rv0448c, Rv0449c and ufaAl genes. The regulation of sigk gene was found to be
associated with rska which was also depicted in the string image.

5.3.15. Comparing TPM and RPKM of sigK genes

The basis for identifying differentially expressed genes was the use of g-values
generated from Rockhopper RPKM values. RSEM software was also used for

alignment of initial reads to H37Rv genome followed by normalisation of transcripts
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Figure 5.17 A strong correlation was found between TPM and
RPKM values of differentially expressed genes. Spearman rank
correlation was done to TPM and RPKM values of six differentially
expressed genes at 4h neutrophil infection. The ratio between

neutrophil encounter and control RPMI at 4h was illustrated.
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in TPM. Spearman rank correlation was done to the normalised values of six
differentially expressed genes in 4h neutrophil encounter in order to investigate the
correlation between their RPKM and TPM values (Figure 5.17). The results
indicated that RPKM and TPM values were correlated at R = 0.94.

5.3.16. Changes in differentially expressed genes from 4h to 24h of

neutrophil encounter

Attempts were made to investigate the transcriptional changes of H37Rv between
4 and 24h during which period NET formation became complete. In this regard, 90
differentially expressed genes in 4h neutrophil infection relative to control were
individually studied in the sample of 24h neutrophil infection in order to see the
pattern of transcriptional remodelling of H37Rv during extended encounter with
neutrophil. Thus, the list of differentially expressed genes was made on the same

basis of g-value < 0.01 in 4h and 24h of neutrophil encounter.

The results indicated that out of 28 down regulated genes in 4h neutrophil sample
none of them were further repressed, 16 had no change and 12 were induced,
Whereas, in 62 up regulated genes at 4h genes, none were further induced, 18

had no change and 44 genes were repressed (Figure 5.18).
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Figure 5.18 Majority of induced genes at 4h neutrophil infection
become down regulated at 24h infection. 90 genes differentially
expressed at 4h neutrophil infection were investigated for their
expression after 24h of infection. The genes were then grouped into
constant, induced and repressed clusters based on g-value < 0.01.
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5.3.17. Confirmation of RNA-seq results by qPCR

RNA-seq has proven to be a powerful tool for bacterial transcriptome assessment.
However, one of main concerns in analysis of RNA-seq results can be the
robustness of data due to the complexities and multi-step processing inherent to
the technique. Traditionally, gPCR has been the method of choice for validation of
results in high-throughput gene expression profiling (Wang et al., 2009c).

Therefore, gPCR was applied on 10 targeted genes with the aim to authenticate
the results obtained from RNA-seq (Figure 5.19). The genes were selected from
samples of 4h neutrophil encounter and its control of 4h RPMI on a ground that
they should have a reasonably abundant expression levels (i.e. TPM > 10) from
RNA-seq data. Out of 10 targeted genes, five were differentially expressed in 4h
neutrophil relative RPMI control of which dipZ, mpt70 and mpt83 were up
regulated whereas, Rv0691a and Rv0692c were down regulated. The other five
genes namely tgsl, hspX, icll, esat6 and sigk were not differentially expressed

(i.e. g value > 0.01).

The results revealed that dipZ was 3-fold induced in gPCR versus 5-fold induction
in RNA-seq. Likewise, mpt70 had 7-fold induction in gPCR as to 4-fold induction in
RNA-seq. In other genes, RNA-seq and gPCR displayed a ratio of nearly 4-fold
induction for mpt83, 2-fold and 3-fold repression for Rv0691a and Rv0692c
respectively with slightly more reduction found in RNA-seq. There was no
significant difference in expression of esat6, tgsl, hspX, icll and sigK in the data
from gPCR and RNA-seq. Spearman rank correlation demonstrated that there was
a strong statistical correlation between data from qPCR and RNA-seq (R = 0.98)
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Figure 5.19 A strong correlation was found between RNA-seq and
gPCR results. gPCR was done to 10 genes selected from RNA-seq data
based on their differential expression in 4h neutrophil encounter relative to
4h RPMI control. gPCR was done to cDNA of RNA provided that the
targeted genes had TPM > 10. The normalisation was done against sigA for
both TPM and gPCR concentration values.

(Error Bars: SD n = 3 and further each qPCR was done with 3 technical

replicates)
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5.3.18. Expression of sigK regulon genes in RPMI and in neutrophils

In the list of genes differentially expressed in neutrophils the relative expression
was calculated against RPMI control. As previously shown, RPMI has a substantial
effect on transcription in Mtb. In this regard, 33 genes found to be associated with
overexpression of sigk (Rustad et al., 2014) including six differentially expressed
genes were investigated for their expression in neutrophils and control RPMI

relative to exponential phase (Figure 5.20).

The results indicated that 22 genes were up regulated in RPMI as well as in
neutrophil of which four genes namely Rv0448c, Rv0449c, mpt70 and mpt83 were
found to be markedly overexpressed in neutrophil relative to RPMI. The
expressions of ufaAl and dipZ were found to be constant in RPMI versus
exponential; whereas they were significantly up regulated in neutrophils relative to
RPMI.

5.3.19. Transcriptional changes of H37Rv at different RPMI time points

Prior to sampling from 4h and 24h of neutrophil infection the Mtb experiences vast
transcriptional changes in response to RPMI. To address such effect of
environmental changes on transcriptional response of bacilli, samples of RNA
were extracted from stationary phase H37Rv and 3 subsequent RPMI exposure
times (Figure 5.21). Thus, from 200 genes differentially expressed in RPMI Oh
relative to stationary phase. 108 were induced and 92 were repressed. While, after
28h within the same 200 genes, 134 remained constant, 34 became up regulated
and 32 were down regulated. At 48h RPMI the number of constant genes becomes
186 whereas only 9 genes were induced and 5 were repressed.

158



1000 ;

100 ;

i
o

Ratio
(to Exponential)

S
[

0.01 - -
o

Figure 5.20 Majority of genes induced in neutrophils
were also induced in RPMI relative to exponential
condition. 33 genes associated with the overexpression of
sigK were investigated for their relative expression in 4h
neutrophils infection and 4h RPMI control against
exponential growing H37Rv. Six differentially expressed
genes in the sigK regulon were highlighted as further
differential expression in neutrophils compared to RPMI
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5.4. Discussion

RNA-seq was chosen in this study because of its outstanding capacity compared
to other technologies for deducing and quantifying a transcriptome. Basically this
approach is capable of cataloguing all transcript species including mRNA, small
RNAs and non-coding RNAs. Additionally, using RNA-seq, researchers have been
enabled to determine the transcriptional structure of genes and post transcriptional
modification as well as quantifying the expression levels of each transcript that

change under various conditions (Wang et al., 2009a).

