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Abstract

Development of an improved TB vaccine is hindered by the lack of a correlate of
protection. Efficacy of TB vaccines in humans can only be assessed by expensive
and time consuming trials within TB endemic areas, which are limited; therefore, it
is critical that vaccines with the greatest potential to protect are selected for these
trials. Mycobacterial growth inhibition assays (MGIAs) have been developed with the
hope that these /in vitro functional assays will correlate with protection, which could
aid in the selection of the best vaccine candidates. Work in this thesis describes
the development and evaluation of different MGIAs for their ability to detect TB
vaccine induced mycobacterial growth inhibition. The mycobacterial growth indicator
tube (MGIT) MGIA reproducibly demonstrated mycobacterial growth inhibition in
splenocytes from BCG vaccinated compared with naive mice, which corresponded
with /in vivo protection from M. tb challenge. This assay also discriminated between
PBMC from naive and BCG/BCG-MVAS85A vaccinated macaques. Microarray data
showed extensive differential gene expression in splenocyte responses to ex-vivo
BCG stimulation between naive and BCG vaccinated mice. Ty1 responses including
IFN-y with NOS2 expression were enhanced in BCG vaccinated mice, indicating a
possible mechanism for mycobacterial growth inhibition in BCG vaccinated mice.
Further investigation into whether the MGIT assay can be used as a correlate of

protection from M. tb in humans and animals is warranted.
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Chapter 1

Introduction



1. Introduction

1.1 Tuberculosis

1.1.1 History of Tuberculosis

The white plague, phthisis and consumption are just some of the names used throughout
history for Tuberculosis (TB), a contagious disease that has affected mankind for at least
9000 years [1]. It is estimated that during the 18" century in western Europe, 1 in every 4
deaths was due to TB [2]. Very little was known about the disease until the causative
agent was discovered by Robert Koch in 1882. The agent was called the Tubercle

bacillus; now known as Mycobacterium tuberculosis (M. tb).

In 1908 Leon Calmette and Camille Guérin began an epic experiment at the Pasteur
Institute in Lille. They began culturing Mycobacterium bovis (M. bovis) in broth containing
bile, potato starch and glycerol to create an attenuated form of the bacteria that could be
used for vaccination against human TB. After 13 years and 230 passages, they had
created Bacillus Calmette-Guérin (BCG). The bacterium was shown to be avirulent in a

number of laboratory animals including guinea pigs, and was first tested in humans in 1921.
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Even though the causative agent of TB disease and a vaccine had now been discovered,

there was still no cure, other than the idea that fresh air and a healthy diet would help

self-healing. It was not until 1943 that Schatz and Waksman discovered the drug

streptomycin, which they proved was effective in halting the growth of M. tb. Finally, the

dawn of antibiotic treatment for TB had arrived, but since then, efforts to eliminate this

devastating disease have played out through the decades, and the struggle is still far from

over today.

1.1.2 Outcomes of infection with M. tb

A small percentage of people exposed to M. b do not become infected, although no one

knows exactly what proportion of the population this is true of [3]. These individuals do not

develop adaptive immune responses against M. (b, despite prolonged exposure to

household contacts who have TB. It is likely that these individuals mount extensive innate

immune responses that result in sterile clearance of M. b without the involvement of

cellular immunity.  Other individuals may clear M. tb with the involvement of adaptive

immune responses; this situation is complicated by the fact that these individuals do

respond to M. tb antigen stimulation so it is clear that they have been exposed to M. b,

but we cannot tell whether they have cleared the infection or not.
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The vast majority of individuals (90%) who become infected with M. b will not entirely clear
the bacteria, but their adaptive immune response is capable of walling off the infection
resulting in latent infection. These individuals have a 10% chance of reactivation of the
disease over the course of their lifetime, although human immunodeficiency virus (HIV)
positive individuals stand a far greater chance of developing active disease at 10% per
annum [4, 5]. Around 10% of those exposed to M. f6 will nhot mount an adequate innate
or adaptive response, so the bacteria are not effectively contained; this leads to primary TB

disease.

1.1.3 Infectious cycle

M. tb is spread via aerosolised droplets that quickly dry out in air producing infectious
particles containing a small number of bacteria. These particles are very small at <5um in
diameter and are easily drawn into the alveoli of the lungs. In people suffering from
primary or reactivated TB, the bacteria are actively causing disease and are capable of
replicating extracellularly in damaged tissues, resulting in the spread of bacteria throughout
the lung and formation of cavities. If a cavity erodes into an airway, the host becomes
highly contagious and is capable of transmitting TB through coughing, sneezing and
speaking. It is estimated that an individual with active TB will spread the disease to 10-15

people each year [6].
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1.1.4 Clinical manifestations

Although pulmonary TB is by far the most common and contagious form of the disease,
most parts of the body can be affected. The symptoms of pulmonary TB generally include
a persistent cough lasting more than 3 weeks, coughing up blood and or sputum, night

sweats, low grade fever/chills, anorexia and wasting.

A small percentage of TB patients will develop a disseminated form of the disease known
as miliary TB, which can spread throughout the body in the blood stream or lymphatics,
causing distinctively small (<bmm) and numerous lesions. Infants are more likely to suffer
from disseminated disease than adults. The symptoms are very similar to pulmonary TB,
however, disseminated TB is a more serious condition that can lead to the infection of the
heart, lungs, liver and spleen, which, if not treated will almost certainly result in death. Up
to 30% of miliary TB patients will have involvement of the central nervous system [7, §],
resulting in tuberculomas and/or meningitis. Symptoms include headaches, hemiplegia,

seizures, coma and eventually death if not treated.

1.1.5 Drug resistance

Treating a patient who has TB is a long and expensive process. An example of a typical
course of treatment is 2 months of drug therapy with isoniazid, rifampicin, pyrazinamide,
and ethambutol; then a further 4 months of just isoniazid and rifampicin alone, after which
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most patients will be cured. The complicated regimen and lengthy treatment duration

ultimately leads to some patients not taking the full course of antibiotics as they are

prescribed, as well as some doctors not being able to give out the correct prescriptions,

particularly in poor countries. This partial treatment of TB has contributed to the

emergence of drug resistant strains of M. 6. In 1990, multi-drug resistant tuberculosis

(MDR-TB) was first defined as M. tb strains which were resistant to both isoniazid and

rifampicin /in vitro. In 2009 there were an estimated 440,000 cases of MDR-TB worldwide.

Efforts were made to treat MDR-TB using second line drugs, but this brought about the

emergence of extensively drug resistant M. t6 (XDR-TB). In 2007, XDR-TB was quickly

identified as a major challenge to global health [9-12]. XDR-TB is defined by resistance to

rifampicin, isoniazid and a fluoroquinalone along with an injectable drug such as Kanamycin;

it has so far been detected in 58 countries. Most recently strains have been identified that

are resistant to all anti-tuberculosis drugs and as such, the nightmare scenario of totally

untreatable TB has become a grim reality [13, 14].

1.1.6 HIV-TB co-infections

HIV was discovered in 1983 and was found to be the etiologic agent for acquired

immunodeficiency syndrome (AIDS). Since its discovery, it is estimated by the World

Health Organisation (WHOQO) to have killed over 25 million people. In 2009 approximately
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33.3 million people were living with HIV, of these, 2.6 million were new cases. HIV is
considered to be pandemic, but the majority of cases occur in sub-Saharan Africa, which

unfortunately, is also a region with the highest incidence of TB.

HIV displays tropism for cells that express CD4 receptors on their surface, which means
that it infects CD4" T cells, macrophages and dendritic cells (DCs). These cells are
integral to the adaptive immune response and essential for controlling M. b infection; once
infected, the virus inserts its genome into the host cell chromosomes so that it effectively
hijacks the host cell’'s machinery, resulting in production of more virus particles. HIV
infection causes death of CD4" cells by increasing the rate of apoptosis, inducing CD8" T

cell killing of infected cells and direct killing of the cells by the virus.

The loss of CD4" cells is a diagnostic marker of HIV infection and once the cell count
drops to <500/ul blood, cellular immunity begins to wane resulting in opportunistic infections.
Once the CD4" count is <200/ul blood, the patient is classified as having AIDS, and for
patients in sub Saharan Africa it is highly likely that this will result in death from TB. Of
the 1.1 million HIV-infected TB patients globally in 2009, 80% of cases were in sub-
Saharan Africa. HIV is the leading cause of failure to meet TB control targets in areas of

high HIV prevalence and a leading cause of death in this group.
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1.1.7 Epidemiology

One third of the world’s population is infected with M. b (90% latent infections); in 2009

there were 9.4 million new cases or relapses of TB and 1.7 million deaths [15]. South

East Asia and Africa accounted for 35% and 30% of global cases respectively; Africa has

the highest incidence per capita which is almost double that of South East Asia (Fig. 1-1).

The WHO estimates that of the 1.7 million deaths in 2009, 1.3 million were in HIV-

patients, 380,000 were in HIV+ patients and 150,000 were caused by MDR-TB.

Estimated TB incidence rates, by country, 2009
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Fig. 1-1 Global incidence rates by country for 2009.

Taken from the WHO website [15].
than anywhere else in the world.

The incidence of TB in regions of Africa and South East Asia are greater
TB is a disease of poverty, and it is due to the lack of medical resources,

prevalence of HIV and low efficacy of the BCG vaccine that these regions are suffering the most.
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1.2 Mycobacteria

1.2.1 Physical attributes

All mycobacteria share a similar structure and have distinct properties that make them
easily distinguishable from other types of bacteria. Mycobacteria are quite small at ~ 0.4pum
wide and 1-4um long. Their cell wall is waxy, hydrophobic, very thick and rich in mycolic
acids, all of which contribute to their hardiness and impermeable nature. It is because of
these attributes that there is so much difficulty in antibiotic treatment and chemical killing of

these bacteria (Fig. 1-2).

Image cannot be made available in

ORA due to copyright concerns

Fig. 1-2 Structure of the cell wall of mycobacteria.

Adapted from Toda’s Bacteriology 2007 [16]. The cytoplasmic membrane is surrounded by a layer of peptidoglycan,
which is itself surrounded by a layer of arabinogalactan. Mycolic acid chains attach to the arabinogalactan and are
responsible for the hydrophobicity of the bacteria. Lipoarabinomannan is an immunogenic molecule which attaches
to the cytoplasmic membrane through a phosphatidylinositol anchor. Porins create water filled channels by which
hydrophilic molecules can diffuse through the cell wall. Whereas lipid soluble molecules are likely to diffuse across
lipid layers
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All mycobacteria replicate at a relatively slow rate, however, generally speaking this family
of bacteria can be divided into fast or slow growing organisms. Slow growers can take
between 2-3 weeks to reach visible colonies on 7H10 agar plates, although M. /eprae (the
causative agent of leprosy) is totally uncultivable in artificial media; fast growers on the

other hand are visible after only 1 week.

1.2.2 Mpycobacterium tuberculosis complex

The mycobacterium tuberculosis complex is the name given to the group of mycobacteria
that are capable of causing TB in either humans or animals. The complex contains M. b,
M. africanum, and M. bovis as well as a number of other species. Members of the
complex are all very closely related, sharing 99% DNA sequence identity with each other;
there is direct evidence that M. tb and M. bovis most likely co-evolved from a common
ancestor [17]. These bacteria are all slow growers and it is believed that this property
contributes to their pathogenicity. Humans are the only reservoir for M. tb whereas M.
bovis is capable of causing disease in humans as well as its primary host which is cattle.
M. africanum is only found in Western Africa and can cause TB although it is not as

virulent as M. b [18].

1.2.3 Mycobacterium tuberculosis

M. tb is a facultative aerobe that is capable of altering its metabolism to adapt to the

environment, enabling it to grow in highly aerated liquid/solid media, but also inside host
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cells under hypoxic conditions. The genome of M. tb is 4.4x10° bp long and contains
roughly 4000 different genes [19]. M. b is able to change to a latent state; where it does
not divide and reduces cellular functions to a minimum, resulting in less stimulation of the

host immune system and survival within the granuloma.

1.2.4 Bacillus Calmette-Guérin

Although BCG is a relatively recent member of the mycobacterial family there are now
many different strains that have diverged from the primary isolate of 1921. When BCG was
created, there were no freezing and lyophilising processes to properly store and maintain
seed stocks of the vaccine; so rolling cultures were propagated in different laboratories

using the same media that had attenuated BCG in the first place.

After a total of 1173 passages (including the 230 by Calmette and Guérin) a stock of the
Pasteur strain was lyophilised in 1961 [20]. This means that the bacteria had undergone a
further 943 passages. Considering that Calmette had reported attenuation of the original M.
bovis after only 15 passages, and considerably more had occurred after another 215; it is
reasonable to assume that attenuation continued over the next 943 passages as well [21].
The result of this rather haphazard method of maintaining vaccine stocks is that a number

of different strains are currently used to vaccinate people in different geographic locations.
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Although the different strains of BCG used throughout the world are genetically different, it
is unclear what effect these differences have on protective immunity. In some animal
models different BCG strains confer similar levels of protection, but in others they confer
varying levels of protection [22-25]. Different strains of BCG used in the same clinical trial
have been shown to induce varying levels of protection and adverse effects [26-28]. All
BCG strains are lacking some of the virulence factors of M. {b, most notably the RD1

locus, and there is clear evidence that different strains of BCG have varying virulence [29].

1.2.5 Non-tuberculous mycobacteria

Any mycobacterium that does not cause TB or leprosy is considered to be a non-
tuberculous mycobacterium (NTM) otherwise known as environmental mycobacteria.
Although some NTM can cause disease, usually this is only in immunosuppressed people
or those with damaged lungs. There have been no documented cases of either human to
human or animal to human spread of NTM. Members of this group are generally rapid
growers and there are many more of them, than there are in the M. b complex; also many
NTM are saprophytic and live in soil or water, which means that the majority of people will
encounter these bacteria throughout their daily lives. Some common NTM include WM.

smegmatis and M. fortuitum.
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1.3 The innate immune response to TB

1.3.1 The first line of host defence

In vertebrates, infections result in activation of the innate immune system within minutes,
this generally leads to the kiling and removal of the organism. The majority of infections
that a person acquires throughout their life are imperceptible due to this response. In
instances where the innate response is incapable of killing the organism, it still plays an
important role in delaying the spread of infection, allowing time for the adaptive immune

response to become established.

1.3.2 Pathogen-associated molecular patterns

Pathogens can be identified as non-self by the repetitive structure of their surface, these
structures are known collectively as pathogen-associated molecular patterns (PAMPSs);
receptors that recognise them are termed pattern recognition receptors (PRRs). An
example of a PRR is pulmonary surfactant protein A, an antimicrobial protein of the
collectin family. This PRR is present in the fluid coating the epithelial surfaces of lungs,
and has been shown to opsonise M. tb [30, 31]. Phagocytic cells including macrophages
and neutrophils have specialised cell surface receptors that bind to, and recognise
pathogens, such as macrophage mannose receptor and scavenger receptors, both of which

induce phagocytosis of M. b [32].
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1.3.3 Toll like receptors

These receptors are membrane bound PRRs that can be present on either the cell surface
or the surface of endosomes. So far, 11 different toll-like receptors (TLRs) have been
discovered, each binding to a different pathogen associated molecule such as single
stranded RNA (ssRNA) or lipopolysaccharide (LPS). Certain TLRs are only found in
specific cell types, so their activation will direct the immune response in a particular way
towards the elimination of specific pathogens [33]. LAM, which is present in the cell wall of
all mycobacteria has been shown to activate tumour necrosis factor-a (TNF-0) secretion in
macrophages [34] via interactions between TLR-2 and CD14. The exact mechanism by
which whole M. b interacts with TLRs is unknown, although it is thought to involve TLR-2,

TLR-6 and TLR-4 [35, 36].

1.3.4 NFkB

Binding of TLRs and other PRRs results in activation of the transcription factor NFxB via
MyD88 interactions. NF«xB activates the transcription of inflammatory mediators such as
cytokines and chemokines; as well as up-regulating the expression of co-stimulatory
molecules (CD80 and CD86) on the surface of macrophages and dendritic cells. These
molecules are essential for activating naive CD4" T cells and initiating the adaptive immune
response. The cytosolic proteins nucleotide-binding oligomerization domain (NOD1 and
NODZ2) are capable of binding the same ligands as TLRs and can directly activate the
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NF«xB pathway. There is debate as to how important NOD2 is for controlling M. b in mice

137, 38].

1.3.5 Complement system

The complement system is a group of plasma proteins that interact with each other and
bind to pathogens aiding their phagocytosis and inducing inflammatory responses. The
complement system works by sequential cleavage and activation of proteases, so from a
small stimulus a rapid and successively large response is generated. The cascade can be
activated by the classical, lectin or alternative pathways. M. b interacts with complement
via the alternative pathway, binding to spontaneously activated complement component C3

in the plasma, leading to its opsonisation and phagocytosis.

1.3.6 Monocytes/macrophages

These cells are integral to the host immune response against M. tb, but their involvement
can be advantageous both to the host and to M. . The relationship between
macrophages and M. tb can be thought of as a biological arms race, where they have both
evolved towards a stalemate. Macrophages phagocytose M. tb and deploy an arsenal of
antimicrobial products and processes to eliminate the bacterium; but M. {6 is both tolerant

of, and actively suppresses these mechanisms.

Page 37 of 281



1.3.6.1 Phagocytosis of M. tb

Both monocytes and macrophages are capable of phagocytosing mycobacteria [39]. M.

enters the alveoli of the lungs where it comes into contact with a macrophage. The

complement receptors CR3, CR1 and CR4, as well as receptors for mannose, CD14 and

scavenger receptors are all thought to be used by M. b to gain entry into macrophages via

phagocytosis [32, 40]. /n vitro studies show accumulation of cholesterol at the site of

phagocytosis that seems to permit the entry of M. b, as macrophages depleted of

cholesterol do not take up the bacteria [41]; it is uncertain of the relevance of this finding

in vivo.

1.3.6.2 Phagosome maturation

Once M. tb is taken up by a macrophage it is contained within a vacuole called the

phagosome, which usually enters a maturation process by fusing with sub-compartments of

the endocytic pathway. This very complex maturation process results in a gradual increase

in the inhospitable nature of the phagosome, culminating in fusion with lysosomes to create

a phagolysosome (Fig. 1-3).
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Fig. 1-3 Phagosome maturation pathway.

Taken from (Flannagan et al 2009) [42]. The maturation of the phagosome can be divided into 4 distinct stages
being early, intermediate, late and finally the phagolysosome. Throughout the process there is increasing
acidification of the phagosome which is achieved through proton pumping and an accumulation of hydrolases and
proteases. Fusion of the phagosome with endosomes is mediated by the GTPases Rab5 and Rab7. The
conditions inside the phagolysosome are practically uninhabitable for many micro-organisms.

However, as with the adaptive immune response (discussed in section 1.4), M. tb has
evolved to subvert the killing mechanisms of the macrophage. In the early 1970s it was
discovered that M. tb inhibits fusion of the lysosome with the phagosome [43, 44]. A lot of
work has been done to elucidate the mechanisms behind this inhibition. There is evidence
that early trafficking of M. (b infected phagosomes is normal, as iron [45, 46] and
glycosphingolipids [47] are associated with the early phagosome. In phagosomes arrested
by M. tb, there is a lack of lysosomal hydrolases and vacuolar ATPase [48], this discovery
led to further investigation of this process. It was found that the M. 6 phagosome was

associated with the small GTPase Rab5 that is involved in fusion of vesicles with early
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endosomes, but they were not associated with Rab7 that is involved in the late endocytic

pathway and formation of lysosomes [49, 50].