The main task of this part of study was to identify differences in gene expression
among multiple samples. Challenges were mainly related to the experimental
issues such as integrity of the input RNA, presence of rRNA in the sample and
selection of sample size that can influence downstream analysis. Therefore, efforts
were made in order to tackle these issues via an experimental design to obtain a

representative transcriptome of Mtb from in vitro infection of neutrophils.

5.4.1. Removing host nucleic acids

Attempts were placed to remove host nucleic acids by using GTC solution. The
results demonstrated a four-log difference in the concentration of mycobacterial
rRNA between H37Rv containing samples and neutrophil only samples. The
results propose only a minor possibility for neutrophil-related RNA remained in
samples. Also the difference in recovery of RNA from H37Rv and neutrophil-

H37Rv samples was not statistically significant (P = 0.12).

5.4.2. Quality Control of Extracted RNA

Samples with RINs of less than 6.5 were excluded from the submitted RNA library
and samples with genomic DNA contamination or no available RIN value were

refined then re-assessed. Altogether, only three out of five separate experiments
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were selected as to be appropriate for RNA-seq. Figure 5.4 illustrates the
processes of assessment and selection of extracted RNA.

5.4.3. Sequencing results

Technical assessments of RNA-Seq indicated for a bias selection of sequences
that depends not only on read length but also on CG-content where GC-poor and
GC-rich sequences tend to be under-represented. Such bias can affect the
accuracy of differential expression and also downstream analysis (Benjamini et al.,
2011). If this is the case, the results in this study may raise the issue of bias when
comparing in vitro samples with sputum; as the GC content was about 56% for in

vitro samples against 49% in sputum sample.

Two problems arise from the effects of GC-content on read counts. Firstly, within
lane gene-specific effects in which the length of genes and their GC-content are
specific to samples. Secondly, the between lane distribution differences (i.e.

difference in depth of sequencing) can affect the read count (Risso et al., 2011).

The first problem is moderated by proper normalisation of read counts by RPKM
and TPM. Nonetheless, it is recognised that it is not possible to completely
eliminate the bias resulting from length and GC-content (Dillies et al., 2013).
However, for the purposes of this study the TPM values were confirmed by gPCR
and showed very good correlation (Figure 5.19).

The second type of problem in this regard seems not to be an issue as the depth

of sequencing is relatively consistent for sputum and in vitro samples.

The single-ended sequencing approach was enough to attain the main goal of this
part of study in identifying differentially expressed genes. In fact the adequacy of
both depth and extent of sequencing allow achieving that. However, paired-end

seguencing would have enabled more precise information on transcripts.
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Nonetheless, the 75nt fragment was chosen here to suit the Illumina NextSeq-500
platform and complies with the recommended range of 30—-400nt (Wang et al.,
2009c). Although the complexity of transcriptome assembly can be reduced by
using longer reads (Martin et al., 2011), a shorter length can reduce the number of

low quality reads.

5.4.4. Read quality analysis

Deletion of adapters or any contaminant sequence within a dataset is essentially a
trade-off between confirming that all contaminating sequences are eliminated (i.e.
sensitivity) while all non-contaminant sequence data remain (i.e. specificity). There
is possibility that some contaminant fragments occur due to sequencing errors.
Even a small fragment of a contaminant sequence within the read can create
serious problem making the downstream analysis more complicated. In order to
avoid that, the reads were assessed for their quality in a bioinformatics based
approach (Figure 5.7). The overall quality of reads was acceptable with an average

Phred score of 33. Nevertheless, trimming was absolutely necessary.

5.4.5. Trimming the adaptors and contaminating sequences

The percentage of removed sequences indicated that only a trivial amount of
contaminants were present in the whole reads. Thus, 0.1%trimming for in vitro
samples indicated the strength of Nextseg-500 in base calling and producing high
guality reads.

As to the sputum sample, the amount of trimmed sequences was about 10-fold
higher than in vitro samples. However, this amount of removal was expected due

to the presence of other microorganisms in the sample.
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5.4.6. Alignment of reads

The percentage of mapped reads was satisfactory. Rockhopper uses Bowtie2 as
integrated alignment software which has been attested for its superior capacity
compared to other alignment tools (Tjaden, 2015). Indeed, the results from
mapping of reads by Rockhopper and RSEM in this study were comparable as
both software use Bowtie2. An average of 97% mapped reads for the in vitro
samples and 28% for sputum reasonably well represents their abundance of Mtb

transcripts.

5.4.7. Genes with no detected expression

From a total of 4032 genes only 90 were found to have no expression in any of in
vitro and in vivo samples. This small proportion reflects a high mapping capacity of
Bowtie2 software. Nonetheless, there might be reasons other than mapping

capacity for the absence of transcripts in the output.

A gene might have no detectable RNA before doing RNA-seq either due to low
concentration at the time of sample collection or because of rapid degradation
during preparation. Another reason could be technical issues in RNA-seq. For
instance, it is possible that base calling of some sequences from a particular gene
was particularly poor or generated overall low quality reads and resulted in their
removal after trimming. However, undetected transcripts did not map differentially
to particular functional categories. Indeed, all functional categories had at least 2
genes with no expression. In this regards the size and GC-content of genes were
also examined but revealed no correlation with the absence of transcript (data not

shown).
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5.4.8. Proportion of ribosomal RNA

The prevalence of rRNA in samples representing 90% of mapped reads can also
be a good indicator for the integrity of initial RNA. In fact, there is a difference in
the stability of mMRNA and rRNA based on structural differences. Under some
circumstances RNases eliminate rRNA while mRNA remains intact (Mayne et al.,
1999).

Depletion of rRNA prior to preparation of cDNA libraries has been included in
many RNA-seq protocols (Chen et al., 2011, Filiatrault, 2011). The ratio of rRNA to
total mapped reads was similar for in vitro samples and sputum. This indicates the
relatively low quantity of mRNA in the sputum. It was for this reason that rRNA
depletion was not applied in order to avoid further depletion of the already low
MRNA. To address the initial hypothesis the in vitro samples were compared to

sputum, thus the in vitro samples were also not rRNA-depleted.