There are many suppositions as to how M. f6 blocks phagosome maturation, which include
the disturbance of the Ca®" signalling pathway [51], and the action of Manosylated
lipoarabinomannan (ManLAM) an M. tb homologue of phosphatidylinositol-3 phosphate [52,
53], resulting in the lack of lysosomal hydrolases and vacuolar ATPases. Other possible
mechanisms could include iron acquisition and actin disturbances caused by M. b within
the early phagosome. Inhibition of phagolysosome formation results in uncontrolled growth
of M. tb within macrophages, unless they become activated by an effector T cell.

1.3.6.3 Reactive nitrogen species

Nitric oxide (NO’) and other reactive nitrogen species (RNS) derived from it, are important
antimicrobial molecules that are prominent in macrophages and to a lesser extent in
neutrophils. They are produced by the enzyme nitric oxide synthase (NOS2; iNOS) from L-
arginine. Synthesised in the cytoplasm, they diffuse across phagosomal membranes to act
on internal targets [54]. A study in 2004 demonstrated that mycobacteria are able to inhibit
recruitment of NOS2 to phagosomes [55]. Inside the endosome NO- may come into contact

with reactive oxygen species (ROS) to form a number of RNS such as nitrogen dioxide
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(NO7). ROS and RNS synergise to produce highly toxic compounds that damage DNA and

lipids leading to decreased replication and death of microorganisms.

It is worth noting that there has been controversy over whether human macrophages
produce NO or not. Current opinion seems to be that IFN-y induces NOS2 expression in
mouse macrophages [56] whereas IFN-of, IL-4 and anti-CD23 induce NOS2 production in

human macrophages [57].

1.3.7 Neutrophils

1.3.7.1 Reactive oxygen species

Neutrophils phagocytose mycobacteria but they do not produce phagolysosomes like
macrophages; instead NOX2 NADPH oxidase produces ROS [58] which are synthesised
inside the lumen of phagosomes and have antimicrobial properties.

1.3.7.2 Antimicrobial proteins and peptides

Neutrophils also have the capacity to degranulate, releasing preformed oxidants and
proteolytic enzymes [59] that are bactericidal. The acquisition of antimicrobial proteins and
peptides in phagosomes augments the Kkilling abilities of phagocytes. Broadly, these
molecules can be divided by their properties into bacteriostatic or bactericidal groups. An
example of a bacteriostatic protein is lactoferrin which scavenges Fe®* out of the

phagosome [60], so that it is unavailable for M. b house-keeping enzymes. Neutrophils
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also deploy bactericidal peptides such as defensins, cathelicidins and lysozymes which

damage bacterial membranes, there is evidence that these molecules are also expressed in

macrophages [61].

1.3.7.3 Neutrophils and M. tb - a help or a hindrance?

The role of neutrophils in controling M. b is unclear as there are conflicting data

concerning the anti-mycobacterial capabilities of these cells. One study found that greater

numbers of neutrophils in blood correlate with increased restriction of mycobacterial growth

in vitro, and circulating neutrophil numbers inversely correlated with the risk of becoming

infected with M. tb in a cohort of TB contacts [62]. In stark contrast, Eruslanov et a/ found

that neutrophils demonstrated limited capacity to control mycobacterial growth compared to

macrophages. Further investigations using genetically susceptible mice showed that they

displayed increased resistance to M. tb infection upon neutrophil depletion [63]. In

agreement with this finding, D’Avila et a/ demonstrated that BCG induces profound

apoptosis of neutrophils; phagocytosis of apoptotic neutrophils by macrophages elicits

increased synthesis of prostaglandin E2 (PGE2) and transforming growth factor g1 (TGFB1),

and these mediators may possibly deactivate macrophages allowing bacterial persistence

[64].
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1.3.8 Dendritic Cells

DCs are specialised antigen presenting cells (APC) that play a vital role in linking the
innate and adaptive immune responses. As with macrophages, DCs express CR3 and
mannose receptors that bind to and mediate uptake of M. b within lung alveoli. However,
unlike macrophages, DCs also express a unique C-type lectin, DC-specific intracellular
adhesion molecule-grabbing non-integrin (DC-SIGN) receptor that binds M. b through
ManLAM. Studies have also shown that DCs do not provide a suitable environment for the
replication of mycobacteria [65, 66]. DCs are essential for activation of the adaptive
immune response via delivery of M. tb and M. tb antigens to draining lymph nodes, where

they present those antigens to circulating T cells.

1.3.9 Natural Killer cells

Natural killer cells (NK) are able to recognise infected or damaged self-cells. They release
cytotoxic granules onto the surface of infected cells that they are bound to, inducing
apoptosis, thereby, preventing further replication of intracellular pathogens. They also

mediate killing of M. tb via granule-independent mechanisms [67] such as the expression of

INF-y and can lyse Tregs proliferating in response to intracellular pathogens [68].

1.3.10 T cells

v&* T cells have both innate and adaptive properties. They undergo receptor gene

rearrangement, which is a defining feature of the T cells of the adaptive immune response,
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but their gene rearrangement is limited. They do not need to undergo clonal expansion to
response to antigens they encounter; nor do they need antigens to be presented by MHC
molecules. Mouse studies have shown that these cells are implicated in early control of M.
tb infection [69] and that they are capable of secreting IFN-y [70] and IL-17 [71]. 8° T
cells have also been implicated in controlling M. tb infection in macaques [72] and in /n

vitro mycobacterial growth inhibition assays (MGIA) [73].

1.3.11 CD1 restricted T cells

CD1 molecules are similar to major histocompatibility complex (MHC) class | molecules but
they lie outside of the MHC region genetically. These molecules bind to and present
glycolipids to CD1 restricted T cells that are of T cells that lack CD4 and CD8 receptors.
Mycolic acids [74] and LAM [75] which are abundant in the cell wall of mycobacteria, have

been shown to bind to CD1 molecules, resulting in activation of CD1 restricted T cells.

1.3.12 Autophagy

Autophagy can be considered as a cytoplasmic clean-up function in cells where surplus or
damaged organelles and other macromolecular cell components, are degraded and recycled
via endocytic pathways. Recently, autophagy has been studied in the context of innate
immunity against intracellular pathogens. Work by Gutierrez et a/. in 2004 demonstrated a

role for autophagy in elimination of M. tb [76]; furthermore, IFN-y was shown to induce
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autophagy in M. b infected macrophages leading to destruction of the bacterium, whist the

Th2 cytokines IL-4 and IL-13 inhibited autophagy, permitting intracellular growth of M. ib.

1.3.13 Cytokines and chemokines

Cytokines are small proteins released by many cells of the body in response to microbial
stimulus. There are two major families of cytokines; the hematopoietin family includes
growth hormones and interleukins including IFN-y, whereas the TNF family consists of many
membrane-bound molecules including TNF-a, CD40L and Fas ligand (FasL). Cytokines
contribute to both innate and adaptive immune responses. Some of the earliest cytokines
to be released during an infection are the chemokines, which induce chemotaxis of nearby

responsive cells to the site of infection.

1.4 The adaptive immune response to M. b

1.4.1 Antigen presentation

If the innate immune system is unable to control an invading pathogen there is an
accumulation of antigen and a change in the cellular environment around the focus of
infection. At this point, cells of the adaptive immune response become activated. Antigen
presenting cells have engulfed the invading organism or antigen and are now able to

activate T cells by presenting antigenic peptides bound to a MHC receptor on their surface.

Page 45 of 281



The different classes of MHC receptors, MHC class | and MHC class Il, have a role in

directing the type of immune response produced against an infection. MHC class |

molecules bind peptides found in the cytosol of host cells leading to activation of CD8" T

cells; whereas MHC class Il molecules obtain peptides from cellular vesicles that stimulate

CD4" T cells. Because of the phagosomal localisation of M. tb, the majority of antigen

presentation occurs via the MHC class Il route, predominantly resulting in a CD4" T cell

response.

1.4.2 Naive T cell activation

T cells that have not yet encountered their specific antigen are called naive T cells. Once

inside lymphoid organs, T cells leave the blood and pass through lymphoid tissue, where

they may encounter an APC displaying the specific antigen for that T cell bound to a MHC

molecule.

The APC also presents the necessary co-stimulatory molecules such as B7, which binds to

CD28 and CD40 which binds CD40L on T cells. This co-stimulation results in the T cell

entering the cell cycle whilst producing IL-2 that promotes proliferation and cell survival.

The APC also provides a signal for the differentiation of the naive T cell into effector T

cells. This whole process is termed a primary cell-mediated immune response and these

antigen primed T cells leave the lymphoid organ and progress to the site of the infection.
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1.4.3 Effector T cells

There are 5 major types of effector T cell, each with its own specific function. All effector
T cells still require binding of peptide:MHC complexes for them to act upon another cell
and thus illicit their protective effects. However, unlike naive T cells, they do not require
the interaction of co-receptors and therefore, they rapidly respond to contact with specific
antigen.

1.4.3.1 Differentiation of CD4* effector cells

Naive CD4" T cells can develop into any of 4 different types of effector cell called T helper
1, T helper 2, T helper 17 and regulatory T cells (Ty1, Tu2, Tu17 and T,y respectively).
Cytokines present in the environment where CD4" cells are initially primed with antigen play
an important role in T helper cell differentiation [77]. Tyl cells secrete IFN-y that inhibits
activation of T2 cells; which by contrast secrete IL-4, IL-5 and IL-13 [78-80] that inhibit the

development of a Ty1 response, resulting in positive feed-back loops [81-84].

Studies have also shown that surface molecules on APC bind to TCR with variable strength
and duration, resulting in the dominance of one T helper cell subset over the others [85].
In 2004 it was discovered that the Notch ligands Delta and Jagged that are present on

APC, induce Tyl and Ty2 cell differentiation respectively [86].
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Differentiation of CD4" cells into Tyl or Ty2 cells results in macrophage activation or
antibody production respectively. When DCs are stimulated by M. b, they secrete IL-12
which in turn induces IFN-y secretion in nearby NK cells. If a CD4" T cell is primed in the
presence of IL-12 and IFN-y, it will become a Ty1 cell, therefore, TB usually induces a Ty
response.

1.4.3.2 Tyl cells

Tu1 cells are major producers of IFN-y and TNF-a, they can also express CD40L; a cell
activating molecule which provides a secondary signal to activate macrophages that bear
CD40 receptors on their surface. This activation drives the maturation of phagosomes

containing M. tb, into phagolysosomes that destroy the M. b inside them.

1.4.3.3 Tu2, Tul7 and Treg cells

Ty2 cells can activate naive B cells and induce antibody class switching, they are
particularly important for switching production of antibodies to class IgE in order to combat
parasitic infections. Tyx17 cells have only recently been described, but it is understood that
their function is to recruit neutrophils to the site of extracellular bacterial infections by

producing IL-17.

The final type of effector T cell is the Treg subset, which unlike the other types of T helper

cell, has an inhibitory effect on other CD4" T cells. Some Tregs develop in the thymus and
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are termed natural regulatory T cells, whereas others differentiate from naive CD4" T cells

in the periphery and are called adaptive regulatory T cells.

1.4.4 CD& effector T cells

All CD8" effector cells are cytotoxic lymphocytes (CTL), capable of killing host cells that are

infected or display markers that indicate the cell is abnormal. The role of CD8" T cells in

the immune response to TB has been controversial; but there is strong evidence that

mycobacteria specific CD8" T cells are induced in TB and these cells are capable of

recognising M. tb infected macrophages [87, 88].

CD8" effector T cells are capable of producing IFN-y, TNF-a and FASL just as Ty1 do, but

they can also release cytotoxic enzymes that are stored in granules onto target cells.

Perforin aids in the delivery of granule contents across cell membranes, allowing granzymes

which are pro-proteases to enter the cell, whereupon they are activated and induce

apoptosis. Granulysin which is expressed by humans but not mice, is antimicrobial and in

high concentrations is able to induce apoptosis. There is evidence to suggest that CD8" T

cells that express IFN-y do not produce perforin [89, 90] and so a polarisation of the

response may be skewed towards cytotoxicity or cytokine production.
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1.4.5 The role of B cells

B cells are involved in the humoral immune response to infection; they produce antibodies

against specific antigens and can act as APCs. The receptors on these lymphocytes are

immunoglobulins that are capable of recognising native antigens that do not require MHC

complex presentation. Activated B cells that have encountered their cognitive antigen are

able to differentiate into either plasma cells that secrete vast quantities of antibody, or they

become memory B cells that respond rapidly to a secondary encounter with their specific

antigen.

Not without good reason, the majority of TB vaccine research has been focused on T cell

responses and their functions, however, recent studies point towards there being a role for

B cells in the process of eliminating M. tb. B220" cells have been found to constitute the

majority of cells within granulomas; these cells are most likely B cells [91]. The function of

these immune cells in TB is still unclear with some studies indicating that they are

important in mice given high dose aerosol challenges of M. tb [92-94] but a study in guinea

pigs perhaps indicates that a response that is predominated by B cells is linked to

increased susceptibility to TB [95].
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1.4.6 Granulomas

In humans, infection with M. b leads to the formation of granulomas, which are a hallmark

of protection against active disease. Individuals with latent TB have granulomas within their

lungs that contain M. tb and prevent it from multiplying and spreading throughout the lung.

The exact mechanisms for how granulomas are formed, maintained and broken down are

not yet fully understood.

Alveolar macrophages infected with M. b secrete large quantities of cytokines and

chemokines, including TNF-a, CCL2 and CXCL10 which results in recruitment of more

macrophages to the site of infection; positive feedback loops lead to increased levels of

TNF-a, producing a greater inflammatory response. Under the influence of increased

expression of CXCR3 binding cytokines [96, 97], NK cells are the first lymphoid cells to

migrate to the granuloma, followed by CD3" T cells and B cells. The dampening down of

this response coincides with the secretion of IFN-y by lymphocytes; mice that are deficient

in IFN-y quickly succumb to gross pathology of the lungs [98]. It should be noted that

mice do not develop caseation of granulomas as humans do.

The tightly controlled sequential recruitment of the different types of immune cell results in

formation of a highly ordered structure; containing M. tb infected macrophages in the centre,
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surrounded by foamy macrophages (macrophages with high lipid content) that are in turn
surrounded by uninfected macrophages and finally lymphocytes on the outer edge. To
begin with, granulomas are well vascularised, but as they mature they lose much of their
vasculature and develop a fibrous outer layer that delineates a boundary between
macrophages and lymphocytes. The mature granuloma is therefore hypoxic within its centre

and the structure can be maintained for many years.

Perturbation of the CD4" immune response in an individual can lead to breakdown of
granulomas, resulting in caseation of the centre, which turns into a liquid that is filled with
dead cells and their by-products. In this environment M. (b is able to replicate
uncontrollably, ultimately resulting in release of the organism and its spread throughout the

lungs and eventually the airways of the infected individual.

1.4.7 Immunological memory

In 1796 the first vaccination as we now know it, was carried out by Edward Jenner, who
realised that once a person had encountered a pathogen or a closely related pathogen,
they were less likely to suffer from the same illness a second time. We now know the
mechanism behind this protection is immunological memory, which can involve either
memory T or B cells. Upon infection or vaccination, antigen specific T or B cells undergo

clonal expansion to clear the stimulus; after the challenge has been dealt with the vast
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majority of effector cells die off, leaving behind a small subset of memory cells [92, 99].

These memory cells are better equipped and faster at responding to their cognitive antigen

than naive cells, and so the adaptive response is mounted more rapidly and robustly upon

a second encounter.

1.4.7.1  What constitutes a memory cell?

There has been a concerted effort to define exactly what a memory T cell is, and to

answer the questions, what cell surface markers do they possess, and what drives these

few cells to become memory cells? In the case of CD8" T cells these questions were able

to be answered successfully, probably due to the fact that large numbers of these cells are

present after antigenic stimulation. The same cannot be said for CD4" cells, in fact, the

very existence of memory CD4" T cells has been a matter of contention [91, 100].

In humans CD45RA and CD45RO expression are used to differentiate between naive and

memory cells respectively [92]. T cell activation results in the down regulation of CD62L

and CCR7 which permit entry into the lymph nodes and the T cell zone of lymph nodes

respectively; the loss of these surface molecules means that these cells will remain in the

circulation and can be delivered to a site of infection. Unlike the expression of CD45, it is

thought that some activated T cells regain expression CD62L and CCR7 leading to the idea

that there are two distinct populations of memory T cell [101]. Central memory T cells
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(Tem) have similar surface markers to naive cells, expressing CCR7 and CD62L and

producing IL-2 upon re-stimulation, whereas effector memory T cells (Tem) express much

lower levels of these lymph node homing molecules and secrete effector cytokines such as
IFN-y and IL-4 [101].

1.4.7.2 BCG vaccination

BCG is the only licensed vaccine we have against TB, having been administered for over
70 years, some 3 billion doses have been given worldwide. There are however some
issues with this vaccine. The efficacy of BCG against adult pulmonary TB is estimated to
be between 0-80% [102] with the lowest efficacies found in the tropics where TB incidence
is greatest [102]. The exact cause of this variation is unknown but is likely to be a
combination of host genetics, prevalence of NTM in the environment, nutritional status, and
the sub-strain of BCG used for vaccination. BCG is widely thought to protect against TB
disease but not against infection with M. b [103], although there is some evidence to

suggest that BCG can provide protection against M. tb infection in some settings [104].

Despite the variable efficacy of BCG to prevent adult pulmonary disease, it is highly
effective at preventing the more severe disseminated forms of TB (miliary TB and TB

meningitis), especially in infants [105]. Unfortunately, in neonates where HIV infection is
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suspected, the use of BCG is now contraindicated as the possibility of them developing
disseminated BCG infection is considered too great.

1.4.7.3 Memory responses to M. tb

Although we do not know the exact mechanisms behind BCG protection from disseminated
TB, it is thought to be mediated by the production of CD4" T cells expressing IFN-y, which
in turn activate M. tb infected macrophages [98]. The argument for a sustained population
of memory CD4" T cells is further backed by the delayed type hypersensitivity (DTH)
response seen in the tuberculin skin test (TST) after BCG vaccination, although it is not
known whether this is caused by persistent stimulation by antigens present in the
environment. We also know that the TST response induced by BCG vaccination does not

correlate with protection against TB [106].

One theory for the apparent lack of ability of BCG to prevent pulmonary TB is the kinetic
of T cell mediated immunity. Studies performed by A. Cooper and colleagues suggest that
during an un-primed response to M. tb in mice, it takes between 18-20 days for M. tb
specific T cells to migrate to the lungs; when mice have been BCG vaccinated, this delay
in effector T cell arrival is reduced to 12-15 days after infection [107]. Although reduced,
this is still a long enough period for M. {6 to establish infection within alveolar phagocytes.

However, the reduced time taken for memory T cells to arrive in the lung could enable
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them to limit M. b replication during the early stages of infection. This could therefore

account for the widely held view that BCG fails to prevent latent TB infections whilst

protecting against TB disease.

1.4.7.4 Mpycobacterial antigens

As BCG is an attenuated strain of M. bovis, it has lost many genes associated with

virulence; most notably the RD1 locus is missing in all strains of BCG but is present in

both M. tb and M. bovis. The RD1 locus contains several secreted antigens that are

recognised by the mammalian immune system. The antigens that illicit the strongest

responses in most individuals are culture filtrate protein-10 (CFP-10) and early secretory

antigenic target-6 (ESAT-6). These proteins form heterodimers that are thought to disrupt

the immune response by direct interaction with TLR-2 [108]. TB10.4 is a member of the

ESAT-6 family which is also immunogenic though it is not as immunodominant as ESAT-6.