5.4.9. Detected non-mRNA species

Detection of different types of RNA by Rockhopper in this study reflects a good
mapping capacity of this software. In the same way, it can undoubtedly confirm the
coverage of RNA-seq since a considerable number of non-annotated and non-
coding species were also among mapped transcripts. Adequacy of coverage and
sufficiency in depth of sequencing can also be validated from previous observation
that only 90 out of 4032 total Mtb genes were found with no detected expression
(Table 5.4). However, the coverage of RNA-seq has been shown to be extremely
controversial in transcriptome study (Wang et al., 2009c) and the depth of

sequencing does not necessarily guarantee adequate coverage.
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5.4.10. Anti-sense RNA detection

The anti-sense RNA detected in this study comprised antisense-rRNA and
antisense-mRNA. The expression of protein by a transcript can be inhibited in the
presence of respective anti-sense sequence either by steric interferences with
MRNA complex or through mRNA cleavage under RNase activity (Worley-Morse
et al., 2015). Comparing neutrophil 4h condition against exponential phase H37Rv
revealed that only some anti-sense mMRNA genes were differentially expressed.
The absence of differentially expressed in anti-sense rRNA may reflect the
relatively constant expression pattern of rRNA in both conditions. Therefore, it
seems that even in the presence of anti-sense sequences the ribosomal RNA had

a steady-state expression.

A reverse direction of expression between differentially expressed anti-sense and
its corresponding gene was observed. Thus, for up regulated anti-sense the sense
MRNA demonstrated down regulation and the opposite occurred for down

regulated anti-sense mMRNA.

5.4.11. Expression Correlation across all samples

TPM values from all 4032 protein coding genes were taken into account to
determine the correlation between different conditions in this study (Figure 5.13).
As the vast majority of genes have constant expression across all samples, a high
level of correlation was achieved. Thus, the correlation levels were significant in all
comparisons. The correlation levels have been divided into high, moderate and low
correlation in this particular case. The correlations between sputum and in vitro
conditions were found to be at the lowest compared to the correlation among other

samples.

Since the sputum result was found to be statistically different from the neutrophil

encounter transcriptome, the results do not substantiate the primary hypothesis of
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this study. Thus, in vitro exposure to neutrophils has failed to explain the distinctive
transcriptome in TB sputum. A limitation here is the comparison between in vitro
and in vivo samples. In fact, an ideal comparison would be an in vivo sample of
neutrophil infection similar to the lung environment where antibodies and other

iImmune mediators were present.

Moreover, detection of sputum DE genes in microarray study was done relative to
exponentially growing H37Rv in vitro. While looking into 90 neutrophil DE genes in
this study (Figure 5.14) the basis for detection was relative to control RPMI (i.e.
stationary H37Rv in RPMI). Nonetheless, the pattern of expression neutrophil
sample was found to be significantly different form sputum by RNA-seq and

sputum by microarrays (Table 5.5).

Table 5.5 Comparing the expression of 90 neutrophil DE genes in sputum.
RNA-seq (this study) and microarrays (Garton et al., 2008)

DE* genesin  oPutum (RNA-seq)  #Sputum (Microarrays)

neutrophil 4h Up Down Nochange Up Down No change

Up regulated

(62 genes) 14 3 45 7 2 53

Down regulated

(28 genes) 3 1 25 1 1 26

*Neutrophil 4h gene expression relative to RPMI 4h control

#sputum gene expressions relative to exponentially growing Mtb in vitro
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Remarkably, the correlation of sputum to both stationary and log phase was
similar. On the other hand, stationary H37Rv demonstrated more correlation with
RPMI samples than exponential in general. This might be due to the use of
stationary bacilli for neutrophil infection in RPMI samples. Noticeably, the RPMI
samples were only moderately correlated with the stationary sample, indicating the
substantial impact this medium has on transcription in H37Rv. This effect of RPMI
was investigated by gPCR in the previous chapter and was further assessed in the
RNA-seq data.

The multiple scatterplots demonstrated a high correlation between neutrophil time
points and their corresponding RPMI control indicating that controls were
representative for test samples. Additionally, the high correlation between
neutrophil 4h and 24h indicates similarity of stimuli for H37Rv gene expression in
neutrophils at both time points. Moreover, as neutrophil 4h was highly correlated
with all RPMI conditions it can be assumed that any differentially expressed gene

found relative to its RPMI control should be unique to the 4h neutrophil encounter.

5.4.12. Differentially expressed genes in 4h neutrophil encounter

The distribution of 90 differentially expressed genes from neutrophil 4h sample
relative to control RPMI was proportional to the distribution of functional categories
for all Mtb genes. This list of differentially expressed genes would be larger if
comparison was done against log phase as the effect of RPMI is substantial on

Mtb transcriptome.

In similar studies working with macrophages, the change in expression has been
calculated relative to log phase (Dubnau et al., 2002, Schnappinger et al., 2003).
Also, in Garton study which is the basis for the first hypothesis, detection of
differentially expressed genes in TB sputum were based on their relative
expression to log phase. Since this is the only study on in vitro transcriptome of

Mtb in neutrophils, primarily the transcriptional modulations were based on
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expression changes of H37Rv in neutrophil relative to neutrophil-free RPMI. This is
very comparable to a study done by Rohde et al, who determined the differentially
expressed genes in Mtb (CDC5115 strain) in macrophages against no

macrophage (Rohde et al., 2007).

In spite of the fact that sputum transcriptome seems to be more correlated with
stationary phase in neutrophil than exponentially growing H37Rv, none of the
comparison approaches can support the primary hypothesis that TB sputum is
driven from neutrophil encounter. Moreover, there are a number of genes in the list
of 90 differentially expressed genes that are also changed in variety of conditions.
For instance, several genes are attributed to DosR regulon family found to be
differentially expressed during hypoxia (Voskuil et al., 2004), intracellular growth
(Wang et al., 2011b, Rohde et al., 2012) and in in vivo conditions (Converse et al.,
2009). However, the only cluster unique to neutrophil encounter is a group of 6
genes in the family of sigK regulon. Thus, from this point the focus of further
investigation was centered on sigK regulon as the particular transcriptional

response of H37Rv on encounter with neutrophils.

5.4.13. Regulatory network of differentially expressed genes

The list of transcription factors was made by Rustad and colleagues on the
grounds that overexpression of transcription factor was associated with induction
or repression of a target gene (Rustad et al., 2014). Among the key transcription
factors significantly associated with induced genes by neutrophils at 4h were
DosR, Rv1404 and sigK.

As has been previously mentioned DosR induction can be attributed to a variety of
conditions and is unlikely to be exclusive to neutrophils. Likewise, the genes
associated with Rv1404 were too wide ranging to be designated as unique to
neutrophil with the majority of them not detected as differentially expressed. It was

sigK that associated with six differentially expressed genes and found to be
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exclusive to neutrophil encounter. Although, the associated genes are located on
sigK regulon, sigK itself was not differentially expressed in the neutrophil

encounters.

The p-value distribution for all down regulated genes was relatively similar across
all eleven regulatory genes. Such lack of hierarchy makes it difficult to designate
specific transcription factors that might have most contribution in repressing genes

during neutrophil encounter.

5.4.14. sigK regulon

The group of genes in sigK regulon that demonstrated overexpression unique to
the neutrophil encounter are generally classified as non-essential for growth of
H37Rv. Indeed, the exact function of sigKk-encoding operon (Rv0444 — Rv0449) is
unknown (Husson, 2006). However, a number of studies have been done to
determine the function of these genes. The majority of them have been
categorised as cell wall related and some have been considered as vaccine

targets.

In this respect, Rv2873 (mpt83) codes for a lipoprotein antigen (Hewinson et al.,
1996) and Rv2875 (mpt70), codes for a major secreted immunogenic protein
(Matsumoto et al., 1995). They are membrane proteins that proposed as vaccine
candidates (Chen et al., 2012, Wiker, 2009). Rv2874 (dipZ) codes for a
membrane-bound protein involved in cytochrome-c biogenesis (Juarez et al.,
2001). Rv0447c (ufalA) involved in cell membrane function and has methyl
transferase activity; it has been proposed as a candidate in developing vaccines
against both Mtb and M. bovis (Meena et al., 2013). Rv0448c and Rv449c are
functionally categorised as involved in production of conserved hypothetical
proteins. While there are several immunogenic proteins encoded within the SigK

regulon, their role in immunity and virulence is not clear.
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One explanation for overexpression of immunogenic transcripts that are not
necessary for growth may reflect an attempt by bacilli to recruit immune cells such
as macrophages to the site of infection. Perhaps, it is more advantageous for
intracellular bacilli like Mtb to interact with phagocytes than avoiding them. It
seems that Mtb not only adapts to the interaction with polymorphs but also tends to
provide an opportunity to extend its involvement with other immune cells. This
appears to be happening through neutrophils which are dominant phagocytes in
active pulmonary tuberculosis (Eum et al., 2010). However, such strategy of Mtb
seems to be not the case with macrophage interaction. Reviewing the published
literature some of sigK regulon genes were found to be differentially expressed but
at modest levels (Table 5.1) suggesting a different pattern of transcriptional

response of Mtb in neutrophil and macrophage.

Despite the induction of sigK-operon genes at 4h interaction their main
transcription factor was not differentially expressed. One possibility can be the up
regulation of attributed genes after a transient induction of sigk which then

gradually decreased to the level of no differential expression by 4h.

Rv0444 (rskA), located within the regulon and adjacent to sigK is the negative
regulator for sigK (Said-Salim et al., 2006). The nature of environmental signal to
which rskA responds is not clear and the mechanism by which sigK is controlled is
unknown (Husson, 2006). Based on RNA-seq results there is no sign of up or
down regulation of rskA suggesting for the likelihood that the transcription of sigk —
anti-sigK events might have been started at earlier times. Thus, a transcriptome
determined within 2h of infection might better determine the interplay between sigkK
and rskA.
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5.4.15. Comparing TPM and RPKM of sigK regulon genes

The results from measuring differential expression of sigK regulon genes were
validated by comparing RPKM values against TPM. This comparison was done

aimed at achieving two decisive conclusions.

Firstly, it was necessary to assess the accuracy of normalisation method used as
base for detection of differentially expressed genes. It is generally believed that
TPM normalisation is more accurate than RPKM (Wagner et al., 2013).
Notwithstanding this, RPKM was the chosen method due to the fact that the
calculation has been incorporated in Rockhopper software. Rockhopper software
was used because it is a specific tool for analysis of prokaryotic transcriptome
while RSEM is primarily employed for normalisation of eukaryotic transcripts in
TPM. To identify their correlation, RPKM values generated by Rockhopper were
compared against TPM values produced in RSEM software. However, the ability of
Rockhopper in estimation of transcript abundance has already been validated for
gene expression of N. gonorrhoeae. This was done through comparing RNA-seq
data in RPKM with gPCR quantitation (McClure et al., 2013).

Secondly, this comparison was done in order to re-confirm the efficiency of RNA-
seq in detection of differentially expressed genes. Thus, significant correlation in
identifying differential expression was observed when both RPKM and TPM were

assessed. Some results were also confirmed by gPCR (Figure 5.19)

5.4.16. Changes in differentially expressed genes from 4h to 24h

neutrophil encounter

A large number of neutrophils were found to be dead 24h after isolation; moreover,
NET formation requires this time frame to be complete. The results from

assessment of 90 differentially expressed genes in neutrophils at 4h revealed that
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the majority of genes either remained constant or were repressed at 24h. This
might be an indicative of adaptation of bacilli to neutrophil exposure after the initial
oxidative burst stimulus and subsequent NET formation. Because of the
restrictions in the Category Il facility, a detailed time course of NET formation was
not investigated here. However, slides prepared at 4h and 24h demonstrated more
aggregated neutrophils at later time points, indicative of NET formation. This was
evidently supported by the trypan blue test (Figure 3.6) which indicated no live
neutrophils after 36h.

During in vivo infection, the trapped bacteria in NETs are eventually ingested by
macrophages (Silva, 2011). The bacteria then have to further adapt to the new
environment. In contrast, in the experiments reported here, the oxidative burst,
degranulation and NET formation by primary cells affect Mtb in the absence of
further influx of polymorphs or macrophages and it may be expected that the
dominant environment will be that of RPMI in due course. Thus the effect of RPMI
tends to increase when polymorphs are dead and their stimuli diminished. One
more evidence that 24h is more RPMI relevant than neutrophil can be down
regulation of sigK genes (Figure 5.19). As sigK regulon genes were found to be
exclusive to 4h neutrophil encounter and up regulated relative to RPMI, their down
regulation at 24h can be indicative for decreased expression relevant to RPMI

exposure.