The fact that these antigens are not present in BCG but are present in M. tb and M. bovis,

means that they can be used as diagnostic markers in tests such as ELIspot and

QuantiFERON gold to discriminate between BCG vaccine memory responses and responses

to M. tb/M. bovis infection.

Other secreted antigens include those of the Ag85 complex (Ag85A, Ag85B and Ag85C)

which are important for mycobacterial cell wall maintenance through mycolyltransferase
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activity. The Ag85 complex is present in both virulent M. {6 and environmentals/BCG.
There are also the PE and PPE families of proteins which get their names from their highly
conserved Proline-Glutamate and Proline-Proline-Glutamate sequences respectively. These
proteins were discovered just over a decade ago and their exact functions have yet to be
established, however, there is some evidence that they can modulate innate immune
responses to mycobacteria, including disruption of phagosome trafficking [109]. These
proteins are particularly abundant in pathogenic mycobacteria and account for around 10%

of the genome.

1.5 Novel vaccination strategies

1.5.1 BCG is good, but not good enough

In spite of global vaccination with BCG, 1/3™ of the world’s population is infected with M. b
and nearly 2 million people die of TB every year. It is clear that we need an improved
vaccine but as previously mentioned in section 1.4.7.2, BCG is protective against
disseminated disease, and is recommended for infants shortly after birth in TB endemic
countries; therefore withdrawing BCG vaccination in infancy may be unethical. An obvious
strategy to improve the protection afforded by BCG is to administer boosting doses,

however this has proven to be ineffective [110]. So a number of novel vaccination
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strategies incorporate the use of BCG as a priming agent, boosted with a subunit vaccine

delivering recombinant proteins in the presence of adjuvant, or a viral vector expressing one

or more M. tb antigens in a heterologous prime boost regime.

1.5.1.1 Heterologous BCG prime-boost

A number of subunit vaccines have been proven to be efficacious in animal models of TB

and have excellent safety records. M.tb72F is a leading fusion protein vaccine containing

PPE protein and a serine protease that is common to both M. tb and BCG [111, 112]; it

has entered phase lla safety and immunogenicity trials in Africa (NCT00146744). Other

promising subunit vaccines include the secreted antigen fusion proteins Hybrid | and HyVac

IV from SSI, which contain Ag85B with ESAT-6 and Ag85B with TB10.4 respectively [113,

114]. The use of ESAT-6 however, could potentially confound diagnostic tests such as

Elispot that test for responses against M. tb specific antigens such as ESAT-6. HyVac IV

entered a phase | trial in Sweden in 2007.

The most clinically advanced viral vector candidate is a modified vaccinia Ankara expressing

the M. tb antigen 85A (MVAS85A); it has been shown to illicit strong and long lasting CD4"

T cell responses [115, 116] and has proved to be safe for use in infants, healthy adults

and adults infected with HIV. MVAS85A is currently being evaluated in phase llb efficacy

trials in infants in South Africa and HIV-infected adults in South Africa and Senegal
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(NCT01151189).  Another promising viral vectored vaccine is the Aeras 402 (AdHu35)

vaccine expressing Ag85A, Ag85B and TB10.4 [117]. This vaccine has shown to be

efficacious in the mouse model of TB, and elicits strong CD4" and CD8" T cell responses

in adults in South Africa [118].

1.5.1.2 Attenuated viable mycobacteria

Researchers have also produced novel mutants of BCG that are more immunogenic and

effective at protecting against M. (b challenge in animal models. A number of different

approaches have been taken in this field, including promotion of endosomal escape of BCG;

which aids MHC class | presentation of antigens and so inducing a greater CD8" T cell

response to vaccination [119]. Recombinant BCG strains (rBCG) over expressing key M. b

antigens such as 85A and 85B have also been developed and entered phase | trials to test

safety and immunogenicity [120]. The Aeras 422 rBCG over expresses Ag85A, Ag85B and

Rv3407 and has an endosomal escape mechanism, this vaccine has entered phase | trials

in the USA (NCTO01340820).

Some groups have used genetic sequence data to rationally design an attenuated strain of

M. tb suitable for use as a vaccine. The leading candidates in this field include the phoP

mutant SO2 and panC and panD mutants that maintain infectivity, but are limited in their

capacity to replicate within the host. Preclinical safety data so far show these vaccines are
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safer than BCG in immunocompromised animals, and most importantly, they are more

efficacious [121-123]. It is possible that these attenuated mycobacterial vaccines could be

used alone, or in a prime boost regime with/instead of BCG.

1.5.1.3 Other novel TB vaccine candidates

Other vaccines that are much earlier stage concepts and are being evaluated as proof-of-

concept in mice include DCs that are pre-loaded with mycobacterial peptides. It is thought

that because DCs are the most potent stimulators of cell mediated immunity, this vaccine

will increase activation of naive T cells. This type of vaccine has been shown to protect

mice against high dose intravenous challenge with M. tb [124].

Another promising candidate is the DNA/viral vector combination encoding HSP65 and IL-12

encapsulated inside haemagglutination virus of Japan (HVJ) liposomes. Studies have

shown it to be more protective than BCG when administered alone or when boosting BCG

in macaques [125]. Fulkerson et al. have been developing a shigella vectored vaccine that

is able to be administered orally, delivering capsids containing dsRNA encoding M. b

antigens into the cytoplasm. Researchers have been looking to boost the effect of previous

vaccination with BCG in HIV patients by vaccinating with whole killed M. vaccae in the

hope that it will prevent these patients from developing TB. This strategy has shown some

promise in clinical trials [126].
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1.6 Searching for a surrogate of protection

1.6.1 Why do we need a surrogate of protection?

One of the most challenging aspects of developing an improved TB vaccine is efficacy
testing. To begin with, vaccine candidates are tested in animal models of TB, generally
testing first in mice and then in guinea pigs, followed by macaques or possibly cows. Even
though all new vaccines must be tested for safety in animals before clinical trials can
commence, we are still unsure of how representative any of these models are of human TB

disease.

At present, the only reliable measure of efficacy are large scale field trials in TB endemic
areas; these trials take years to carry out, in thousands of subjects and cost millions of
pounds to perform. Because of these constrictions, screening novel TB vaccines for
efficacy is a very protracted process. Correlates of protection expedite the process of
assessing vaccines for immunogenicity in animal models and early clinical trials, but do not
necessarily imply protection; whereas it has been suggested that a surrogate of protection

could be taken to mean that a vaccine is protective [127].

If a robust and validated surrogate of protection is identified, it could potentially greatly

increase the rate at which we can assess TB vaccine candidates, as it could aid in the
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selection of vaccines that are chosen to go into large scale efficacy trials at limited sites
within TB endemic countries. There is also the possibility that large scale field trials and
animal challenge studies may become unnecessary for licensure, as was the case with the
meningococcal C conjugate vaccine [128]. At present BCG vaccination is being used as
the gold standard to identify surrogates of protection, the obvious problem with this is, a
new TB vaccine is needed because BCG is not very protective, so the responses being

analysed are probably not optimal.

1.6.2 Correlates of protection

1.6.2.1 CD4" and CD8& T cells

So far, no single parameter has been found to robustly correlate with protection against TB
in various preclinical or clinical models [129, 130]. Even IFN-y, which is known to be
essential for immunity against TB and is the primary readout of many immunological assays
assessing vaccines, does not correlate with protection [131]. The search for
correlates/surrogates of protection seems to be complicated by the fact that such correlates
appear to be vaccine or species specific, for example, early CD8" T cell influx into the
lungs of mice [132] or cultured ELlspot responses in cattle [133]. However, there is a large
body of evidence from gene knockout, cell depletion and adoptive transfer studies in mice
that proves Ty1, MHC class-Il restricted CD4" T cells are essential for protection against M.

tb disease [134-140]. Evidence for the importance of CD4" cells in humans is provided by
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the direct association of increased incidence of TB in HIV patients as CD4" T cell counts

decrease [141]. However, Kagina et al recently reported that specific CD4" T cell

responses 10 weeks after BCG vaccination in new-borns do not correlate with ultimate risk

of tuberculosis disease [129]. Importantly, CD4" T cell expression of IFN-y, co-expression of

IFN-y, TNF and IL-2 (by polyfunctional CD4" T cells) or CD8" T cell responses did not

correlate with risk of disease during the first 2 years of life. By contrast studies in

macaques have suggested an importance for CD8" T cells in the control of M. tuberculosis

[142]. There is also the possibility that PBMCs may not be the optimal cells to assess

correlates of protection. Some studies have pointed towards improved correlations of antigen

specific CD4" T cell responses with protection in the lungs [143] and spleens [144] of

animals; although these measurements are not likely to be feasible in large scale clinical

trials.

1.6.22 Memory responses

Immunological memory is essential for successful vaccination. A relatively recent discovery

that responses against RD1 antigens (ESAT-6/CFP-10) in patients who have been

successfully treated for TB are detectable by cultured but not ex vivo ELlspot, highlights the

importance of central memory CD4" T cells over effector cells in the immune response to

M. tb [145].
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1.6.2.3 Other cell types correlating with protection

Tu17 T cells are another member of the CD4" T cell family that have been implicated in

protection from development of M. b disease. These cells, under the influence of IL-23,

produce IL-17 which is a potent inflammatory cytokine that induces chemokine expression

and migration of responsive cells to sites of infection including the lung [146]. Upon

infection with M. tb, both IL-17 and Tx17 cells are induced and in vaccinated animals, the

loss of memory Ty17 cells results in a loss of the accelerated Ty1 response and protection

[147-149]. Recently, Lockhart et al. reported that y8* T cells were major producers of IL-17

in M. tb infected mice [150] and have been shown to have a role in granuloma formation in

the lungs of mice with pulmonary BCG infection [151].

1.6.2.4 Multi-parametric measures

It is currently thought that systems measuring large numbers of immunological readouts

such as microarrays could provide us with a panel of biomarkers, which may be predictive

of vaccine efficacy. Such studies have been conducted in mice, looking at gene expression

within the Ilungs of BCG vaccinated animals, where changes in the connective tissue

structure and function, along with a Ty17 cytokine profile correlated with protection from M.

bovis challenge [152]. Functional assays that take into account a whole host of cellular

mechanisms might provide the elusive surrogate of protection. One such functional assay
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is the mycobacterial growth inhibition assay (MGIA), which is the principle subject of this

thesis.

1.7 Mycobacterial growth inhibition assays

These assays can be thought of as /n wvitro challenge models for assessing vaccine
efficacy. A number of MGIAs have been published for a variety of sample types obtained
from humans and mice. All MGIAs have one principle in common, which is, samples taken
after vaccination against TB should be better able to inhibit growth of mycobacteria in cell
culture, as compared to samples from unvaccinated controls. Summarised below, are the
main details of existing published MGIAs, highlighting the logistics and key findings for each
one and a schematic of the three different MGIAs used throughout this project (

Fig. 1-4).
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Fig. 1-4 Comparison of the three MGIAs used throughout this project

(@) The cultured MGIA; PBMC taken from volunteers before and after BCG vaccination are stimulated with
mycobacterial antigens or media alone for 7 days, after which a proportion of the PBMC are analysed by flow
cytometry. Autologous monocytes are infected with BCG after 6 days culture. Antigen expanded PBMC and BCG
infected monocytes are co-cultured together to assess the ability of the PBMCs to inhibit BCG growth in
monocytes as measured by CFU counts. (b) A whole PBMC infection MGIA; PBMC taken from volunteers/animals
are infected for 4 hours at an estimated MOI of 3:1 mycobacteria to monocyte. Cultures are washed x 3 to
remove non-phagocytosed bacteria. Samples are split equally into 6 cultures each. TO cultures are harvested
immediately before cell pellet lysis and serial dilution for CFU quantification. T96 samples are cultured for 4 days
before harvest. (c) The mycobacterial growth indicator tube (MGIT) MGIA; MGIT tubes are directly inoculated with
BCG on day 0 with the same stock of bacteria used to infect PBMC/splenocyte cultures. Cultures are incubated for
96h with rotation before cell pellets are harvested and used to inoculate sample MGIT tubes. MGIT tubes must be
placed in a BACTEC machine until they register as positive. The time to positivity is the primary readout of this
assay.

1.7.1 Ex vivo MGIA in humans

In 1998 Silver et al. developed a MGIA that tested the ability of lymphocytes taken from

TST+ and TST- volunteers to inhibit growth of H37Rv within monocytes [153]. They found

that CD4" T cells were required for inhibition in TST+ but not TST- volunteers. Possibly

the most interesting finding was that TST- volunteers appeared to inhibit mycobacterial

growth better than individuals who were TST+ (10.6 and 6 fold respectively). It is not clear

whether the TST+ volunteers are latently infected or BCG vaccinated, but it could be the

case that lymphocytes from latently infected individuals are less able to control in vitro

growth of H37Rv, than those taken from non-reactive individuals. This study also found

that IFN-y induced a 1.9 fold reduction but TNF-a failed to inhibit intracellular growth of M.

tb in the absence of lymphocytes.
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1.7.2 Cultured MGIA in humans

This MGIA used antigens to expand populations of mycobacteria specific T cells for 6 days
that were then co-cultured with autologous monocytes infected with BCG. The studies
performed by Worku et al/ in 2003 demonstrated the enhanced killing of BCG by PBMC
expanded with a wide range of M. b antigens, but not media rested or tetanus toxoid
stimulated PBMC [73]. They found y8" T cells to be the most potent inhibitors of BCG
growth and that cell-cell contact was required for this perceived inhibition; a finding that

supported the results from the Silver MGIA.

1.7.3 Whole blood assay in infants

As BCG takes around 3 weeks to grow on solid media, B. Kampmann and colleagues
utilised a strain of BCG expressing a fluorescent reporter gene (BCG /ux) that can be
quantified by luminescence. This strain was used to infect whole blood taken from
neonates both before, and after BCG vaccination. In this study whole blood (WB) taken
after BCG vaccination was found to inhibit BCG /ux growth more than naive blood samples,
growth ratio (GR) GR=3.9 compared to GR=9.6 respectively [154]. Increased secretion of
IFN-y was also seen in BCG vaccinated infants blood as compared to pre vaccination

samples.
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1.7.4 Mycobacterial growth indicator tube (MGIT) assay

This MGIA uses whole blood culture in much the same way as the assay published by
Kampmann et al. except that the MGIT system was used to quantify the CFU. MGIT tubes
contain Middlebrook 7H9 liquid media plus an oxygen-quenched fluorochrome (tris 4, 7-
diphenyl-1, 10-phenonthroline ruthenium chloride pentahydrate) embedded in silicone at the
bottom of the tube. During bacterial growth within the tube, the free oxygen is utilized and
is replaced with carbon dioxide. With depletion of free oxygen, the fluorochrome is no
longer inhibited, resulting in fluorescence within the MGIT tube when visualized under ultra
violet light. The intensity of fluorescence is directly proportional to the extent of oxygen
depletion. MGIT tubes placed in a MGIT 960 instrument are incubated and monitored for
increasing fluorescence every 60 minutes. Growth of bacteria as well as mycobacterial
metabolism increases the fluorescence. In the case of M. tuberculosis, at the time of
positivity, there are approximately 10°-10° CFU/ml of medium. The instrument reports the

time to positivity of specimens that reach a predetermined level of fluorescence.

WB taken before and after BCG vaccination was co-cultured with BCG for 4 days. These

co-cultures were used to inoculate MGIT tubes, which were placed in a BACTEC™ machine

to incubate until they registered positive for bacterial growth. The readout of this assay is
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time to positivity of the sample MGIT tubes, which is compared with that of control tubes

and can be converted to CFU from a standard curve.

Again blood taken from volunteers after vaccination with BCG resulted in increased

mycobacterial growth inhibition in comparison with pre vaccination blood samples [155].

Interestingly this study also points towards the need for CD4" T cells for inhibition in blood

from TST+ volunteers but not in TST- ones, however as with the ex vivo MGIA it is

impossible to know whether individuals were latently infected with M. # or not, but again

these findings point towards innate mechanisms being involved in mycobacterially naive

samples and a requirement for cellular immunity in blood taken from mycobacterially

exposed individuals.

1.7.5 Murine MGIA

So far, all of the MGIA that | have discussed have been performed using WB or PBMC

samples that are readily available in humans. In the mouse model of TB it is difficult to

obtain sufficient blood volumes with which to perform such an assay. Parra and colleagues

solved this problem by developing an assay that tested mycobacterial growth inhibition

elicited by splenocytes in bone marrow derived macrophages infected with M. b or BCG

[156, 157].
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As with all of the previously mentioned MGIA, splenocytes taken from mice vaccinated with
BCG induced greater levels of mycobacterial growth inhibition in macrophages than
splenocytes taken from naive mice. Importantly, as this assay was performed in mice, the
authors were able to correlate the /n wvitro growth inhibition with /7 vivo efficacy as
measured by protection against M. b challenge in the lungs and spleens of animals 28
days post challenge. This is the only example to date of an MGIA correlating with

protection, albeit in the mouse model.

1.8 Study Aims

As there are several MGIA methodologies that have been published over the last decade, a
number of these MGIAs were to be assessed for their suitability for use with human and
NHP PBMC (both fresh and cryopreserved), as well as splenocytes taken from mice. This
would include evaluation of the ability of the different MGIAs to discriminate between naive
and BCG vaccinated individuals/animals. The MGIA that was capable of providing the best
results would be used to evaluate whether /n vifro mycobacterial growth inhibition correlates
with protection from M. tb challenge in mice and NHP. The final aim of this study was to
investigate the mechanisms behind mycobacterial growth inhibition. This would include

microarray experiments to identify differential gene expression between naive and BCG
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vaccinated animals and cell depletion experiments to identify which cell types are

responsible for mycobacterial growth inhibition.
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Chapter 2

Materials and Methods



2. Materials and Methods

2.1 Materials

2.1.1 Reagents

Table 2-1 details the commercially available reagents and consumables used throughout this

study.