5.4.17. Confirmation of RNA-seq results by qPCR

Routinely, gPCR has been used for confirmation of result from global gene
expression (Rienksma et al., 2015). The results showed same direction of
regulation in expression of genes with high degree of correlation between TPM
values and gPCR concentrations. TPM values were selected because the
comparison between conditions required a manual execution of statistics on raw
data instead of the expression values produced by Rockhopper. Nevertheless,

TPM values were found to be comparable to RPKM as shown in Figure 5.19.
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Since confirmation of RNA-seq results was done on all three categories of
induced, constant and repressed genes, it can be considered as representative for
all detected genes; it might also have been desirable to further validate the RNA-

seq by assaying the non-expressed genes by gPCR.

5.4.18. Expression of sigK genes in RPMI and neutrophil

The differential expression of a gene in neutrophil was assessed against control
incubation in RPMI on the grounds that substantial changes occur during transition
of H37Rv from log phase in 7H9 broth to the point of infection in RPMI. This was
shown gPCR (chapter 3) and confirmed by RNA-seq (Figure 5.20). Reviewing 33
genes that are associated with the overexpression of sigK, it can be seen that
majority of them were up regulated relative to log phase. Whereas, with the
exception of sigK regulon members, other genes had no significant change relative
to RPMI control. This adds weight to the view that activation of the sigK regulon is

responsive to the neutrophil encounter.

5.4.19. RPMI time points

In addition to the points noted above it appears that Mtb transcriptional changes
may never entirely discontinue in RPMI even with more extended time. However,
the fact that the majority of genes show constant expression levels further supports
the rationale for overnight incubation of bacilli in RPMI prior to infection.
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5.5.CONCLUDING REMARKS

o The overall trimming of low quality sequences and adaptors was less than 1%
of total reads

o The efficiency of mapping of whole transcripts to the reference genome of
H37Rv was about 97% for neutrophil samples and 28% for sputum sample

o The frequency of genes with no detected expression was 90 from total of 4032
annotated genes

o The proportion of rRNA is about 90% in total reads

o 183 non-mRNA transcripts were detected 93 of which were non-annotated

o The primary hypothesis that neutrophils can explain sputum transcriptome of
Mtb was not supported by the RNA-seq data

o 90 genes were detected as differentially expressed in neutrophil 4h sample of
which six genes in sigK regulon were recognised as unique to neutrophil
encounter

o Strong correlations were observed between RNA-seq and gPCR as well as
between RPKM and TPM normalisation.

o A large proportion of differentially expressed genes at Oh of RPMI contact had
constant expression after 24h.
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CHAPTER SIX

General Discussion
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6. General discussion

This study was done primarily to address two main questions. Firstly it was
hypothesized that the interaction with neutrophil might be a key influence
stimulating the reported sputum transcriptome of Mtb. Secondly, a general interest
in understanding the pattern of global gene expression in Mtb cells on their
encounter with neutrophils. In this regard, it would be better to isolate neutrophils
from TB sputum to compare with sputum transcriptome in the first hypothesis.
Nevertheless, due to the short half-life of bacterial transcripts combined with the
difficulties of neutrophil isolation from TB sputum, the neutrophil — Mtb interaction
experiments were designed in vitro. To this end, the initial work was done to
achieve the optimal neutrophil — mycobacterial interaction most representing in

vivo condition.

The primary in vitro experiments were performed with HL60 cells in order to control
the variations other than those expected to result from using isolated neutrophils
from different individuals. Only differentiated HL60 cells were used that were
confirmed by microscopic examination of stained ATRA-treated HL60 cells.

It was decided to use Mtb (H37Rv strain) for neutrophil infection. H37Rv is a
virulent strain that has been used in a large number of studies representing a
standard laboratory strain of Mtb (Bermudez et al., 1996). This is particularly the
case in high-throughput sequencing as the genome of H37Rv serves as the
reference genome for mycobacterial species (Kohl et al., 2014). It was necessary
to conduct experiments in the category 3 containment, making this a cumbersome
task. For this reason initial experiments were done with M. bovis BCG. Infecting
neutrophils with BCG provides insight into the interaction of low virulence
mycobacteria with neutrophils.

Efforts were made to enhance the interaction of polymorphs and mycobacteria via
adjusting the MOI. Thus, the best MOls suitable for neutrophil infection were 5 and
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10 at which neutrophils had the higher viability compared to MOIls of 50 and 100.
Using low MOI would also decrease the variability in results due to the general
tendency of bacteria for clumping at dense populations. It should also be noted
that clumped mycobacteria may experience a different phagocytic pathway than

individual isolated bacteria (Schuller et al., 2001).

With regard to assessing mycobacterial numbers via CFU counting it should be
appreciated that this has been a universally applied method particularly in
assessment of the antibacterial activity of phagocytes. However, CFU counts for
Mtb are a very time consuming procedure and are susceptible to poorly controlled
variations due to a number of factors. Firstly, the bacilli have tendency to clump
due to their hydrophobicity which may vary in different types of medium and with
using different medium components (Kairo et al., 1999). Secondly, the effect of
phagocytosis on CFU counts should be considered and this is profoundly relevant

to the later experiments in this study.

It is recognised that, in the process of cell lysis for release of intracellular bacilli,
several bioactive elements could be introduced that may influence the CFU counts
(Lowe et al., 2013), nonetheless, this method was used here and these limitations
were kept in mind. This assay can help differentiating between intracellular and
extracellular bacilli but does not necessarily discriminate between viable and non-
viable bacilli. This can be a substantial concern when the read out is done via CFU
counts as under different environmental experiences the bacteria may produce

different populations of culturable and non-culturable bacilli (Barer et al., 1999).

One of the first steps in characterising neutrophil-mycobacteria interaction was
confirmation of phagocytosis. This step was especially important at the starting
point of the project as only intracellular signals were targeted for investigation.
Thus, different microscopic approaches were considered such as visualisation of
GFP expressing BCG as well as FITC labelled antibody to detect intracellular BCG

in infected HL60 cells. However, the results were not confirmatory for localisation
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of bacilli as to the phagocyte. Therefore, amikacin treatment was applied to detect
internalised bacteria as treatment with this antibiotic is an accepted method for

killing extracellular bacteria without affecting those inside phagocytes.

Although, antibiotic treatment was a satisfactory approach for determining the ratio
of internalised versus extracellular bacteria, it was not implemented in the
subsequent experiments when both groups of mycobacteria whether inside or
outside were found to be of equal importance. The main reason in fact was the
formation of neutrophil extracellular traps upon which antibacterial effects can be
equally presented to bacilli regardless of their location (Hahn et al.,, 2013).
Moreover, the sputum transcriptome to which the in vitro samples will be compared

was not specifically taken from intracellular mycobacteria (Garton et al., 2008).