Material Supplier Catalogue
Number

0.2um syringe filter Sartorius 16534

12 well plates Costar 3513

15ml centrifuge tubes Fisher, Inc. FB55950

2- B Mercaptoethanol (50um) Gibco 31350-010

24 well plates Nunc 142475

5um syringe filter Millipore SLSV025LS

50ml centrifuge tubes Greiner 227261

5ml syringe BD plastipak 302187

60mm petri dishes Corning 430166

6-well tissue culture plates Fisher, Inc. TKT-520-030T

7H10 agar Becton Dickinson UK 262710
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7H9 Media Becton Dickinson UK 271310

96 well plates lightcycler 480 Roche diagnostics UK | 4729692001
AIM V medium CTS Invitrogen UK 0870112DK
Alexafluor 700 isotype control Beckton Dickinson UK | 557882
Anti-biotin microbeads Miltenyi biotech 130-090-485
Anti-human CD14 ECD Beckman coulter UK IM2707U
Anti-human CD14 Pacific blue Invitrogen UK MHCD1428
Anti-human CD19 Pacific blue Invitrogen UK MHCD1928
Anti-human CD20 ECD Beckman coulter UK IM3607U
Anti-human CD3 AF700 Beckton Dickinson UK | 557917
Anti-human CD3 PerCPCy5.5 Beckton Dickinson UK | 332771
Anti-human CD4 APC ebioscience 170047
Anti-human CD4 PE Beckton Dickinson UK | 550630
Anti-human CD8 APC-AF780 ebioscience 47008842
Anti-human CD8 pe-cy7 Beckton Dickinson UK | 335822
Anti-human IFN-y FITC Beckton Dickinson UK | 552887
Anti-human TCRys PE Beckton Dickinson UK | 333141
Anti-human TCRaep PE Beckton Dickinson UK | 555548
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Anti-human TNF 450 ebioscience Ltd 48734942
Anti-mouse B220 AF700 Ebioscience 56-0452-80
Anti-mouse CD14 PE Ebioscience 12-0141-81
Anti-mouse CD4 Dynabeads Invitrogen 11445D
Anti-mouse CD4 EF650 Ebioscience 95-0041-42
Anti-mouse CD8 APC-EF780 Ebioscience 47-0081-81
Anti-mouse CD8 Dynabeads Invitrogen 11447D
Anti-mouse compensation beads Beckton Dickinson UK | 552843
Anti-mouse NK biotinylated Biolegend 115703
Anti-mouse NK FITC Ebioscience 11-3351-80
Anti-mouse TCR-yd biotinylated Ebioscience 13-5811-81
Anti-mouse TCR-y6 PerCP-EF710 Ebioscience 46-5711-80
Anti-mouse TCR-ap Pacific blue Invitrogen HM3628
Anti-NHP IL-2 APC Miltenyi biotech UK 130091644
Anti-rat/hamster compensation beads Beckton Dickinson UK | 552845
Benzonase ® Nuclease Novagen 706643
Bijou container Sigma Aldrich UK Z645338700EA
Bioanalyzer RNA nano kit Agilent 5067-1511
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Brefeldin A Sigma Aldrich, UK B7651
Casy cups Roche diagnostics 43003
Casyton Roche diagnostics 43001
CD16/32 (Fc block) Ebioscience
14-0161-82

Cell strainers BD Falcon 352350
CFSE ebioscience 65085084
Cytofix/Cytoperm™ fixation/permeabilization Becton Dickinson Ltd 555028
solution kit
DMSO Sigma Aldrich, UK D2650
DNase digest kit Qiagen 79254
Ethanol Sigma Aldrich UK 32221
Fetal calf serum Biosera Ltd, UK S8130
Gas permeable plate sealers Thermo Fisher TUL98060V
Glycerol Sigma Aldrich UK G5516
Homogenisation tubes Stretton Scientific UK CK28R
Human AB pooled serum Sera Labs international | S112F19887

Ltd
Immersion QOil Sigma-Aldrich, UK 10890
LD columns Miltenyi biotech 130-042-901
Leucosep tubes Greiner 227290
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L-glutamine (4mM) Sigma Aldrich, UK G7513
Lymphoprep Axis shield NYC1114547
MGIT PANTA supplement BD bioscience 245124
MGIT Tube BD bioscience 245122
Micro tube Sarstedt UK 72694006
Micro-fine Insulin Syringe with needle 1mL | Nu-care products M4891
29gx12.7mm

MouseRef-8 v2.0 Expression BeadChip Kit [llumina 202-0202
Oligo dt (15mer) eurofins N/A
Omniscript RT kit Qiagen 205111
Pastettes Appleton woods Ltd KC244
PBS Sigma Aldrich, UK D8537
pen/strep (100U penicillin 100ug strep) Sigma Aldrich, UK P0781
Plastipak syringe 1ml Luer slip Nu-care products MO0013
PPD tuberculin Statens serum institute | 2390
QuantiTect SYBR green master mix Qiagen 204143
Recombinant human IL-2 R&D UK 202IL010
Recombinant human IL-7 R&D UK 2071L025
Red live/dead Invitrogen UK L23102
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RNeasy mini kit Qiagen 74104
RPMI with HEPES Sigma Aldrich, UK R5886
RPMI-1640 Sigma Aldrich, UK R0883
SDS 10% Sigma Aldrich UK 71736
Streptavidin-Cy3 Amasham PA43001
TB quick stain Becton Dickinson UK 212315
Totalprep kit Ambion AMIL1791
Trypan blue 0.4% Sigma Aldrich UK T8154
Tween 80 Becton Dickinson UK 231181

U bottom plates, with lid, 96-well Jencons 7340027
Universal 25ml tube Sigma Aldrich UK 2645362400
Vaccutainer tubes heparin Becton Dickinson UK 367526
Violet live dead Invitrogen UK L34955

Table 2-1 Reagents and consumables

2.1.2 Solutions

¢ R10 media: RPMI 1640 media supplemented with 10% serum (can be human pooled

AB serum or fetal calf serum), 2mM L-glutamine; with/without 100U/ml penicillin and

100ug/ml streptomycin sulphate as stated and 1.7mM sodium glutamate.
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e MGIT RPMI: RPMI media with HEPES supplemented with 2mM L-glutamine and 10%
FCS

e Cryopreservation media: 90% fetal calf serum with 10% DMSO.

e 7H9 media: 4.7g/l 7H9 powder made up with water and 0.05% Tween 80 and
supplemented with 10% ADC after autoclaving and cooling below 55°C.

e 7H10 agar: 19g/l of 7H10 powder made up with water and 5ml glycerol supplemented
with 10% OADC after autoclaving and cooling below 55°C.

e PBS: 0.01M: NaCl 0.138M, KCI 0.0027M, pH 7.4: made by dissolving tablets in dH,O.

e Lysis buffer: 0.067% SDS in 7H9 media and filtered through 0.2um syringe filter.

e FACS buffer: 0.1% BSA in PBS.

e MACS buffer: PBS with 2mM EDTA and 0.5% FCS

2.1.3 Mycobacteria

e BCG Pasteur was kindly donated by Ann Rawkins at the HPA Porton Down, UK.
e Clinical grade BCG Danish was obtained from Statens Serum Institute.
e M. tb H37Rv strain was kindly donated by Simon Clark at the HPA Porton Down, UK.

e M. tb Erdman was obtained from Amy Yang at the FDA, Bethesda, USA
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2.2 Microbiology

2.2.1 Liquid culture of BCG

BCG Pasteur was grown in 7H9 media in 250ml glass flasks for bulk preparations or in
25ml universal tubes for individual experiments. Cultures were incubated at 37°C at 240
RPM until an OD540nm of around 0.6 was obtained using a spectrophotometer. Purity of
bulk cultures were assessed using the BD TB quick stain kit according to the
manufacturer’s instructions. Aliquots were frozen at -80°C and stored until use, some were

kept as seed stocks for growing future batches of BCG.

2.2.2 Liguid culture of M. tb

M. tb was cultured in 7H9 media in 25ml plastic universal tubes at 37°C with shaking at
240rpm within a bio-secure plastic transport pot inside a CL3 laboratory. Cultures were

incubated for 72h before being used in MGIAs.

2.3 NHP experiments

The animals used in this study were obtained from an established United Kingdom breeding
colony. Monkeys were housed according to Home Office (United Kingdom) guidelines for
the care and maintenance of primates and were sedated by intramuscular (i.m.) injection

with ketamine hydrochloride (10 mg/kg of body weight) (Ketaset; Fort Dodge Animal Health
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Ltd. Southampton, United Kingdom) for all procedures requiring removal from their cages.
All procedures involving animals were approved by the Ethical Review Committee of the
Centre for Emergency Preparedness and Response (CEPR), Salisbury, United Kingdom.
None of the animals had been used previously for experimental procedures. All procedures
carried out in NHP were performed by Dr M. Dennis and colleagues in the biological

investigations unit at CEPR.

2.3.1 Vaccination of rhesus macaques with BCG and MVA85A

This work was not carried out by my-self as | performed my studies on cryopreserved
PBMC taken from these NHP, detailed methods can be found in the published paper from
this study [158]. BCG vaccinations were performed by immunising 12 animals intradermally
(i.d) in the left upper arm with 100ul of BCG Danish strain 1331 (titre 4.25-7.55 x10°
CFU/ml). At 12 weeks post BCG, 6 animals were immunised i.d with 100ul of MVA85A

into their right upper arm (5 x108 PFU).

2.3.2 NHP aerosol challenge with M. tb Erdman

All animals were 4 years old at the time of challenge and naive in terms of prior exposure
to mycobacterial antigens (M. b infection or environmental mycobacteria) apart from BCG
vaccination, as demonstrated by a negative TST while in their original breeding colony, and
by the gamma interferon (IFNy)-based Primagam test kit (Biocor; CSL) just prior to the start

of the study. Mono-dispersed bacteria in particles were generated using a three-jet Collison
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nebulizer (BGI) and, in conjunction with a modified Henderson apparatus, delivered to the
nose of each sedated primate via a modified veterinary anesthesia mask (estimated dose of
40-65 CFU). Challenge was performed on sedated animals placed within a “head-out’
plethysmography chamber (Buxco, Wilmington, NC) to enable the aerosol to be delivered

simultaneously with the measurement of the respiration rate.

2.4 Human/NHP immunology

2.4.1 PBMC isolation and Cryopreservation

PBMC were separated from Buffy coats (National Blood Service) or from fresh heparinised
blood obtained from healthy volunteers/NHP using Leucosep tubes and Lymphoprep or
Ficoll according to manufacturer’s instructions. All PBMC were frozen in cryopreservation
media and stored in liquid nitrogen until use, whereupon they were quickly thawed and
washed x 2 in excess R10 media before being left for at least 2 hours at 37°C with 5%

CO, and Benzonase 2ul/ml.

2.4.2 Surface staining of PBMC for flow cytometry

PBMC taken from MGIAs were phenotyped and assessed for proliferation by flow cytometry.
PBMC were stained with 0.1uM CFSE prior to culture according to the manufacturer’s

instructions, to detect proliferation by dilution of fluorescent signal. All antibodies had been
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previously titrated to determine the optimum amount of each antibody to use. PBMC were
stained in 100pl of FACS buffer in the dark for 10mins with live/dead, before final staining
with various combinations of surface antibodies (CD8, CD4, CD14, CD19, CD20, TCRap,
and TCRy3). Cells were washed with 1ml of FACS buffer and finally re-suspended in 250ul

of FACS buffer and kept in the fridge until acquisition.

2.4.3 Intracellular staining of NHP PBMC for flow cytometry

All antibodies had been previously titrated to determine the optimum amount of each
antibody to use. Cells were incubated with M. tb H37Rv (3x10° CFU/1x10° PBMC) in
polypropylene facs tubes with 10ug/ml of Brefeldin A for 16h at 37°C with 5% CO,, then
washed with FACS buffer before being stained. Firstly, surface labelling antibodies (CDS8,
CD4, CD14, CD20, TCRap, TCRy56 and live/dead) were added at RT in the dark for 30
mins. Cells were washed with FACS buffer then treated with 250ul of cytofix/cytoperm
solution for 15mins at RT in the dark, whereupon they were then washed with 1ml of perm
wash solution. The cells were then ready for intracellular staining (IL-2, TNFa, IFNy and
CD3) at RT for 30mins in the dark. Finally the cells were washed with 1ml of perm wash

and re-suspended in 250ul of FACS buffer with 4% formalin.

2.4.4 Flow cytometry of human/NHP PBMC

Stained cells were used for acquisition on the day of staining using an LSRIl flow

cytometer with FACS Diva software (BD bioscience). Compensation was performed using
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unstained PBMC, CFSE stained PBMC (if used during culture) and single stained anti-
Mouse lg/k, compensation beads (BD biosciences). Data were analysed using Flow Jo V
8.3 (Tree Star, inc). To assess polyfunctionality the Boolean gate platform in FlowJo was
used with individual function gates to create all possible combinations of response patterns.
Pestle version 1.3 (Mario Roederer, National Institutes of Health) was used to prepare data
for the subsequent analysis of response profiles. The data analysis program, simplified
presentation of incredibly complex evaluations (SPICE) (Mario Roederer, National Institute of
Health) was used to analyse data and to generate graphical representations of functional T

cell responses.

2.5 Mouse experiments

All procedures were performed in accordance with the terms of the UK Animals (Scientific
Procedures) Act Project Licence (PPL 30/2414) and were approved by the University of
Oxford Animal Care and Ethical Review Committee. All mice were housed in the Wellcome
Trust Centre for Human Genetics Animal Facility (Functional Genomics Facility (FGF)) under
Specific Pathogen Free (SPF) conditions. Female C57BL/6 mice (Harlan Laboratories,

Oxfordshire, UK) were 6-8 weeks old at the start of experiments.
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2.5.1 BCG vaccinations

All vaccinations were performed using BCG Pasteur by subcutaneous (s.c) injection in a
volume of 100ul to the base of the tail using an insulin syringe (29G). The vast majority of
vaccinations were kindly performed by Hazel Poyntz and Dr E. Stylianou. The dose of

BCG is detailed in the relevant experiment sections.

2.5.2 Mouse aerosol challenge with M. tb Erdman

M. tb Erdman was defrosted and sonicated in a water bath for 1 minute then rested on ice
for 1 minute, this was repeated 3 times. A sample of M. b was plated out on 7H10 agar
plates for estimation of CFU/ml. Animals were challenged using the Biaera aeroMP nose
only challenge equipment in the CL3 suite at the FGF. Briefly, mice were loaded into
individual nose only exposure restrainers that were fitted to the exposure apparatus. Mono-
dispersed bacteria in particles were generated using a collision nebuliser which were
delivered to the mice. The mice were challenged for 10 minutes followed by a purge cycle
of 5 minutes, at which point mice were unloaded from the challenge apparatus and placed
into CL3 housing units until they were sacrificed. The day after challenge, 2 naive mice
were sacrificed for calculation of the mean challenge dose, which was found to be 231

CFU/mouse. All other animals were sacrificed 4 weeks after challenge.
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2.5.3 Estimation of M. tb burden in lungs/spleen

Mice were sacrificed by cervical dislocation and lungs/spleens removed aseptically by
dissection to calculate the number of CFU/ml in these organs. Whole lungs/spleen from
each animal were homogenised in 1ml of PBS using the Precellys 24 machine with ceramic
beads (2.8mm) for 15s at 5500 rpm. The homogenates were serially diluted before being

plated onto 7H10 agar and were counted after 2-3 weeks.

2.6 Mouse immunology

2.6.1 Splenocyte preparation

Mice were sacrificed by cervical dislocation and spleens removed aseptically by dissection.
Spleens were crushed in PBS, passed through a sterile 70um cell strainer and centrifuged
(500xg, 5min). Supernatants were discarded and splenocytes re-suspended in complete
R10 medium before being immediately centrifuged again (500xg, 5min). Splenocytes were
finally re-suspended in R10 medium and counted using a CASY counter (Scharfe Systems,

Germany).
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2.6.2 T cell depletions

CD4" and CD8" T cells were depleted from splenocytes using Dynabeads in MACS buffer
according to the manufacturer’s instructions. The efficiency of depletion was assessed by

flow cytometry using the methods in the section below.

2.6.3 Cellular staining of splenocytes for flow cytometry

All antibodies had been previously titrated to determine the optimum amount of each
antibody to use and cells were stained in FACS buffer. Firstly, red live/dead stain was
added to the cells in the dark for 10mins before the surface labelling antibody cocktail
(CD8, CD4, CD14, NK, TCRoB, TCRys and B220) was added at 4°C in the dark for 30
mins. Cells were washed with FACS buffer and finally the cells were re-suspended in
250ul of FACS buffer. Stained cells were used for acquisition in the same way as
described in section 2.4.4; the only difference being that compensation was performed using
unstained splenocytes and single stained anti-rat/hampster Ig/x, compensation beads (BD

biosciences).
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2.7 Mycobacterial growth inhibition assays

2.7.1 Cultured mycobacterial growth inhibition assay

2.7.1.1 Preparation of BCG for use in cultured MGIA

Upon thawing, BCG was washed using a method adapted from one developed by T.H.M.
Ottenhoff's team at Leiden University Medical Centre, Dept. of Infectious Diseases. Briefly
BCG was pelleted, thoroughly washed and re-suspended (x3) in 7H9 media containing
0.05% Tween 80 to disaggregate clumps. The BCG was then re-suspended in 1.3ml of
media, vortexed and left to sediment for exactly 1 minute whereupon the top 1ml was
carefully aspirated off for use. Test vials were thawed after 48h to assess viability of the
frozen BCG; serial dilutions were plated on 7H10 agar plates. Resulting CFU counts were

used to calculate the mean CFU/ml for each batch after washing and disaggregation.

Due to the very large number of CFU counts needed for the MGIA, a 24 or 12 well agar
plate technique was adopted, whereby approximately 1-2ml of 7H10 agar was pipetted into
the wells of 24/12 well cell culture plates respectively. The agar containing wells were
spotted with 20ul of bacteria, and counted after 2 weeks using a dissection microscope for

the 24 well plates.
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2.7.1.2 Origin of PBMC used for cultured MGIA

The cultured MGIA method used, was adapted from the assay published by S. Worku and
D. Hoft 2003 [73]. Archived PBMC from a clinical trial previously performed by the Jenner
group were used to see if we could replicate their results in our laboratory. Details of the
trial are described elsewhere [159], briefly, healthy volunteers that had been previously
vaccinated with BCG were enrolled to be revaccinated with a second dose of BCG,
ClinicalTrials.gov NCT00654316, after obtaining ethical approval. Bloods were taken pre
BCG boost and at defined time points post boost.

2.7.1.3 7 day antigen stimulation of PBMC

Unless otherwise stated, PBMC were cultured in 24 well plates at a density of 2x10%/ml of
R10 with antibiotics or AIM V media, and incubated in 5% CO, at 37°C for 7 days. Where
sufficient PBMC were available, each condition was tested with and without the addition of
20U IL-7 on day 0 and 20U IL-7 & IL-2 on day 3. Cultures were stimulated with BCG at
an MOI of 6000 CFU/ 2x10° PBMC, PPD 5ug/ml or media alone. To study proliferation of
antigen specific cell populations, PBMC were stained with 0.1uM CFSE according to the
manufacturer’s instructions, prior to culture.

2.7.1.4 Co-culture of PBMC with BCG infected monocytes

Autologous monocytes were simultaneously selected for by adherence to 96 well plates after

2 hours incubation at 37°C in 5% CO,. Monocytes were cultured and washed with warm
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R10 media (human serum). Adhered monocytes were incubated for 6 days in media only,
prior to infection with BCG. BCG infection was performed by removing the supernatant and
adding disaggregated BCG in antibiotic free R10 at an MOI of 3:1 for 16 hours before
carefully washing away non phagocytosed BCG. There were approximately 15,000
monocytes/well and monocyte layers were plated in triplicate. Three wells were included as
positive controls to test for monocyte alone inhibition and three for negative controls to

check for contamination.

On day 7, antigen stimulated PBMC were harvested, counted and 6x10° were incubated in
excess R10 without antibiotic. Cells were re-suspended in 600ul of antibiotic free R10 and
200ul of PBMC were added to each of the triplicate wells containing BCG infected
monocytes. Cells were co-cultured for a further 3 days at 37°C in 5% CO, to assess the
ability of antigen stimulated/media rested PBMC to inhibit growth of BCG within the
monocytes. Remaining PBMC were analysed by flow cytometry for phenotypic and cell

proliferation analysis as detailed in section 2.4.2.

On day 10 supernatants from co-cultures were removed by aspiration and 100pl of lysis
buffer was added to each well. Plates were incubated at 37°C in 5% CO, for 1 hour to

ensure complete lysis of monocytes, then 100ul of 7H9 media was added to each well and
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cell lysates were serially diluted and plated out to determine the CFU of BCG/well. For
each triplicate well, neat, 1:10 and 1:100 dilutions were plated in duplicate. Agar plates
were incubated for 2-3 weeks before colony counting. To calculate growth inhibition the
dilution which gave the most reproducible CFU counts across all replicates was used to
calculate the mean CFU/ml. Percentage inhibition was calculated using the equation given
by S. Worku and D. Hoft 2003 as follows; % inhibition = 100 - (100 x (CFU antigen

stimulated/CFU media rested)).

2.7.2 Novel mycobacterial growth inhibition assay

2.7.2.1 Preparation of mycobacteria for novel MGIA

Three test vials of frozen stocks of BCG Pasteur or M. tb H37Rv were grown to mid log
phase (OD540nm -~ 1.0), by inoculating 9ml of 7H9 media with 1ml of thawed bacteria in a
universal tube, and shaking vigorously at 37°C for 72 hours. The bacteria were filtered
using a 5um syringe filter to remove clumps. The resulting suspensions were serially
diluted in 7H9 media for plating out on 7H10 agar for enumeration. The mean CFU/ml
from these cultures was then used to calculate all future CFU/ml for starter cultures after
72h.

2722 The novel MGIA

All cell culture was performed using R10 media without antibiotics and all incubations were

at 37°C with 5% CO, Mycobacteria that had been prepared as stated above were used to
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infect human/NHP PBMC or murine splenocytes. Two varying methods for infecting the
mammalian cells were utilised during this project but were always performed in
polypropylene tubes to limit monocyte adherence. The first method involved infecting the
PBMC/splenocytes at an MOI of 3:1 bacteria to monocytes (10% of total cell count) for 4h,
before washing away non-phagocytosed bacteria by pelleting at 1800rpm for 5mins 3 times.
The second method involved infecting PBMC/splenocytes with ~ 5x10° mycobacteria/1x10°
cells without washing. All infected cells were divided into 2 lots of triplicate test conditions
for each subject/animal. On day 0 (DO) 3 tubes/wells for each subject/animal were
harvested by centrifugation at 3000rpm for 15mins to pellet both the mammalian cells and
extracellular mycobacteria; cell pellets were lysed immediately with lysis buffer at RT for at
least 10mins. The remaining 3 tubes/wells were incubated for 4 or 7 days before being
harvested and lysed. Cell lysates were serially diluted in 7H9 media and plated out in
triplicate on 7H10 agar, the median CFU/ml was determined. @ The growth ratio was

calculated as GR= CFU day 4 or 7/ CFU day 0.

2.7.3 MGIT mycobacterial growth inhibition assay

2.7.3.1 Preparation of mycobacteria for MGIT MGIA

This work was performed by R. Tanner at the Jenner Institute. A 1:200 dilution of BCG
Pasteur seed stock was prepared by mixing 20ul of seed stock (at 1x10’ CFU/ml) with 4ml

of 7H9 media with PANTA/enrichment (10%) in a 50ml tube. The solution was vortexed
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thoroughly, and then clumped bacteria were allowed to settle for 10 minutes. The top 3ml
was then transferred to a new 50ml tube without disturbing the sediment; 400pl of this
diluted stock was added to 6 MGIT tubes with PANTA/enrichment which were placed in the
MGIT 960 instrument (BD) at the John Radcliffe hospital, Oxford. The MGIT tubes were
removed from the 960 instrument 1-2 days after they were all recorded as positive (this
was 6-16 days after inoculation). If the cultures were not positive within this time frame, the

process of stock preparation was repeated.

The positive MGIT tubes were mixed by inversion and again clumps were allowed to settle
for 10 minutes; all but the bottom 0.5ml was transferred to a single 50ml tube and mixed
thoroughly by vortexing. The bacteria were stored in 1.2 ml and mainly 500ul aliquots in
microtubes at -80°C before being used to create a standard curve; for this, 12 MGIT tubes
were supplemented with PANTA/enrichment. A 1.2ml aliquot of BCG was used to prepare
5 serial 10-fold dilutions of stock in 7H9 media (with added PANTA/enrichment). MGIT
tubes were inoculated in duplicate with 500ul of serially diluted BCG from Neat to 1x10”
before being placed in the MGIT 960 instrument. Each dilution also had CFU counts
performed using 7H10 agar plates so that Time to positivity (TTP) could be plotted against

known CFU counts for serial dilutions, and provide the standard curve from which all TTP
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values could be transformed into inoculum values (i.e. the volume in pl of neat BCG
required to produce a certain TTP).

2.7.3.2 The MGIT mycobacterial growth inhibition assay using Splenocytes/PBMC

An aliquot of BCG Pasteur prepared according to the section above was thawed. The
dose of BCG for inoculation of the positive controls and splenocytes/PBMC was calculated
as follows; the ideal TTP is 6.5 days, the inoculum size to achieve this TTP is calculated
from the standard curve according to the equation TTP =mx+c. Each different stock of
BCG will have a different inoculum volume. Duplicate positive MGIT control tubes (with
PANTA/enrichment) are directly inoculated with BCG which is made up to 500ul with 7H9
media. These control tubes are placed in the MGIT 960 instrument until they register as

being positive.

Duplicate BCG infected splenocyte/PBMC cultures were set up for each animal in micro-
tubes by adding 600pl of MGIT RPMI with 10% FCS to 1x10° cells and the calculated
inoculum of BCG. If the calculated inoculum of BCG was greater than 10ul then the
bacteria were centrifuged at 12000rpm for 10 minutes and re-suspended in the RPMI to
remove the 7H9 media. The cultures were incubated at 37°C in a rotating tube holder for
96h. At the time of harvest the cultures were centrifuged at 12000rpm for 5 minutes and

the supernatant removed. The cell pellet was re-suspended in 1ml of tissue culture water
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to allow lysis of the mammalian cells for 15mins with intermittent vortexing. Cells were

again pelleted by centrifugation at 12000rpm for 10mins before the supernatant was

removed. The pellet was finally re-suspended in 500yl of 7H9 media (with

PANTA/enrichment) and added to MGIT tubes (with PANTA/enrichment) before being placed

in the MGIT 960 instrument until they registered as being positive.

2.7.3.3 Converting TTP values info GR values

The TTP values were converted into CFU counts so that the GR could be calculated for

each sample as a measure of mycobacterial growth inhibition. As stated in section 2.7.3.1

a standard curve of TTP plotted against the inoculum volume had been produced. The

standard curve was a logarithmic straight line and so obeyed the equation y= m(Inx)+c

where y= TTP, m= slope, x= inoculum and c= the y axis intercept. Therefore the value of

x can be found by rearranging the equation to x=(y-c)/m. The inoculum value in pl could

then be converted to CFU counts by multiplying it by the CFU/ul value of the BCG stock

as calculated from the agar plates. Finally the GR value for a sample is calculated by the

following equation GR=CFU Sample (96h)/CFU positive controls.
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2.8 Molecular biology

2.8.1 RNA extractions from mouse splenocytes

Between 1-2x10° mouse splenocytes were pelleted and RNA extractions were performed
using the RNeasy mini kit according to the manufacturer’s instructions, with the inclusion of
a DNase digest. RNA integrity was assessed using the RNA nano kit and Bioanalyzer from
Agilent technologies according to their instructions, a RNA integrity (RIN) value of above 7.0

was indicative of high quality RNA.

2.8.2 g-PCR SYBR-green

2.8.2.1 Reverse transcription with Omniscript

The following master mix in Table 2-2 was prepared to perform reverse transcription of

RNA to produce cDNA:

Reagent Volume (ul)
10 x buffer RT 2
dNTP mix (5mM each) 2
Oligo-dT primer (100ng/pl 15mer) 1
Omniscript reverse transcriptase 1
RNase-free water 4

Table 2-2 Master mix for reverse transcription for g-PCR
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Once the master mix had been prepared 10pul was added to 10ul of template RNA and the

mixture incubated at 37°C with gentle shaking in a heat block for 60mins. The cDNA was

then ready to be used for g-PCR.

2822 @q-PCR using QuantiTect kit

cDNA transcripts were used to perform relative quantification of genes by g-PCR using the

QuantiTect kit. A master mix for each gene of interest was prepared for each sample in

triplicate according to Table 2-3 below:

Reagent Volume (pul)
QuantiTect master mix 10
Forward primer (10pmol/pl) 1
Reverse primer (10pmol/pl) 1
Water 7

Table 2-3 Master mix for g-PCR reactions.
Primer sequences are provided in the appendix.

Once the master mix had been prepared it was dispensed into wells of a 96 well light

cycler plate; 1yl of cDNA template was then added to each triplicate well. Each gene also

had triplicate negative control wells which contained master mix but no template to assess

non-specific amplification. Finally before running the samples the plate was centrifuged

briefly to collect the entire sample at the bottom of the plate and was sealed with a

transparent film ensuring all wells were individually sealed. The program cycle was as

follows:
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15 minutes 95°C

15s 95°C
20s 60°C 45 cycles
20s 72°C

Finally a melt curve analysis was performed to assess purity of the amplified product.

2.8.3 BeadChip Microarrays

2.8.3.1 RNA amplification and labeling

RNA from mouse splenocytes was amplified and labeled using the Ambion-lllumina
TotalPrep RNA Amplification kit according to the manufacturer’'s instructions; briefly, mRNA
was reverse transcribed to produce cDNA using oligo (dT) primers containing a T7 promoter
to enable /n vitro transcription (IVT). The single stranded cDNA was converted to double
stranded cDNA, before amplification and incorporation of biotin UTP (Uracil triphosphate)
into the cRNA (mRNA). The resulting cRNA was assessed using the Bioanalyzer to check
that the peak transcript length was between 1.0-1.4Kbp in length as a measure of transcript
integrity.

2.8.3.2 Hybridisation of cRNA

Hybridisation of biotinylated cRNA to lllumina MouseRef-8 v2.0 BeadChips was performed
according the manufacturer's instructions; briefly, 750ng of cRNA from each sample was

hybridized for 16h within an Illumina hybridization chamber inside an illumina hybridization
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oven at 58°C with rocking. Samples were loaded in a random order so that grouped

samples were not all present on the same chip which held 8 arrays each. The chips

underwent a series of washes in proprietary buffers followed by a 100% ethanol wash

before being labeled with streptavidin-Cy3 to detect transcript abundance. Unbound

streptavidin-Cy3 was removed by a final wash before the chips were dried in falcon tubes

by centrifugation at 250xg for 4 minutes.

2.8.3.3 Scanning of BeadChip micro-arrays

BeadChips were scanned on the day of labeling using an iScan BeadArray reader

(lumina). Data files containing information about the levels of fluorescence for each gene

on the arrays were produced using BeadStudio software (lllumina).

2.8.3.4 Quality control of arrays

All microarray data analysis using the software package R, was kindly performed by M.

Kostov. Firstly array quality was assessed using the arrayQualityMetrics, a Bioconductor

package which generates a report of quality metrics for microarrays. As the quality of all

the arrays was good, they were all given the same weighting, meaning that each array had

the same level of influence over the analysis. Principle component analysis (PCA) was

performed to assess which variables had the most influence on gene expression levels

across the arrays. Background correction aided by control probes, followed by quantile

normalization was performed using the Neqc function of the Bioconductor package limma
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(linear models for microarray) to normalize the arrays and correct differences in staining

between them.

2.8.3.5 Data filtering

Genes that were not significantly (p<0.05) expressed above the background in any of the

arrays were removed from the analysis; as were genes whose inter quartile range (IQR)

was less than 0.3 across the arrays, as this indicated that their expression was not altered

during this study.

2.8.3.6 Identification of differentially expressed genes

Limma from Bioconductor was used to identify differentially expressed genes by estimating

the fold change between predefined groups by fitting a linear model, and using an empirical

Bayes method to moderate standard errors of the estimated log, fold change in expression

for each gene. P-values from the resulting comparisons were adjusted for multiple testing

using the Benjamini-Hochberg method with a false discovery rate of 0.05. Lists of

differentially expressed genes were assessed for pathways enrichment using DAVID

bioinformatics software.

2.8.3.7 Statistical analysis

MGIA and flow cytometry data were analysed using Prism 5 (GraphPad, software Inc).

Statistical tests to assess the difference between two populations were performed using the

non-parametric Wilcoxon matched pairs and Mann Whitney T tests and parametric paired
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and un-paired T tests were performed. Correlations were assessed using SPSS

Spearman’s Rho and p-values and coefficients are reported.
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Chapter 3

Assessment of cultured
mycobacterial growth

Inhibition assay



3 Assessment of cultured MGIA

3.1 Introduction

3.1.1 What is a MGIA?

As previously mentioned in section 1.7, MGIAs can be thought of as /n vitro challenge
models for assessing efficacy of TB vaccines. Immune cells such as PBMC, taken from
animals or humans after vaccination against TB, are assessed for their ability to reduce
mycobacterial growth as compared to cells taken prior to vaccination. It is hypothesised
that vaccine induced growth inhibition/killing of mycobacteria /n vitro will correlate with
protection against M. tb challenge/efficacy in vivo. Thus, it is hoped these assays could
provide the illusive surrogate of protection, which could dramatically alter and inform the

selection process for vaccine development.

3.1.2 Why are there so many different MGIAs?

Several MGIAs have been developed by different groups to suit the types of samples that
they are able to obtain for their studies, such as whole blood and PBMC from humans or
splenocytes from mice. Each of the published assays outlined previously in the
introduction, have pros and cons that make them more or less suitable for use with

different sample types. One key factor influencing the development of different MGIAs is
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the reproducibility and ease of transferring methodologies of these assays between research

groups.

3.1.3 Deciding which MGIA to test

The first aim of my project was to assess whether BCG vaccination would result in a
reduction of mycobacterial growth /n vitro in humans. For this, it was decided that the
cultured MGIA developed by Worku ef a/ [73] would be the most suitable; a schematic of
the assay is provided below (

Fig. 3-1). The assay contains a 7 day mycobacterial antigen stimulation step, which aims
to expand memory T cells induced by BCG vaccination. An advantage of this type of
assay is that it can be performed on cryopreserved PBMC, so archived samples from
clinical trials could be tested, which is not possible with the whole blood MGIA [154]. The
mouse splenocyte MGIA [156] was unsuitable for my project as the plan was for me to

work with human and NHP PBMC samples.
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Phenotyping antigen

G:& M expanded PBMC

Antigen stimulation with

PPD/BCG/media only
Co-culture antigen CFU counts from cell lysates
expanded PBMC with BCG
infected monocytes

PBMC before/after boost

L B

Infection of Monocytes with
BCG

Fig. 3-1 Schematic outlining methodology of cultured MGIA.

PBMC taken from volunteers before and after BCG vaccination are stimulated with PPD, live BCG or media alone
for 7 days, after which a proportion of the PBMC are analysed by flow cytometry. Autologous monocytes selected
for by adherence are infected with BCG after 6 days culture. Antigen expanded PBMC and BCG infected
monocytes are then co-cultured together to assess the ability of the PBMC to inhibit BCG growth in monocytes
over 3 days as measured by CFU counts.

3.1.4 The need to optimise the cultured MGIA

Transferring the methodology for a MGIA is a challenging process, as these assays have
many complex steps. This may explain why no other group has ever replicated previously
published results from these assays. It was clear from the outset that alterations to the
cultured MGIA were needed in order for me to successfully utilise this assay with
cryopreserved PBMC. Many of the changes were made to improve cell viability as cell
death was a major issue. All other alterations were concerned with the infection of

monocytes with BCG and limiting variability of this process across assays.
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3.1.5 Flow cytometric analysis

Flow cytometry was routinely used to investigate expansion of T cell populations in
response to mycobacterial antigen stimulation. Prior to cell culture, PBMC were stained
with CFSE, which incorporates into cells and is equally divided between daughter cells
during proliferation. The decreasing fluorescent signal can therefore be used to measure
cell division. The gating system that | used to identify distinct cell populations is detailed

below (Fig. 3-2).
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Fig. 3-2 Gating tree used throughout cultured MGIA.

PBMC were sorted by their physical size and complexity using forward and side scatter (respectively) to identify
the lymphocyte population. Lymphocytes are further separated into single cells, CD3" cells are considered to be T
cells and vivid dye was used to remove dead cells from the analysis. Finally the live T cells are separated into
CD4*, CD8" or y&" T cells. The distinct T cell populations can then be gated for CFSE content to determine the

level of proliferation.
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3.2 Aims in this chapter

The aims of the experiments detailed in this chapter were as follows;

Optimise expansion of PBMC with mycobacterial antigens for increased cell viability

e Assess different strains of BCG for their suitability for use in the MGIA

e Improve disaggregation of BCG for infection of monocytes

e Test the optimised MGIA on cryopreserved clinical trial samples to assess whether

boosting BCG with a second dose of BCG enhances BCG growth inhibition in vitro

e Perform flow cytometry to phenotype the PBMC which have expanded in response to

mycobacterial antigens, and determine whether this antigen expansion of T cell

populations correlates with growth inhibition.
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3.3 Results

3.3.1 Preliminary assessment of antigen stimulation method

Before attempting to perform the complete cultured MGIA, preliminary tests were carried out
to check that all the separate processes involved in this complex assay worked
independently. The first stage of the cultured MGIA is setting up the antigen stimulation of
PBMC that are ultimately used for co-culture with BCG infected monocytes; this was where

the preliminary experiments began.

Experiments to assess expansion of T cell populations by the mycobacterial antigens PPD
and 85A were performed using cryopreserved PBMC from a BCG vaccinated volunteer (10
years previously), according to previously published methods [73]. The aims were to
determine the levels of live cell recovery after 7 days culture, and ascertain whether
stimulation with mycobacterial antigens would result in detectable proliferation of T cells in a

BCG vaccinated individual.

Total cell counts were determined by flow cytometry for CD4°, CD8" and 5" T cell
populations according to the gating tree outlined in Fig. 3-2. These counts were used to
calculate the stimulation index for each T cell subset against each antigen (Fig. 3-3),

stimulation index = counts antigen stim/counts media control. Unfortunately there did not
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appear to be any perceivable expansion of CD4*, CD8" or y5° T cell populations in
response to PPD or 85A as the stimulation index value of 1 means there has been no
expansion; although this was only 1 volunteer and there were no replicates. A further
limitation of this experiment was the omission of a positive control, such as concanavalin A,
which would have made the interpretation of this apparent negative result easier interpret.
However, The most interesting finding from this experiment, was that in all conditions, less
than 40% of the starting PBMC were still viable after 7 days (PPD= 35%, 85A= 33% and
media only= 28%). This would result in too few PBMC being available to perform the co-
culturing step of the MGIA, so replicates would have to be dropped or suboptimal numbers
of PBMC would have to be used. Therefore, rather than going on to evaluate proliferation
in increased numbers of BCG-vaccinated subjects, | focussed at this point on optimising the

culture conditions for increased PBMC viability during 7 day antigen stimulation.
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Fig. 3-3 Stimulation index for PPD and 85A stimulated T cells.
Flow cytometric data for a single BCG vaccinated volunteer where PBMC were stimulated with PPD (5ug/ml), 85A
(2ug/ml) or media alone for 7 days. Bars represent the stimulation index (counts antigen stimulated/counts media

control).