To further simulate conditions thought to pertain in TB sputum and to obtain
relatively time stable transcription patterns at initiation of the in vitro neutrophil
encounter, a stationary phase Mtb inoculum was used. Whether or not the bacteria
present in sputum represent persisters, it is worth noting that such bacilli are

considered to be non-replicating (Mitchison, 2004).

While the reproducibility in results of gene expression quantification improved by
using stationary phase inoculum, it was realised that RPMI had a significant effect
on Mtb transcription. This was observed when H37Rv was incubated for 120h in
RPMI leading to a notable increase in expression of tgsl, hspX, and icll relative to
log phase within 24h (Figure 4.3). However, with the extension of incubation from
24 to 120h the transcriptional changes were relatively stabilised. This was further
confirmed by RNA-seq data (Figure 5.21). Thus, a large proportion of differentially
expressed genes in RPMI at 4h turned to out to be constantly expressed within
24h then the proportion further increased by 48h. As the magnitude of changes is
at highest during early hours of incubation in RPMI, it was necessary to consider
the acclimatisation time for Mtb. Indeed, very substantial changes in gene

expression started before introducing Mtb to RPMI. This transcriptional response
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was induced during the transition of bacteria from culture (i.e. 7H9 broth) into a test
tube followed by centrifugation then replacement of the bacterial medium with
RPMI. Adding these factors together provides a potential explanation for the poor
reproducibility of results in early experiments. Thus, in subsequent experiments the
inoculum was prepared from stationary Mtb incubated in RPMI for 24h prior to
infection of neutrophils.

The potential effect of neutrophils on Mtb was recognisable as early as 90 minutes
after initiating the encounter. This was demonstrated by measuring the oxidative
burst in infected neutrophils. Accordingly, the first time point for RNA isolation was
set at 4h during which period the Mtb transcriptome would be expected to reflect
the neutrophil encounter. NET formation as consequence of oxidative burst can be
mediated by ROS in activated neutrophils (Remijsen et al., 2011). Therefore, a
later time point of incubation was set at 24h in order to investigate the effect of

established NETs on Mtb gene expression.

The in vitro neutrophil-Mtb infection system was established after a series of
optimisations aimed at achieving good reproducibility. The ultimate goal was to
isolate RNA from Mtb on its encounter with neutrophil and prepare a library of RNA
suitable for RNA-seq. For this reason, only purified RNA with high integrity number
(RIN > 6.5) was considered for RNA-seq.

RNA-seq was used in this study because it is a powerful approach for profiling the
global gene expression. Indeed, it become a popular method for bacterial
transcriptome study due to the decreasing cost of sequencing, availability of
bioinformatics tools to the public, and accessibility of high-throughput sequencing
(Haas et al., 2012). Nonetheless, like any method RNA-seq has disadvantages
mainly attributed to its complex processing and inherent biases during mRNA

enrichment, fragmentation steps and cDNA synthesis (Martin et al., 2011).

Although, depletion of rRNA prior to preparation of cDNA library has been
considered in many RNA-seq protocols (Chen et al., 2011, Filiatrault, 2011), there
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has been no attempt to remove rRNA in this study. In fact, the removal of rRNA
was not recommended due to the low quantity of RNA extracted from sputum
samples as loss of mMRNA could occur during rRNA removal. Since, based on
initial hypothesis, the in vitro samples should be compared to sputum they were
also not depleted from rRNA. However, there are examples of similar RNA-seq
studies including a study by Cortes et al in which the rRNA depletion has not been
performed (Cortes et al., 2013). In view of the general interest in this study that
detection of none annotated transcripts was not the area of interest and combined
with the fact that the depth of sequencing was reasonably sufficient for coverage of
known transcripts, it was realised that rRNA depletion is not necessarily important.

The sequencing was carried out in a single ended approach which is less accurate
than paired ended sequencing. Because, in this study the abundance of known
transcripts and their differential counts are the main targets rather than detection of
new transcripts for which two times of base calling should be applied using paired

ended sequencing.

The normalisation of reads for RNA-seq data was done in TPM as well as RPKM.
While TPM is the relatively more accurate normalisation method compared to
RPKM, their difference is not significant for detection of differentially expressed
genes. Therefore, RPKM was used when complicated statistics were applied to
detect differential expression whereas to find the correlation between two
conditions or comparison between two methods TPM values were used.
Nevertheless, a high correlation exists between TPM and RPKM normalisation
(Wagner et al., 2013).

The correlation between various conditions based on their TPM values revealed a
low correlation between transcriptome of sputum and neutrophil 4h. That means
the distinctive pattern of gene expression in sputum is not predominantly driven
from neutrophil encounters comparable to those achieved in vitro here. Thus,

these data do not support the first hypothesis that the interaction with neutrophil

181



can explain the sputum transcriptome. However, it should be considered that the
neutrophil infection system did not include several potentially important influences

expected in vivo such as antibodies and other immune mediators.

The pattern of Mtb transcriptional adaptation in response to the neutrophil
encounter is, however, of general interest. A key part challenge was to prepare
appropriate control samples in which the bacteria experience everything but the
presence of neutrophils. Thus, the differential gene expression of H37Rv in the
sample of 4h neutrophil encounter was quantified relative to H37RV in RPMI
without neutrophils. The data from RNA-seq were analysed in Rockhopper
software for detection of differentially expressed genes based on g value of less
than 0.01 between two compared conditions. Out of 90 differentially expressed
genes from neutrophil 4h sample, six were found to be in sigK regulon. Although,
these genes have been classified as non-essential for growth of Mtb (Lew et al.,
2011), a number of studies recognise their immunogenicity (Chen et al., 2012,
Wiker, 2009). While they were found to be profoundly overexpressed during
neutrophil encounter, some of them have been also found to be overexpressed in
macrophage studies though at significantly lower levels under different
experimental conditions (Rohde et al., 2012, Schnappinger et al., 2003, Said-Salim
et al., 2006).