3.3.2 Comparison of cell culture medium

R10 media supplemented with human pooled AB serum was initially used for the 7 day
culturing of PBMC according to published methods [73]. However, serum contains many
immunological molecules with a broad spectrum of effects, including complement
components involved in opsonisation of mycobacteria [40]. The effect of human sera upon
PBMC taken from different donors is unlikely to be the same, and different batches of
serum will result in some level of variability. AIM V, which is a proprietary serum free
medium, was compared against R10 to establish which type of medium would result in the

greatest yields of viable PBMC.
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PBMC obtained from a single buffy coat were used to set up parallel cultures in triplicate

using AIM V or R10 media with or without PPD. After 7 days culture, cells were analysed

by flow cytometry to assess the frequency of viable T cells (CD3") (Fig. 3-4) for each

culture condition. PBMC cultured in AIM V media contained significantly higher frequencies

of live T cells after 7 days when compared to cells cultured in R10 media, regardless of

antigen stimulation (PPD+ p=0.0023, PPD- p=0.0056). Values ranged from = 35.7 < 53.7%

for AIM V cultured cells compared to = 12.3 < 26.2% for cells cultured in R10. Due to this

result which was reproduced when the same cells were cultured using the same conditions

in a separate experiment (data not shown); | decided that all future long-term PBMC culture

would be performed using AIM V medium. The culturing of monocytes still had to be

performed with R10, as AIM V media contains streptomycin and gentamicin, which would

kill the mycobacteria used to infect the monocytes.
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Fig. 3-4 Effect of different culture media on cell viability.

Flow cytometry data showing that long-term culture of PBMC in AIM V medium maintains T cell (CD3+) viability
better than R10 medium. All data points are from a single buffy coat with tests carried out in triplicate. Bars
represent the median % of live CD3" cells as a proportion of total number of cells in a sample. PPD+ indicates
that PBMC were stimulated with 5ug/ml PPD, PPD- samples were cultured without any antigen. Data were
analysed by 2 tailed unpaired T test.

3.3.3 Effect of cytokines on antigen stimulation of PBMC

Although there was an improvement in cell viability of PBMC when AIM V was used
instead of R10, the number of live cells recovered from 7 day antigen stimulation was still
consistently low. This would frequently result in insufficient cells being available to perform
the co-culture step of the MGIA. The use of IL-2 and IL-7 is quite common practice during
cell culture of cryopreserved primary cells [160, 161]. IL-7 is implicated in CD4" memory T
cell survival and development [162, 163] and IL-2 has been shown to have both pro-
proliferative and anti-apoptotic effects on CD4" and CD8" T cells [164]. | therefore went on

to evaluate whether addition of these cytokines during antigen stimulation would increase
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cell viability. The concentrations and time points used for the IL-2 and IL-7 stimulations

had been previously optimised for use in cultured Elispot assays within our group; these

were 20U/ml IL-7 on day O, followed by 20U/ml of IL-7 and IL-2 on day 3 (Satti et a/

unpublished data).

PBMC taken from 3 BCG vaccinated volunteers were stained with CFSE and used to

assess antigen expansion of T cells cultured for 7 days with PPD, BCG or media rested in

parallel with/without IL-2 and IL-7. The addition of IL-2 and IL-7 resulted in an

approximately 10 fold increase in the number of live T cells recovered. This was significant

for media rested CD4", CD8" and y8" T cells (Fig. 3-5 graphs a, b and c respectively), and

PPD stimulated CD4" T cells (a), p values ranged from 0.04-0.006 as determined by 2

tailed paired T test. Although there was a trend for increased live cell counts for all cultures

where cytokines were present, the small number of volunteers meant that they were not

significantly different (p>0.05).

IL-2 and IL-7 also induced non antigen specific proliferation in all the T cell populations

studied; this can clearly be seen in the media only control cells (Fig. 3-5 graphs d-f) where

there are high percentages of proliferating T cells in the antigen free control cells. This

was an unexpected result as my hypothesis was that PBMC would undergo greater
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expansion if both antigen and cytokines were present. PBMC cultured with antigen but

without cytokines appeared to show slight expansion of CD4" CD8" and y5" T cells, but this

was only significant for y§* T cells stimulated with PPD (p=0.04) (f). Culturing without

cytokines resulted in a dramatic loss of cell viability, making flow cytometric analysis and

MGIA after 7 days antigen stimulation difficult to perform.

The question of whether to include IL-2 and IL-7 during antigen expansion was therefore

difficult to resolve. On the one hand the addition of these cytokines significantly improved

the viability of PBMC during 7 day culture with mycobacterial antigens, on the other, they

induced strong non-specific proliferation in all the T cells studied, making it very difficult to

determine the levels of expansion in response to antigen. | therefore decided to perform

the antigen stimulations both with and without IL-2 and IL-7 in parallel during the MGIA, so

that | could determine what effect, if any, they had on mycobacterial growth inhibition within

this assay.
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Fig. 3-5 IL-7 and IL-2 enhance T cell viability but also induce non antigen specific proliferation.

Graphs a-c show total number of live CD4*, CD8" and y3" T cells (respectively) present within a PBMC sample
after 7 days culture with BCG 4000 CFU/2x10° PBMC, (red circles), media only control (green squares) or PPD
5ug/ml (blue triangles) (n=3). PBMC were also cultured with/without IL-2 and IL-7 20U/ml (IL+ or IL- respectively).
Bars represent the median of 3 BCG vaccinated volunteers. * and = indicate that live cell counts were
significantly increased in cytokine cultured counterparts (p<0.05 and p<0.01 respectively) by 2 tailed paired T test.
Graphs d-f show numbers of proliferating CD4", CD8" and y8" T cells (respectively) as measured by CFSE
intensity dilution, + indicates significant proliferation of PPD stimulated y3" T cells as compared with media control.

3.3.4 Disaggregation of BCG

Mycobacteria are notoriously prone to aggregation due to their waxy cell wall which is
hydrophobic; this is a problem when it comes to enumerating the bacteria using CFU
counts; clumps of 100s of bacteria can be counted as a single colony on an agar plate.
Aggregation of bacteria is also undesirable for infection of phagocytes as it has the
potential to generate variability in the assay, as one phagocyte might take up 2 single

bacteria, whereas another might engulf a particle containing many more. There are many
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different methods available for disaggregation but for my studies the method would have to

be suitable for use at containment level 3 for studies using M. {b.

Tests using a water bath sonicator for 5 minutes on BCG Danish cultures resulted in

ineffective disaggregation of bacterial clumps as determined by colony morphology on 7H10

plates (personal observation); this method was therefore unsuitable for use with this stock of

BCG. One method of removing large bacterial aggregates is to leave the bacteria to

sediment for a short time before aspirating off the non sedimented bacteria. This method

was used to test both BCG Pasteur and BCG Danish to assess which of these strains

would be most suitable for use in the MGIA.

The colony morphology of my BCG Danish was still very rough, rose up from the surface

of the plate and colony size was quite variable, which was most likely due to large

numbers of bacteria starting a single colony. The BCG Pasteur on the other hand was a

lot more uniform in size and shape, which is indicative of a more homogenous suspension.

| therefore decided that BCG Pasteur would be used throughout the remainder of my

studies, and the sedimentation method would be used during the cultured MGIA.

3.3.5 Cultured MGIA results

3.3.5.1 Effect of BCG boost on mycobacterial growth inhibition in vitro
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Once the methods for antigen stimulation of PBMC and disaggregation of BCG Pasteur

stocks had been optimised, it was possible to evaluate whether | could achieve similar

cultured MGIA results to those already published [73]. The cultured MGIA had to

distinguish between the ability of PBMC taken recently after BCG vaccination, and those

taken before vaccination, to inhibit growth of BCG inside autologous monocytes /n vitro.

The levels of growth inhibition could then be correlated against the levels of proliferation of

CD4" CD8" and v3* T cells in response to mycobacterial antigen stimulation and other

immunological parameters such as Elispot responses.

Archived PBMC from one of the Jenner Institute’s clinical trials (NCT00654316) [159] were

utilised for the purpose of assessing the cultured MGIA with my optimisations. Volunteers,

who had historically been vaccinated with BCG, received a second BCG vaccination (Danish

SSI) (mean time between BCG vaccinations was 16 years). Cryopreserved PBMC from 7

volunteers taken 1 week prior to the BCG boost (W-1), and at weeks 4 and 24 post BCG

boost were assessed for their ability to inhibit mycobacterial growth inside autologous

monocytes /n vitro. PBMC were first stained with CFSE and cultured for 7 days with PPD

(tuberculin), BCG (Pasteur) or media alone to expand memory T cells prior to their co-

culture with BCG infected monocytes. Parallel cultures were set up to assess the effects of

IL-2 and IL-7 on antigen expansion whenever sufficient PBMC were available to do so.
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The primary readout for the MGIA is CFU counts, which are displayed in Fig. 3-6, graphs a

and b for PPD stimulated cultures with/without cytokines respectively and ¢ and d for BCG

stimulated cultures with/without cytokines respectively. The CFU counts were used to

calculate the percentage inhibition of antigen stimulated PBMC in relation to the media

controls (as done previously by Worku et al. 2002) according to the following calculation %

inhibition = 100 - (100 x (CFU antigen stimulated/CFU media rested)).

PBMC taken from volunteers 4 weeks post BCG boost and stimulated with PPD plus

cytokines or just BCG, were able to significantly inhibit mycobacterial growth in witro,

compared with PBMC taken prior to re-vaccination (p=0.0313 for PPD+ cytokine stimulation

and p=0.0469 for BCG stimulation respectively (Fig. 3-7 graphs a and d). However, PBMC

that were stimulated with PPD alone or with BCG plus cytokines did not show significant

growth inhibition at any time point post BCG boost (Fig. 3-7. graphs b and c).
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Fig. 3-6 Raw CFU counts for cultured MGIA
Graphs a and b show raw CFU data from PBMC stimulated with PPD (5ug/ml) and with/without cytokines (20U/ml)
Graphs ¢ and d show CFU data from PBMC cultured with whole BCG Pasteur (3x10%1x10°
PBMC) and with/without cytokines respectively. The bars represent the median CFU value.

respectively (n=6-7).
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Fig. 3-7 Mycobacterial growth inhibition induced by BCG boost in human volunteers.

Graphs a and b show % growth inhibition data from PBMC stimulated with PPD (5ug/ml) and with/without
cytokines (20U/ml) respectively (n=6-7). Graphs ¢ and d show % inhibition data from PBMC cultured with whole
BCG Pasteur (3x10*1x10° PBMC) and with/without cytokines respectively. The bars represent the median with
interquartile range. Data were tested by Wilcoxon matched pairs T test.

3.3.5.2 Proliferation of T cell subsets in response to antigen stimulation

The same PBMC that had been antigen expanded or media rested for use in the MGIA
were also assessed by flow cytometry. These cells had been stained with CFSE so that
dividing cells could be identified, and therefore, the percentage of proliferating T cells in

response to media only, PPD or BCG stimulation could be calculated for each T cell sub-
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type (Fig. 3-8a-c). Data showing the effect of IL-2 and IL-7 (cytokines) on T cell

proliferation are also provided (Fig. 3-8d-f).

In general there was a trend for greater proliferation of CD4" T cells in response to

stimulation with PPD than with whole BCG when cytokines were not added to cultures,

although this was not statistically significant (Fig. 3-8a). There was significant proliferation

of CD8" T cells in samples taken 24 weeks post BCG boost when BCG was used as the

stimulating antigen, which again, was only detected when cytokines were not added,

p=0.016 (Fig. 3-8b). In contrast, in comparisons at weeks 4 and 24 between antigen

stimulated and media rested PBMC, y6" T cells showed significant expansion due to PPD

and BCG (ps 0.032) (Fig. 3-8c). The week -1 data for these cells followed the same

pattern and magnitude as for week 4 and 24, but there were only 4 data points available

and so the antigen expansion is not significant. The BCG booster vaccination had no

effect on the median levels of proliferation of any of the T cell populations studied.

As | have shown previously in Fig. 3-5, the addition of cytokines during the culture period

resulted in unwanted non-specific proliferation of media rested cells (Fig. 3-8d-f). This

meant that determining the levels of proliferation in response to antigen was impossible

when IL-2 and IL-7 were used in cultures. When these cytokines were added to media

Page 123 of 281



rested PBMC there was often significantly greater numbers of proliferating CD4" and CD8" T
cells as compared to cultures where cytokines and PPD or BCG were present (p<0.032)
(Fig. 3-8d and e). This effect was absent in y5° T cells cultured with cytokines (Fig. 3-8f)
as the levels of proliferation in all conditions was close to 100%. The reason why | used
Mann Whitney t tests for the analysis of the PBMC cultured without cytokines, was that a
number of samples are missing due to insufficient numbers of cells available after the 7
day antigen stimulation. This meant that there was often not enough data to perform
Wilcoxon matched pairs t tests, whereas this was not a problem when PBMC were cultured

with cytokines.

The T cell proliferation and growth inhibition data from the MGIA were analysed for
correlations against each other (non-parametric, spearman rank, pairwise correlations) and
also against Elispot results obtained during the clinical trial from which the PBMC were
taken (data shown in appendix), however, there were no significant correlations in any of

the parameters tested.
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Fig. 3-8 Proliferation of T cells in response to mycobacterial antigens and cytokines.
Flow cytometry data from antigen stimulated PBMC used in MGIA (n=4-7). The graphs show % proliferation of
distinct T cell populations within a PBMC sample taken 1 week prior to BCG boost (week -1), 4 and 24 weeks
(% dividing = 100 x (number of defined T cells in dividing gate/ total number of defined T cell)).

after BCG boost.

PBMC were stimulated for 7 days with PPD 5ug/ml (red circles) BCG 6000 CFU/ 2 x 10° PBMC (Blue triangles)
or media rested (green squares). Bars represent the median % proliferation. Graphs a-c show data from PBMC
cultured without IL-2 and IL-7 with p-values determined by Mann Whitney t test. d-f show data for PBMC cultured

with IL-2 and IL-7, p-values determined by Wilcoxon matched pairs t test.
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3.4 Discussion

In 2002, D. Hoft et al described a cultured MGIA where PBMCs taken from adult
volunteers displayed enhanced ability to inhibit mycobacterial growth /n vitro after re-
vaccination with BCG [165]. This same study also assessed the ex vivo and whole blood
MGIAs in parallel so comparisons could be drawn between the effectiveness of all three
MGIAs against the same set of clinical trial samples. It is hoped that MGIAs might
eventually provide a surrogate of protection against TB. In this present study, the cultured
MGIA was used to assess cryopreserved PBMC from a clinical trial, where volunteers who
had historically received BCG vaccination were re-vaccinated, thus, the samples were

similar, although not identical to those used in the published cultured MGIA.

Mycobacterial growth inhibition was seen 4 weeks after BCG re-vaccination when PPD (with
cytokines) or whole BCG was used as a stimulant, which generally concurs with the
published data where mycobacterial growth inhibition was seen 8 and 24 weeks after BCG
re-vaccination in humans [165]. However, mycobacterial growth inhibition was not seen 24
weeks after BCG re-vaccination in the present study. There are a number of reasons why
this lack of growth inhibition could have occurred in these samples. One difference
between the samples used for this study and those of the published studies, was that

samples in this experiment had been cryopreserved; for assays such as Elispot and flow
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cytometry, responses of cryopreserved cells have been shown to highly correlate with those
of fresh cells [166, 167]. However, decreased cell viability has been correlated with
decreased levels of proliferation in mononuclear cells [168]. There is no evidence from
either the CFU counts (a measure of monocyte integrity) or the proliferation data to suggest
that cell viability was an issue with the week 24 samples, so it is unlikely that
cryopreservation accounts for the lack of mycobacterial growth inhibition at this time-point.
One other important difference between the samples used in this study and those used for
the published cultured MGIA, is the vaccine regime. Volunteers in the trial performed at
the Jenner Institute received a BCG re-vaccination after an average interval of 16 years
with 1 x10° CFU of BCG Danish; participants in the trial from which the published cultured
MGIA data are taken were given their BCG re-vaccination 6 months after the initial
vaccination and were immunized with 3x10° CFU of Connaught BCG. There were therefore
differences in the strain of BCG, the dose of BCG and the interval between BCG prime
and re-vaccination. A Meta-analysis of the strains used in human efficacy trials suggests
that the strain of BCG used does not have a significant impact upon protection [169], it is
therefore unlikely that differences in BCG strain account for the differences seen in

mycobacterial growth inhibition.
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The shorter interval between BCG re-vaccination and higher dose of BCG used for the

cultured MGIA could have a combined effect in producing greater T cell memory responses

due to antigen persistence. There is evidence that immunogenicity of BCG vaccination is

directly linked to dose and the number of viable mycobacteria [170]. However, the

evidence for greater protection in response to antigen persistence is not so straight forward.

Traditionally, immunological memory is thought to develop after antigen clearance in

response to contraction of the effector population [171]. The persistence of BCG after

vaccination is thought to prolong the effector phase and limit memory T cell development

[172]. In an early study, it was found that resolution of a primary M. tb infection by

isoniazid chemotherapy was necessary to generate CD4" memory T cells [173]. In contrast

research has also demonstrated that M. fb strains engineered to be less virulent but more

persistent in the host than BCG, offer increased protection from M. tb infection compared to

BCG [123]. In the case of BCG vaccination, for example, it is well documented that heat-

killed BCG, which does not persist in the host, provides significantly less protection than

viable BCG against a TB challenge [174, 175]. It is therefore difficult to conclude whether

greater antigen persistence could explain the differences in mycobacterial growth inhibition

seen in the two different studies. It is possible that further assessment of the memory cell

phenotypes present within the antigen stimulated cultures by multi-parameter flow cytometry,

would reveal the memory-specific responses induced by mycobacterial antigens. It should
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also be noted that although the cultured MGIA was shown to detect mycobacterial growth

inhibition 8 and 24 weeks after BCG re-vaccination, the ex-vivo and whole blood MGIAs

only detected growth inhibition 8 weeks after re-vaccination [165], which is in agreement

with my findings. The authors of the study also investigated lymphoproliferative responses,

IFN-y secretion and y8" T cell expansion at each time-point; between weeks 8 and 24 all

three of these parameters decreased over time. These findings suggest that mycobacterial

growth inhibition may only be detectable during a limited time period after vaccination,

which corresponds with peak effector functions of T cells.

Although it is widely accepted that Ty1 immune responses activate macrophages to Kill

internalised mycobacteria, at this stage, the exact mechanisms behind mycobacterial growth

inhibition /n vitro is unknown. Some work by Worku et a/ 2003. points towards physical

contact between PBMC and infected monocytes being essential to produce inhibition,

suggestive that soluble mediators such as IFN-y are not the main mechanism [73], this is in

agreement with the finding that the addition of recombinant IFN-y or TNF-a to M. tb infected

monocyte cultures produces very little reduction in bacterial numbers, whereas, addition of

PBMCs results in substantial decreases in CFU [153]. No significant correlations between

IFN-y secretion (ex vivo Elispot) and growth inhibition were seen during this study, which is

in agreement with the observation that although IFN-y is essential for mycobacterial
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immunity [176], it is not directly responsible for mycobacterial killing in vitro [177, 178].

However, ex-vivo Elispot is a measure of Tgy responses, whereas the cultured MGIA also

measures Tgy responses. This might account for the lack of correlation between

mycobacterial growth inhibition and ex-vivo Elispot results. It is possible that cultured

Elispot results would have been a more appropriate measure to correlate against

mycobacterial growth inhibition.

Mycobacterial growth inhibition has been show to positively correlate with proliferation of y&*

T cells in response to stimulation with mycobacterial antigens [73]. Data from other MGIAs

show that CD4" T cells are important for growth inhibition in mycobacteria sensitised

individuals [153, 154]. The results presented here show that CD4" and CD8" T cells did

not generally display significant levels of proliferation in response to PPD or BCG

stimulation whereas y8" T cells showed very significant proliferative responses. 5" T cells

can be activated in a MHC independent manner by non-peptidic antigens expressed by

BCG [179-181]. This could account for the rapid and extensive proliferation of these cells

in response to BCG/PPD. CD4" and CD8" T cells have to undergo MHC dependent

antigen presentation from APC with co-receptors (naive cells) in order to be activated and

avoid becoming anergic. The extensive proliferation of y8* T cells does not appear to be a

memory response induced by the BCG boost, as proliferation levels remained similar across
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pre and post boost time points. This is in contrast to the finding that BCG vaccination

induces y5° T cell memory responses, which correlate with mycobacterial growth inhibition

[73, 165]. The way in which y8" T cell expansion was calculated in these studies was to

assess total numbers of y8* T cells compared against CD4" and CD8" T cell numbers.

Whereas, the calculations in this present study were on the proportion of y5* T cells that

were proliferating compared with the total y8" T cell population. It is possible that

measuring the strength of proliferation in terms of the number of divisions may have

revealed memory responses of v3* T cells in response to BCG re-vaccination. It is also

possible that proliferation itself may not be the best measure of PBMC responses to

stimulation, as the T cell proliferation data from this study did not correlate with growth

inhibition. Investigation of activation markers and secreted immune mediators may be more

appropriate for determining the role of different cell types in MGIAs.

Cell viability of cryopreserved PBMC over the course of the cultured MGIA was very low;

the use of IL-7 and IL-2 as maintenance signals for long-term T cell culture is relatively

common [3]. IL-7 is implicated in CD4" memory T cell survival and development [4, 5];

these cells have been shown to be important in other MGIA [153, 154]. There is growing

evidence that apoptosis is a major cause of cell death in cryopreserved cells in humans

and animals [161, 182, 183] and it is hypothesised that apoptosis is induced when
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mitochondrial membranes are damaged during cryopreservation, the cause of which, has not
been identified; this damage may lead to perturbation of the membrane potential of the
mitochondria triggering the release of cytochrome c, caspase 3 and caspase 9 which induce
apoptosis [161].  Studies have shown that blocking apoptosis not only increases cell
viability, but also cell functionality [183]. The use of these cytokines had the desired effect
of improving cell viability. However, IL-2 and IL-7 induced non-specific proliferation,
therefore, antigen specific T cell proliferation could not be correlated against mycobacterial
inhibition, as previously published [2]. It was surprising that addition of IL-7 and IL-2
resulted in non-specific proliferation of T cells during culture, as other studies have shown
that naive T cells do not proliferate in response to these cytokines /n vifro when used at
similar concentrations to ones | used [161, 184]. This difference could have been caused
by the continued use of these cytokines throughout the culture period, instead of only using
them for 12h to recover the thawed cells prior to their culture [161]. Also, the study in
which these cytokines did not induce a proliferative effect on naive cells only assessed
CD4" T cells, all other PBMC had been depleted [184]; so there could have been a lack of
monocyte derived cytokines such as TNF-a and IL-12, that were possibly present in my
cultures, that influenced proliferation. It is noteworthy that the CD4" T cells had the
weakest proliferative responses to IL-2 and IL-7 in my cultures, which suggests that naive

CD4" T cells do not strongly proliferate whereas naive y5* and CD8" " cells do. Given
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these findings, the optimal use of IL-2 and IL-7 for improvement of PBMC viability, should

possibly be limited to the thawing process, and not throughout the culture period. Although,

the effect of a shorter incubation time with these cytokines would still need to be assessed

for nonspecific proliferation.  Another unexpected finding was that in cultures where

cytokines but no antigen was present, there appeared to be significantly greater proportions

of CD4" and CD8" cells proliferating than in cultures where both cytokines and antigen were

present. This effect cannot be explained by differential levels of cell death between antigen

stimulated and media rested cultures as dead cells were removed from the analysis as

were B cells and monocytes, although it is possible that cells undergoing apoptosis which

would be unresponsive to proliferation signals might not have been removed by gating on

dead cells. The addition of antigens could also have inhibited proliferation of some T cells

by the induction of anergy in response to suboptimal co-stimulation of naive CD4" and

CD8" T cells. Further multi-parametric flow cytometry with an apoptosis marker and

cytokine staining could have been performed to resolve this question.

For an assay to be successfully utilised as a surrogate of protection, it must be

reproducible and transferable between research institutes, particularly those in developing

countries where efficacy trials for TB vaccines are conducted. Although significant

mycobacterial growth inhibition in response to BCG re-vaccination was achieved during this
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study, the range of these data are not consistent with what has been previously reported
[73, 165]. These inconsistencies may have been due to the use of cryopreserved cells,
although fresh PBMC samples from BCG vaccinated volunteers were not available for a
direct comparison to be made. | believe the variability was caused by technical issues
with infection of the monocyte layers, as raw CFU values from BCG infected monocytes
differed greatly between volunteers even when no PBMC were added (monocyte only
controls) (data shown in appendix); which suggests that either the volunteers had highly
variable levels of innate growth inhibition in their monocytes, or the numbers of monocytes
isolated and the levels of BCG infection were not uniform across volunteers or the different
time-points. The cultured MGIA is the most technically challenging of all of the MGIAs and
as such, transferability of this assay is perhaps limited, so it is unlikely that this assay

would be suitable for use across multiple research institutes and in large scale clinical trials.

3.5 Chapter conclusions
e Culture of cryopreserved PBMC for 7 days with antigen results in extensive cell

death, which is possibly caused by caspase driven apoptosis
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Culture in AIM V media instead of R10 improved cell viability

Culture with IL-2 and IL-7 greatly enhanced cell viability but resulted in non-specific

proliferation of T cells

Strain of BCG used for vaccination/assay might be important and disaggregation is

problematic

BCG re-vaccination resulted in mycobacterial growth inhibition 4 weeks post boost

compared with before boost

T cell proliferation and ex-vivo Elispot results did not correlate with growth inhibition

Variability of growth inhibition values between volunteers was substantial, resulting in

reduced confidence in the results obtained
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4 Developing a novel total PBMC infection MGIA

4.1 Introduction

4.1.1 Why develop a novel whole PBMC infection MGIA?

Due to the variability of the data obtained from the cultured MGIA (chapter 3) and an
intrinsic problem with the suitability of this assay for use with samples where cell
abundance was low, | decided to explore the use of an alternative MGIA for the remainder
of my studies. As mentioned in section 1.7, a number of MGIAs have been published by
different groups over the last decade. Unfortunately, each MGIA had characteristics that
meant that they were not entirely suitable for use with cryopreserved human and NHP

PBMC samples, which were available to use.

Data from the ex vivo MGIA [153] was for fresh PBMC and the assay had not been used
to demonstrate BCG vaccine induced mycobacterial growth inhibition, therefore, | decided
against using this assay for my work. The whole blood (WB) and MGIT MGIAs [154, 155]
had only been demonstrated to be effective for fresh whole blood and not PBMC, so were
not directly applicable to my studies, which planned to use cryopreserved PBMC from both
NHP and human samples. The murine MGIA [156] was not suitable, as it required the use

of splenocytes and bone marrow derived macrophages neither of which are readily available
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from humans or NHP. Unfortunately, none of the published MGIA appeared to be suited

for use with cryopreserved PBMC; | therefore decided to use this opportunity to develop a

novel MGIA that would be simple to perform, require fewer cells and be suitable for a

range of different cell types.

4.1.2 The total PBMC infection MGIA

4.1.2.1 Infection of total PBMC with BCG

The most likely main causes of variability that | witnessed with the cultured MGIA, were the

cell viability of antigen expanded T cells and differences in the quality of the monocyte

layers infected with BCG. The WB and MGIT MGIAs [154, 155] do not involve the

separation and infection of monocyte layers with BCG, instead, mycobacteria are added to

WB cultures at a low dose and are left to incubate for 96h. These assays therefore do not

suffer from monocyte layer variability, so | decided to use this infection strategy in my novel

MGIA. | also adopted a 96h incubation period, as this duration was also used for the WB

and MGIT MGIA.

One of the problems with this infection strategy is that it is not known whether the bacteria

are phagocytosed or are living extracellularly within cultures. It is therefore impossible to

ascertain whether growth inhibition is caused by macrophage activation, or some other cell

population, mechanism or artefact in the blood. The novel MGIA would be performed on
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PBMC; | could therefore infect the PBMC (all mononuclear cells including monocytes), and

then wash away non-phagocytosed mycobacteria after 4h by pelleting the PBMC and

removing the supernatant. The aim was that by removing extracellular bacteria, | would

enhance the sensitivity of the assay and ensure that any perceived mycobacterial growth

inhibition was due to intracellular killing of the bacteria.

4.1.2.2 Total PBMC infection MGIA overview

Mycobacteria were used to infect total PBMCs for 4 hours, after which, PBMC were

pelleted using a duration and speed that would not pellet free mycobacteria and the

supernatant was discarded. PBMC were washed 3 times in this manner to remove non-cell

associated bacteria before being split into 6 equal samples. Three of 6 of these samples

were immediately harvested (TO) by prolonged centrifugation at high speed to pellet all

PBMC and any extracellular mycobacteria. Pellets were lysed and the CFU determined by

plating out serial dilutions on 7H10 agar. The remaining 3 samples were cultured for 96h

before harvesting (T96) and plating out for CFU.

CFU counts were used to calculate the growth ratio (GR= CFU T96/CFU T0). As the T96

CFU counts are compared against matched TO values, any variability in the infection level

between individuals is normalised. | hypothesised that PBMC taken from BCG vaccinated

humans/animals, would result in lower GR values than those achieved by naive PBMC.
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4.2 Aims of this chapter

The aims of the experiments detailed in this chapter were as follows;

Perform preliminary tests to assess suitability of total PBMC infection method

e Optimise methods for the total PBMC infection MGIA

e Assess variability of this assay

e Assess the ability of this assay to differentiate between naive PBMC and those

taken post BCG vaccination
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4.3 Results

4.3.1 Total PBMC infection method

As this assay had not been performed before, | wanted to determine if infection of total
PBMC with BCG, followed by washing, resulted in recovery of sufficient numbers of bacteria
from the cultures as well as the removal of non-phagocytosed BCG. The first assessment
was performed using cryopreserved PBMC taken from 6 healthy volunteers. Samples were
processed as outlined in Error!l Reference source not found., but in an attempt to
determine the phenotypic cell association of the BCG left behind after washing; | stained
the BCG with CFSE and took a proportion of the infected PBMC at TO and T96 for flow

cytometric analysis.

4.3.1.1 Growth kinetics of BCG Pasteur in PBMC culture

As the name implies, a MGIA should be a measure of mycobacterial growth inhibition,
therefore, there had to be some bacterial growth over the course of the 96h culture period
for this assay to be effective. Mycobacterial growth was observed in all 6 of the volunteers
with fairly similar kinetics (Fig. 4-1), as determined by CFU counts obtained at TO and at
T96 (mean CFU 8.1x10* and 1.7x10° respectively). Between volunteers, there was
considerable variability in the TO CFU counts even though all of the samples were infected

with the same inoculum; some cultures had more than twice that of others.
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Fig. 4-1 BCG Pasteur growth in total PBMC infection MGIA.

Data shown are CFU/tube counts taken from PBMC cultures infected with BCG at a MOI of 3:1 BCG per
monocyte (10% total PBMC), and washed after 4h. Data points represent the median CFU from triplicate cultures
for each individual. TO and T96 indicate that cultures were harvested immediately following washing or after 96h

of cell culture respectively.

4.3.1.2 BCG retention after washing

The effectiveness of the BCG infection method can be expressed as the percentage of
BCG remaining after infection as compared to the starting inoculum and is calculated as %
retention = 100 x (CFU TO0/ CFU inoculum). For this experiment the starting inoculum was

6x10° for all samples, and BCG retention rates ranged from 8.2 - 21.7% (Table 4-1).
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Volunteer CFU ToO CFU inoculum % BCG retention
1 49333 6x10° 8.2
2 55000 6x10° 9.2
3 71666 6x10° 11.9
4 80000 6x10° 13.3
5 130000 6x10° 21.7
6 101666 Ex10° 16.9

Table 4-1 % BCG retained after PBMC infection.

PBMC from 6 healthy volunteers were infected at a MOI of 3:1 BCG per monocyte (10% total PBMC), and
washed x3 after 4h. CFU counts taken immediately after washing (TO) were used to calculate the % BCG
retention = 100 x (CFU TO/ CFU inoculum).

4.3.1.3 Localisation of BCG in PBMC

BCG infected PBMC from 3 volunteers were also assessed by flow cytometry (Fig. 4-2) to
determine whether mycobacteria were co-localised with monocytes (CD14"), which were the
primary target cells. BCG was stained with CFSE prior to infection of PBMC; median
fluorescent intensity (MFI) of CFSE could then be used as an indicator of BCG localisation
to CD14" or CD14 cells; the higher the MFI the more bacteria were localised to a cell
population. Data from the 3 volunteers showed that the MFI of CFSE was significantly
higher in CD14" cells as compared to CD14 cells at TO and approaching significance at
T96 (p=0.003 and p=0.09 respectively) (Fig. 4-3). This finding indicates that there is a
preferential localisation of the CFSE stained BCG towards CD14" cells, and this localisation

was maintained throughout the 96h culture period.
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Fig. 4-2 Gating tree for BCG localisation.

Lymphocytes were selected for by side and forward scatter before selection of single cells. Dead cells were
removed before gates were applied to CD14* (monocytes) and CD14" (all other lymphocytes). CD4* and CD8"
cells were removed from the CD14" gate and the MFI for CFSE (FITC channel) was determined.
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Fig. 4-3 MFI of CFSE in CD14* and CD14° PBMC.

BCG stained with CFSE was used to infect PBMC from 3 healthy volunteers at a MOI of 3:1 BCG per monocyte
(10% total PBMC), followed by washing after 4h. TO and T96 indicate that cultures were harvested immediately
following washing or after 96h of cell culture respectively. Bars represent the median MFI of CFSE for CD14" and
CD14" cells (red and green bars respectively). Data were analysed by 2 tailed paired T test.

4.3.2 Removal of BCG aggregates

In order to infect mammalian cells with BCG, the mycobacterial growth media had to be
removed before reconstitution of the bacteria in R10 media. When previously performing
the cultured MGIA, | had noticed that re-suspension of BCG Pasteur stocks in R10 media
resulted in the formation of a “precipitate like” substance. The substance was clearly visible
both under the light microscope (Fig. 4-4) and even by the naked eye. This had also been
a problem when performing the cultured MGIA, but the majority of the substance was
usually removed during the washing of the BCG infected monocyte layers. However, it was

a significant problem when performing the total PBMC MGIA, as the washing method
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involved centrifugation; this resulted in the substance being pelleted along with the PBMC.

As | did not know what the substance was, | was unsure what effect it might have on the

MGIA, therefore | decided to investigate what it was, and how best to remove it.

Fig. 4-4 The “precipitate like” substance.
Photograph of the substance formed when BCG Pasteur was reconstituted in R10 media (20x magnification) using
a light microscope.
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4.3.2.1 Identification of the ‘precipitate like” substance

Although | did not know what the substance was, | hypothesised that it was large

aggregates of BCG. To test this theory, | removed the 7H9 media from 1 vial of BCG and

re-suspended the pelleted bacteria in 1 ml of R10 media. Immediately, the precipitate like

substance was formed. | gently pelleted the substance in a microfuge (1000 rpm for 30s)

and removed the supernatant (containing non aggregated BCG). | suspended the pellet in

a small amount of PBS and heat fixed it to a microscope slide for acid fast staining.

The stain revealed that the substance contained BCG that had formed very large

aggregates (Fig. 4-5). This had great implications not only for the infection method in the

novel MGIA but also for the cultured MGIA as well; these aggregates contain vast

quantities of BCG, if just one is present in the PBMC culture then it could drastically alter

the CFU count and thus completely alter the perceived level of mycobacterial growth

inhibition.
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Fig. 4-5 BCG aggregates upon reconstitution in R10 media.
Photograph taken at 100x magnification (oil immersion) using a light microscope showing acid fast bacilli present in
a large aggregate as well as individual acid fast bacteria.

4.3.2.2 Testing 5um filters fto remove mycobacterial aggregates

The general consensus for performing mycobacterial infection of mammalian cells /n vitro, is

that mycobacteria are disaggregated before being reconstituted in mammalian cell culture

medium [73, 153, 156, 185]. As | have shown, this does not prevent aggregation of the

bacteria once they are reconstituted in cell culture media. | assessed the feasibility of

using 5um syringe filters to remove these aggregates after reconstitution of the bacteria in
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R10 media. Briefly, the results were that after filtering there were no large aggregates of
BCG visible in the R10 media under the microscope and although there was a reduced
number of bacteria remaining after the filtering, there was still enough to perform the
infections; this filtering method therefore replaced the sedimentation procedure used

throughout the cultured MGIA experiments detailed in section 3.3.5.

4.3.3 Assessment of total PBMC infection MGIA using NHP PBMC

From the results detailed in section 4.3.1, | was confident that the total PBMC infection
method delivered a suitable dose of BCG that was preferentially associated with CD14"
cells. The level of mycobacterial growth during the 96h culture was also encouraging as it
was in a similar range to the published data for the whole blood and MGIT MGIAs [154,
155]. The next step was to assess the ability of this assay to discriminate between
mycobacterial growth in PBMC taken pre and post BCG vaccination. Cryopreserved PBMC

samples from NHP were utilised for this purpose.

4.3.3.1 Cynomolgus macaques given different vaccine regimes

Six cynomolgus macaques were vaccinated with clinical grade BCG using the same dose
and route as is used for humans (100ul of SSI BCG reconstituted in 1Tml Sauton’s media
via intradermal (i.d) injection). Two of these animals also received a mucosal BCG boost 5
weeks after the initial BCG prime using an endotracheal catheter (-1x10° CFU), while 2

different animals received an unknown experimental protein/adjuvant TB vaccine at weeks
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23 and 26 after BCG prime. PBMC isolated before, and at least 12 weeks after BCG
prime (includes samples after BCG/protein boosts) were used in the novel MGIA. Lower

GR values are indicative of mycobacterial growth inhibition.

Log transformed GR values are displayed for all animals as pre and post vaccination only,
as there were only 2 animals in each vaccination group (Fig. 4-6). There was no
significant difference between pre and post vaccination GR values (mean log transformed
GR values 0.45, and 0.40 respectively) although 4 out of 6 animals did have lower GR
values following vaccination. PBMC taken from the 2 animals that received a mucosal
BCG boost (blue data points) did not have lower GR values than animals that received only
1 BCG vaccination (red data points); both animals that received the protein/adjuvant boosts
(purple data points) appeared to show enhanced mycobacterial growth inhibition after

vaccination.
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Fig. 4-6 GR values for vaccinated NHP using different regimes.

Graph shows log transformed GR data from 6 cynomolgus macaques before and after vaccination with clinical
grade SSI BCG (100ul i.d) (red data points). 2/6 animals also received a mucosal BCG boost after 5 weeks
(1x10® CFU) (blue data points) and 2/6 received 2 doses of an unknown subunit vaccine at weeks 23 and 26
post BCG prime (GSK) (purple data points). Post vaccination samples were obtained 12, 13 and 30 weeks after
the initial BCG vaccination for animals given single BCG, BCG mucosal boost and subunit vaccine boost
respectively. GR= CFU T96/CFU TO.