The confirmation of results from RNA-seq data was done via gPCR which is a
routine method of confirmation for high-throughput sequencing (Rienksma et al.,
2015). The selected genes for g°PCR confirmation fall into three categories based
on differential expression relative to RPMI control. Thus, three up regulated (dipZ,
mpt83 and mpt70), two down regulated (Rv0692c and Rv0691a), and five genes
with no change (tgsl, hspX, esat-6, sigK, and icll). Overall, the RNA-seq results
were confirmed by gPCR. TPM values were used because they seem to be slightly

more similar to gPCR quantifications than RPKM.
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Altogether this study allows a transcriptome-wide estimation of Mtb adaptation to
neutrophil encounter. However, further approaches are required to characterise
this process including comprehensive proteomic study. A proteome-wide study
would help us to estimate the changes in protein concentration under different
conditions. In this regard, in their study Schubert and colleagues found that the
level of DosR regulon proteins increased to about 20% of total cell protein content
during dormancy while ribosomal proteins remained largely at constant level
compared to exponentially growing H37Rv (Schubert et al., 2015). Thus, deploying
transcriptome study combined with a complementary technique such as
proteomics would provide further quantitative analysis and profoundly serve us in

understanding the interaction between Mtb and neutrophil.

6.1.Future work

- More time points of incubation are required in order to precisely identify the
transcriptional response of Mtb to neutrophil encounter

- More in vivo samples are required to achieve more representative sample
for comparison

- The sigKk genes profoundly induced by neutrophil interaction need to be
characterised in order to understand the real role of neutrophil in the

pathogenesis of Mtb.
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RNA-seq pipeline
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Preparation of 29 random-primed cDNA libraries for Illumina sequencing

Material supplied

Thirty-five RNA samples from Mycobacterium or Mycobacterium and human as described in
Tablel, delivered on dry ice.

Table 1: Description of RNA samples

- Conc. Total Conc. Total
Mo. | Sample Description (ng/ul) amount (ng/ul) amount
Ing) Ing)
customer-specified m{;n;a::;rﬁr;lent
1 AB1 Mid Exp - THS 18 540 B4 1.780
2 AB2 Mid Exp - TH3 24 720 53 1480
3 AB3 Mid Exp - TH2 178 5280 3 80
4 AB4 Stn - THB 16 480 118 332
5 ABS Stn - THB 28 840 ET) 1.050
& ABS Stn - THB 141 4.230 0 a70
7 ABT Rwv-RPMI 24hr TO 15 450 43 1.210
g AB#8 Rw-RPMI 24hr TOD 28 1.060 28 1.100
2 ABH Rw-RPMI 24hr TOD a0 800 12 330
10 | AB10 | Rv-RPMI 28hr T4 10 aod 26 740
11 | AB11 | Rv-RPMI 28hr T4 22 ila1] g 1680
12 | AB12 | Rv-RPMI 28hr T4 28 780 42 1.180
13 | AB13 | Rv-PMHN 4hr 3 930 50 1.400
14 | AB14 | Rv-PMHN 4hr 10 3od 3 a60
15 | AB15 | Rv-PMHN 4hr 11 330 17 480
16 | AB16 | Rv-RPMI 48hr T24 27 810 55 1.530
17 | AB17T | Rv-RPMI 48hr T24 104 3120 75 2110
18 | AB18 | Rv-RPMI 48hr T24 154 4.820 113 3.180
18 | AB19 | Rv-PMMN 24hr 41 1.230 78 2210
20 | AB20 | Rw-PMHN 24hr 110 3.300 102 2.850
21| AB21 | Rw-PMHN 24hr 25 750 58 1.810
22| G511 Patient E043 Aemosol collection 1 direct RMNA - 0 o 1
23 | G52 | Patient E043 Aerosol collection 2 direct RMNA - 0 0 4
24 | G553 | Patient E201 Aerosol collection 1 direct RMA - 0 o 8
25 | G54 | Patient E202 Aerosol collection 1 direct RMNA - 1 o 2
28 | G55 | Patient E043 Aerosol collection 1 amplified RMNA - 8.000 9 550
27 | G568 | Patient E043 Aerosol collection 2 amplified RMNA - 27.000 18 1.300
28 | GS7 | Patient E201 Aerosol collection 1 amplified RMNA - 30,000 o 8
28 | GS58 | Patient E202 Aerosol collection 1 amplified RMNA - a0d 21 1450
30 | G589 | Patient E043 Sputum collection 1 direct RMA - 13 12 330
31 | G510 | Patient E202 Sputum collection 1 direct RMA - 2648 71 2.080
32 | G511 | Patient E043 Sputum collection 1 amplified RMA - 4500 3 200
33 | G512 | Patient E043 Sputum collection 2 amplified RMA - 21.000 26 1.680
34 | G513 | Patient E201 Sputum collection 1 amplified RMA - a0d o 15
35 | G514 | Patient E202 Sputum collection 1 amplified RMA - | 300.000 2m 13.800
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2 Analysis of RNA samples

The RNA samples with enough material available were examined by capillary electrophoresis (Fig.
1).

nt M 1 2 3 4 5 6 7 8 9 10 1112 13 14 15 1617 18 18 2021 26 27 20 30 31 3 35

Loe ]
400

1000

a00
0

(LAY ] — e e — G— — . (— e (M R e (N f— S S— — —— — S— S— T— s s p— S—

Figure 1: Analysis of RNA samples on a Shimadzu MultiNA microchip electrophoresis
system. M = RNA marker

3 cDNA synthesis

RNA samples 1 to 21 and 26 to 34 were chosen for random-primed cDNA library preparation.

The RNA samples were fragmented with ultrasound (4 pulses of 30 sec at 4°C). First-strand cDNA
synthesis was primed with a N6 randomised primer. Then, the lllumina TruSeq sequencing
adapters were ligated to the 5' and 3' ends of the cDNA. The cDNA was finally amplified with PCR
using a proof reading enzyme. Samples no. 28 and 34 (GS7 and GS13) could not be successfully
amplified and were not used for sequencing. The number of cycles and the TruSeq barcode
sequences which are part of the 3' TruSeq sequencing adapters are included in Table 2. The cDNA
was purified using the Agencourt AMPure XP kit (Beckman Coulter Genomics) and was analyzed

by capillary electrophoresis (Figure 2).

4 Description of cDNA samples

The primers used for PCR amplification were designed for TruSeq sequencing according to the
instructions of lllumina.

The following adapter sequences flank the DNA insert:

TrueSeq_Sense_primer

5- AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3
TrueSeq_Antisense_ NNNNNN_primer Barcode
5’-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 3’

The total length of the flanking sequences is 122 bp.

The following table indicates the lllumina barcodes of the cDNA samples and numbers of PCR
cycles used for cDNA amplification. The cDNA samples were analyzed on a Shimadzu MultiNA

microchip electrophoresis system
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Table 2: Illlumina barcodes and number of PCR cycles for cDNA samples

No.

© 00 N O o A W N P

W W W NNNNDNDRRRPRRRRR R R p
N P O © N O kP O O 0N OO0 O A W N O

Sample

AB1
AB2
AB3
AB4
ABS
ABG6
AB7
ABS8
AB9
AB10
AB11
AB12
AB13
AB14
AB15
AB16
AB17
AB18
AB19
AB20
AB21
GS5
GS6
GS8
GS9
GS10
GS11

Barcode

ATCACG
CGATGT
TTAGGC
TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
CTTGTA
AGTCAA
AGTTCC
ATGTCA
CCGTCC
GTAGAG
GTCCGC
GTGAAA
GTGGCC
GTTTCG
CGTACG
GAGTGG
CAAAAG
CAACTA
ACTGAT
ATGAGC
CACCGG
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PCR cycles

11
11
13
12
12
12
12
11
12
12
13
13
12
12
13
13
13
13
13
13
13
21
17
20
16
12
17
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33 GS12 ATTCCT 22
35 GS14 GGCTAC 14

Commands to create scatterplots in R

# Scatterplot Matrices from the glus Package

library(gclus)

dta <- mtcars[c(1,3,5,6)] #get data

dta.r <- abs(cor(dta))  # get correlations

dta.col <- dmat.color(dta.r) # get colors

# reorder variables so those with highest correlation are closest to the diagonal

dta.o <- order.single(dta.r)

cpairs(dta, dta.o, panel.colors=dta.col, gap=.5, main="Variables Ordered and Colored by
Correlation")
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List of PCR primers used in this study

Primer Sequence IQ
Sigk_F GTG TAT GGA CTG GTG ATG CG 59.4
sigk_R ACC TTT GGC GGA GTC AAACT 57.3
Rv0691c_F CGA TGC CAT ATT GTG TCC AG 57.3
Rv0691c_R GAC AAG CTC GGT GTC GGT AT 59.4
Rv0692 F GTG TGG GGT TTA CTG ACC GT 59.4
Rv0692 R AGG ATG GTG CGATTT TTC AG 55.2
mpt83_F ACA ACCCGATGCTCAGTACC 59.4
mpt83_R TTG GCG TCA GTC TTG AGT TG 57.3
dipZ_F ACA ACT ACG CCA CTT GGA CC 59.4
dipZ_R GGT GAC GTT GTAATC GCC TT 57.3
mpt70_F ATC CGC AAG TAAACC TGG TG 57.3
mpt70_R TTG AGG CTG TTA CCC TGA CC 59.4
SigA-F GAG ATC GGC CAG GTC TAC GGC GTG 65.1
SigA-R CTG ACATGG GGG CCC GCTACGTTG 66.0
16s-F GAA ACT GGG TCT AAT ACC 46.6
16s-R ATC TCAGTC CCAGTG TGG 53.7
tgs1-F AAC GAA GAC CAG TTATTC GAG 55.0
tgs1-R CTC ATA CTT TCA TCG GAG AGC 54.9
hspX-F ACT CCG GCC CAC CTT CGA CA 63.6
hspX-R AGC ACC TAC CGG CAG CGA CA 64.0
icll-F GCG GTG CGG AGG TGC TGT GG 66.4
icl-R AGG CTC TGG TCG GGG TAG GTG 66.6
rpsL-F CAGCTGGTCCGCAAGGGTCGTC 64.6
rpsL-R GAGTTCGGCTTCTTCGGAGTGGTG 62.0
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Participant Information Sheet

Neutrophil Infection

Principle Investigator: Amin Bakir PhD Student

Department of Infection, Immunity, and Inflammation, Medical Sciences Building,
University of Leicester, LE1 9HN
Tel: 0116 252 2955 email: aab23@le.ac.uk

You are invited to take part in research study. Before you decide to participate, it is
important that you understand why the research is being carried out and what it will
involve.

What is the purpose of the study?

I am investigating the effect of neutrophils on the transcriptome of Mycobacterium
tuberculosis (Mtb). Neutrophils are believed to have a significant contribution to the
pathogenesis of Mtb. Human blood is required to obtain neutrophils for my experiments.
The neutrophils obtained for our experiment are used for carefully controlled experiments
in the lab and are then destroyed.

What will be involved if | take part in the study?

An experienced investigator who has been thoroughly trained by the NHS in blood taking
will remove a 50ml sample of blood from your arm.

Will information obtained in the study be confidential?

All data will be protected from unauthorised use. The data obtained may be published as
part of a scientific paper but the names of the blood donors will not be revealed.

What if I am hurt by the study?

Medical research is covered for mishaps in the same way as for patients undergoing
treatment in the NHS, i.e. compensation is available if negligence occurs.

What happens if I do not wish to participate in this study or wish to withdraw from
the study?

You may withdraw from this study at any time for any reason, without having to justify
your decision in any way.
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Participant Consent Form

Neutrophil Infection

Principle Investigator: Amin Bakir

Department of Infection, Immunity, and Inflammation, Medical Sciences Building,
University of Leicester, LE1 9HN
Tel: 0116 223 2955 email: aab23@Ie.ac.uk

This form should be read in conjunction with the Participant Information sheet

| agree to take part in the above study, by providing blood as described in the Participant
Information sheet.

I understand that I may withdraw from the study at any time for any reason without having
to justify my decision, and that this would not affect any medical care | might receive.

I understand that if I have any reason to believe | am carrying a blood-borne infection such
as Hepatitis B or C or HIV, I should not volunteer to give blood.

I understand medical research is covered for mishaps in the same way as for patients
undergoing treatment in the NHS, i.e. compensation is only available if negligence occurs.

I have read the Participant Information sheet on the above study and have had the
opportunity to discuss the details with the investigator detailed below, and to ask any
questions. The nature and purpose of the samples to be taken have been explained to me
and | understand what will be required if | take part in the study.

Signature of Participant / Donor .................cooiiiiiiinn.. Date..........coeeniins
(Name in BLOCKLETTERS).....utitiiitiie e e

I confirm | have explained the nature of the study, as detailed in the Participant / Donor
Information sheet, in terms which in my judgment are suited to the understanding of the
subject.

Signature of investigator............coooviiiiiiiiiiiiieeeaa Date....................

(Name in BLOCK LETTERS)....uiiiiiii e
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