4.3.3.2 Cynomolgus macaques given just BCG

Initial assessment of the total PBMC infection MGIA in NHP was complicated by the fact

that there were 3 different vaccine regimens for only 6 animals, with varying intervals

between vaccinations and PBMC isolations. The following experiment was performed using

cryopreserved PBMC from 10 cynomolgus macaques, taken before and after (16 week

interval) a single i.d BCG vaccination (100ul of SSI BCG reconstituted in 1ml Sauton’s

media). A new stock of BCG Pasteur was used for the PBMC infections, as the one used

for experiments detailed in sections 4.3.1.1 and 4.3.3.1 had ran out. The stock was

prepared in exactly the same way as the previous batch and was derived from the same

seed stock.

There was no significant difference between the GR values obtained before and after BCG

vaccination (Fig. 4-7). Some of the animals had higher GR values after vaccination,

whereas others had lower values. In general, all of the GR values were lower than | had

obtained in previous experiments, with mean log transformed GR values of 0.04 and 0.09

for pre and post BCG samples respectively; these values indicate that there was very little
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mycobacterial growth during the 96h culture period. This lack of growth was most likely
caused by the change in the stock of BCG used for the assay, as all other equipment and

conditions were the same as used previously.
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Fig. 4-7 GR values for BCG vaccinated NHP.
Graph shows log transformed GR data from 10 cynomolgus macaques pre and post vaccination with clinical grade
SSI BCG (100ul i.d). Bars represent the median with inter quartile range. GR= CFU T96/CFU TO.

4.3.4 Increasing GR values by using starter cultures

One of the methods by which | tried to improve the growth rate of the mycobacteria was to
infect PBMC with bacteria from a 72h starter culture. Frozen stocks of mycobacteria have
a lag period before they regain full metabolism; this can be seen when comparing growth
rates of mycobacteria in liquid or solid cultures from fresh and frozen stocks. The doubling

time of BCG/M. tb is approximately 20 hours so over the course of 96h a maximum of 5
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divisions is possible, which will be less if there is a significant lag period. | hypothesised
that by using bacteria from 72h cultures | eliminate the lag period in bacterial growth and

achieve greater GR values.

The experiment was performed using cryopreserved PBMC from volunteers and naive NHP
using mycobacteria from a starter culture or cryopreserved stocks from a -80°C freezer.
The mean log transformed GR value for cultures infected with BCG from cryopreserved
stocks was -0.75 compared with -0.08 when the BCG was taken from a 72h starter culture
p=0.06 (Fig. 4-8) This result was close to being significant but the GR values were still
very low suggesting there was very little growth, and in most cases, a reduction in the
number of bacteria over the 96h culture period was observed. This result pointed towards

increased survival of BCG when taken from starter cultures, but no improvement in growth.
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Fig. 4-8 Starter cultures improve survival of BCG in total PBMC infection MGIA.

Graph showing log transformed GR values for 4 volunteers (red data points) and 2 NHP (blue data points).
PBMC were infected with BCG from cryopreserved stocks (frozen) or from 72h starter cultures (culture) P=0.06
Wilcoxon matched-pairs t test. GR= CFU T96/CFU.

4.3.5 Effect of shaking in whole blood and PBMC cultures

All previous experiments using the total PBMC infection MGIA had been performed using
cryopreserved PBMC in 5ml polystyrene tubes that were stationary during a 96h culture
period. The whole blood (WB) and MGIT MGIAs [154, 155] in contrast both use WB with
mixing of the cultures throughout the culture period. | decided to test whether gentle
shaking (orbital swirling in 24 well plates) of the cultures would improve mycobacterial
growth during the novel MGIA, whilst also assessing the differences in growth ratios
between WB, fresh PBMC and cryopreserved PBMC from 4 naive rhesus macaques. The
PBMC samples were infected and washed as normal, but this could not be done for the
WB samples as | wanted to maintain all of the different components of the blood. |
therefore infected WB cultures (diluted 1:1 with R10) with an intended dose of 1x10°

CFU/ml and did not perform any washes.

As the BCG Pasteur stocks that | had made were not growing well, | also decided to
evaluate the H37Rv strain of M. tb as the infecting organism instead of BCG. My
hypothesis was that as H37Rv is a pathogenic strain of M. tb, it would display superior
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intracellular growth, which would result in greater GR values, thus making the assay a more

stringent test of growth inhibition; and ultimately perhaps, more indicative of /n vivo

protection. As | had achieved higher GR values by using bacteria from starter cultures

(4.3.4) the H37Rv used for the infections was prepared in a 72h starter culture. CFU

counts were determined for all of the cultures on day 0, day 4 and day 7 after infection

(DO, D4 and D7 respectively). The fresh samples were processed in 2 batches, animals

D41 and D74 were processed together as were animals C87 and X21, whereas the frozen

PBMC samples were all processed together. Flow cytometry was performed on the frozen

PBMC cultures to assess whether shaking had any effect on the functionality of T cells.

4.3.5.1 Effect of shaking on Growth kinetics of H37Rv

As shown in Fig. 4-9a and b, the CFU counts from the stationary WB cultures were very

similar to their shaken counterparts during the first 4 days of culture, although the shaking

did appear to improve mycobacterial growth between day 4 and day 7 of culture in all 4

animals. CFU data for the fresh PBMC cultures are displayed in Fig. 4-9c and d and show

very high levels of mycobacterial growth between day 0 and day 4 in the stationary

cultures, but unfortunately, the shaken cultures yielded very little CFU counts, so many of

the data points are missing. However, there are data for both stationary and shaken

cultures for the cryopreserved PBMC which are displayed in Fig. 4-9e and f which show

that there is possibly a slight increase in mycobacterial growth when cultures are shaken
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but the CFU counts were very similar to the stationary cultures. From these data it would

appear that mycobacteria are able to grow equally as well in PBMC as they are in WB, if

not better; and although the levels of growth were not as great in the cryopreserved PBMC

as they were in the fresh samples, there was still good growth for 3 out of the 4 animals

in the stationary and shaking cultures.

As can be seen in Fig. 4-9a-d, there was a large degree of variation in the day 0 CFU

counts between animals in the fresh samples, which could have been caused by the fact

that they were processed in 2 different batches and so were infected with H37Rv from 2

different starter cultures. However, this was still a problem in the frozen PBMC where all

of the samples were processed together in a single batch, so the starter culture could not

be the cause of variability in those samples.
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Fig. 4-9 Effect of shaking on growth of H37Rv in WB, fresh PBMC and frozen PBMC cultures.

Graphs showing CFU data for 4 naive rhesus macaques D41, D74, C87 and X21 (green, red, blue and violet data
sets respectively). CFU counts were measured on day 0, day 4 and day 7 after infection with H37Rv (DO, D4 and
D7 respectively). (a) whole blood culture without shaking, (b) whole blood culture with shaking, (c) PBMC culture
without shaking, (d) PBMC culture with shaking, (e) cryopreserved PBMC without shaking, (f) Cryopreserved PBMC
with shaking.
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4.3.5.2 \Variability of GR values in individual animals

Variability in CFU counts at day 0 could potentially have a profound effect on the GR

values for these animals as seen in Fig. 4-10. Animals with the highest GR values in the

fresh PBMC cultures generally had lower GR values in the frozen PBMC cultures and vice

versa. This disparity in mycobacterial growth inhibition of fresh and frozen PBMC taken

from the same animal could be due to the effects of cryopreservation, however | believe it

is due to the variation in the day 0 CFU counts as by day 4 and day 7 the CFU counts

are similar for each animal across the fresh and frozen assays (Fig. 4-9c and e). Some of

the GR values appear to be implausibly high considering the doubling time for M. b is

approximately 20h, so the maximum GR value should be around 25. Clearly the CFU

estimation must be inaccurate for some of these samples, although it is impossible to tell

whether the day 0 CFU counts are too low, the day 4 and 7 are too high, or a

combination of both.
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Fig. 4-10 Variability in GR values between fresh and frozen PBMC.

Graphs showing log transformed GR data for 4 naive rhesus macaques D41, D74, C87 and X21 (green, red, blue
and violet data sets respectively). GR values were calculated at day 4 and day 7 after infection with H37Rv (D4
and D7 respectively) in fresh and frozen PBMC without any shaking. GR = CFU D4 or D7/CFU DO. Bars
represent the mean log transformed GR value.

4.3.5.3 Shaking has no effect on T cell viability

In order for the total PBMC MGIA to be effective, there needed to be a careful balance

between ensuring mycobacteria could grow, whilst maintaining PBMC viability within cultures.

| needed to establish whether the shaking of PBMC would result in increased cell death, so

| performed multifunctional flow cytometry on the cryopreserved PBMC taken from the

MGIA.

Gentle shaking of the cultures did not affect the viability of T cells as seen in Fig. 4-11.

Graph (a) shows the percentage of live T cells as compared to total lymphocytes from

stationary cultures and (b) shows the same data for shaken cultures which are almost
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identical for all animals. T cell viability was maintained very well between day 0 and day 4
for stationary and shaken cultures (mean DO = 44.93, mean D4 = 43.43 and 44.70
respectively). T cell viability waned by day 7 of culture in both still and shaken cultures

(mean = 34.73 and 37.30 respectively) although this was not significantly lower than the

day 0 values.
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Fig. 4-11 Shaking does not affect T cell viability.

Graphs show flow cytometry data for 4 naive rhesus macaques D41, D74, C87 and X21 (green, red, blue and
violet data sets respectively). Cryopreserved PBMC used in the novel MGIA were sampled at the point of harvest
on day 0 (same for stationary and shaken cultures), 4 or 7 (DO, D4 and D7 respectively). Bars represent the

mean with SEM. (a) samples from stationary cultures, (b) samples from shaken (orbital) cultures.

4.3.5.4 Shaking does not alter functionality of T cells

As well as the cell viability analysis detailed in the previous section, T cells were also
assessed for their ability to express IFN-y, TNF-a and IL-2 in response to culture with
H37Rv using flow cytometry. Spice plots displaying data in pie charts and bar charts are
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shown in Fig. 4-12; (a) shows data from CD4" T cells; there were no significant differences

between the shaking and stationary cultures for any of the cytokines on day 4 or 7. Data

for CD8" T cells are shown in (b); again there were no significant differences between the

shaking and stationary cultures. The third sub set of T cells studied, were considered to

be a mixture of NK and y8° T cells (CD3", CD4 and CDS8), data for these cells are

displayed in (c). These were the most responsive cells by far, especially on day O

(overnight stimulation due to brefeldin treatment), where greater than 60% were triple

positive.  Again there were no significant differences in cytokine expression between

stationary and shaking cultures.

Most of the samples contained very low numbers of responding cells and there was quite a

lot of variation between animals with animal D41 hardly responding at all in any T cell type,

these factors could explain why there were no significant differences between the shaking

and stationary cultures.
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Fig. 4-12 Shaking does not alter functionality of T cells.

Spice plots show flow cytometry data for 4 naive rhesus macaques D41, D74, C87 and X21. Cryopreserved PBMC
used in the novel MGIA were sampled at the point of harvest on day 0 (same for still and shaken cultures), 4 or
7 (DO, D4 and D7 respectively). Pie charts display the mean percentage of triple positive (red) double positive
(blue) or single positive (green) cells for all animals. Bars represent the mean percentage of cytokine positive cells
with points representing each animal, for day 0 (red), Day 4 shaking (green), day 4 still (orange), day 7 shaking
(purple) and day 7 still (yellow). (a) data for CD4" T cells, (b) data for CD8" T cells and (c) NK and y8* T cells.

4.3.6 Assessing the level of variability of the total PBMC infection MGIA

As seen in section 4.3.5.2 there appeared to be considerable variation between the GR
values for fresh and cryopreserved PBMC taken from the same animal. | wanted to assess
whether this variability was caused by cryopreservation of PBMC or if it was due to the
total PBMC infection MGIA being performed on different days. Cryopreserved PBMC taken
from 4 naive rhesus macaques were used to perform the MGIA 3 times on the same
samples on different days. PBMC were harvested on day 0, 4, 5, 6 and 7 to assess the

levels of variability in GR values at these different time-points.

The GR values (Fig. 4-13) were generally quite low with the exception of Assay 2, some
data points for assay 1 are missing due to a lack of recovery of CFU counts for some
time-points (c and d). Even though all of the samples had been treated the same across
the 3 different assays the levels of variability were substantial for all 4 animals (graphs a-

d). Mean coefficient of variance values for all 4 animals were 121, 83, 49 and 89% across
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the 3 assays for days 4, 5 6 and 7 respectively. So clearly there was a significant

amount of variation when performing the MGIA on different days.
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Fig. 4-13 Day to day variability of total PBMC MGIA.

Graphs show log transformed GR data for cryopreserved PBMC taken from 4 naive rhesus macaques L3, L22,
D76 and C16 (a-d respectively). The MGIA was performed 3 times on separate days (blue, red and green data
points). Cells were harvested for CFU counts at day 0, 4, 5, 6 and 7. GR = CFU day (4-7)/CFU day 0.
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4.3.7 Does washing really help?

The total PBMC infection MGIA contained a washing step to remove non-phagocytosed
mycobacteria with the rationale that this would improve sensitivity. However it was possible
that the washing procedure was not effective and was a contributory cause to the variation
in the infection process. | decided to determine the levels of mycobacteria that were
present in adherent cells (monocytes) and non-adherent cells after infection and washing of
PBMC. Cryopreserved PBMC from 3 volunteers were rested overnight with benzonase and
25U/ml of IL-2 to improve cell viability then infected with BCG, due to logistical reasons
H37Rv was not used. Following infection and washing (4.1.2.2) PBMC were incubated in
24 well plates. TO cultures were incubated for 2 hours to allow adhesion of monocytes,
before non-adherent cells were gently washed off with warm R10 and directly plated out for
CFU counts. Adherent cells were lysed before also being plated out for CFU counts; T96

cultures were also processed in this manner.

CFU data are displayed in Fig. 4-14 showing that following the washing step of the MGIA,
there was a mean CFU count of 2.3x10%ml at TO for the adherent cells (graph a) and
2.2x10%ml in the non-adherent cells (graph b). Over the course of the 96h culture there
was a decrease in the numbers of bacteria recovered from the adherent cells with a mean

CFU count of 2.3x10%ml, but the numbers present in the non-adherent fraction remained
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fairly constant with a mean CFU count of 2.5x10*ml. The washing step therefore did not
remove all non-phagocytosed BCG and around half the bacteria present within cultures did
not appear to be associated with adherent cells. So | decided that in future, | would infect
cultures using a low inoculum of mycobacteria and not perform any washing steps, in an

attempt to reduce variability caused by washing.
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Fig. 4-14 Effectiveness of washing step in the total PBMC infection MGIA.
Graphs showing CFU counts for (a) adhered monocytes and (b) non-adhered PBMC taken from 3 volunteers (red,
green and blue data sets). Cultures were harvested after 2h (TO) and 96h (T96).

4.3.8 Assessment of mouse splenocytes

After | had performed optimisations of the total PBMC infection MGIA, | went on to assess
whether it could differentiate between mycobacterially naive and BCG vaccinated individuals.
For this experiment, splenocytes from 8 naive and 8 BCG vaccinated C57BL/6 mice were

used to perform the MGIA all on the same day. The rationale behind using mouse
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splenocytes to assess the novel MGIA was that BCG is known to confer reliable and
consistent protection against M. b challenge in mice. The aim of my project was to
establish an /in vitro assay that measures this protection against M. tb. Samples from BCG
vaccinated humans and NHP were limited, so | reasoned that evaluating the assay in BCG

vaccinated vs. naive mice was the best way forward.

Mice were vaccinated sub cutaneously with 1x10° CFU BCG Pasteur with an interval of 16
weeks before the MGIA was performed. The infecting organism used for the MGIA was M.
tb H37Rv and | did not perform the washing procedure, instead | inoculated the splenocytes

with a low dose of bacteria (approximate MOI of 1:200 bacteria/splenocyte).

The levels of infection at TO were very similar across all animals, and bacterial growth was
seen in all samples over the 96h culture period (Fig. 4-15a and b). There was no
significant difference in the growth ratios between the naive and BCG vaccinated mice
(graph c) Mean log transformed GR= 0.359 and 0.369 for naive and BCG vaccinated mice
respectively. The BCG vaccination was shown to be effective in group matched mice
vaccinated at the same time as those used for my studies; these mice were challenged
with M. b and were shown to be protected as compared with naive mice Poyntz ef

alunpublished work.
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Fig. 4-15 Mouse splenocytes in total PBMC infection MGIA.

Splenocytes taken from naive and BCG vaccinated C57BL/6 mice were used to perform the novel MGIA.
Vaccinated mice received 1x10° CFU BCG Pasteur sub cutaneously with a 16 week interval before being used for
the MGIA. (a) CFU data for Naive mice at time 0 (TO) and time 96h (T96), (b) CFU data for BCG vaccinated
mice at TO and T96 and (c) log transformed GR data for naive and BCG vaccinated animals. Bars represent the
median with inter quartile range. GR= CFU T96/CFU TO.
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4.4 Discussion

Many assays where monocytes are infected with bacteria involve the isolation of monocytes
by adhesion [40, 73, 153, 156, 157, 185]. In the previous chapter, the problems of using
cryopreserved PBMC for isolation of monocyte layers and the extremely high levels of
variability were discussed. The total PBMC infection MGIA was designed to eliminate the
variability in monocyte layer quality with a total PBMC infection strategy. This assay was
optimised for use with cryopreserved PBMCs and was assessed for the ability to

discriminate between naive and BCG vaccinated PBMC/splenocyte samples.

Washing PBMC to remove non-phagocytosed BCG was ineffective and introduced variability
rather than increasing sensitivity. The cultured, murine, cattle and ex-vivo MGIAs all utilised
washing steps to remove extracellular mycobacteria to improve sensitivity [73, 153, 156,
185]. However, these assays all involved the infection of adherent monocyte layers, so any
mycobacteria that were attached to the surface of the monocytes would most likely be
phagocytosed throughout the period of culture and would therefore be susceptible to
intracellular killing and growth inhibition; this may not have been the case for the total
PBMC infection MGIA as mycobacteria that were attached to non-phagocytic cells may not
become internalised. Although | had shown that BCG was preferentially associated with

CD14" cells after infection of total PBMC samples; the pelleting of PBMC during wash steps
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may have aided the attachment of extracellular mycobacteria to cells other than monocytes,

making removal of non-phagocytosed bacteria more difficult; this, combined with the act of

filtering mycobacteria to remove aggregates resulted in levels of inter and intra assay

variability that were much greater than what has been reported for other MGIAs [73, 153-

156, 185]. Amikacin is an antibiotic that has been shown to kill extracellular mycobacteria

whilst leaving internalised bacteria intact [186]. It is possible that removal of extracellular

mycobacteria would have been much more effective had this method been used during my

studies and thus, assay variability may have been reduced to a more acceptable level and

sensitivity to detect mycobacterial growth inhibition would have been enhanced.

In an MGIA study performed using whole blood from BCG vaccinated neonates (whole

blood MGIA), control samples were taken from adults at the beginning and end of the study

which showed no change in the levels of growth inhibition over time [154], whereas the

total PBMC infection MGIA was highly variable when identical samples were processed on

different days. |Intra assay variability is generally quite high in all of the MGIAs that have

been reported; this is especially true when human samples are used as opposed to those

from inbred animal species. When the washing step was removed from the total PBMC

infection MGIA, levels of inter and intra assay variability were greatly reduced, although the
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use of inbred mice for these experiments will also have contributed to this decrease in

variability.

Although the total PBMC infection MGIA was optimised to the point where inter and intra

assay variability were within the limits of similar published MGIAs [154, 155] it was still

unable to discriminate between naive and BCG vaccinated samples. This finding is in

disagreement with murine MGIA studies performed in the same species of mouse with the

same vaccination regime [156, 157], which suggests that the total PBMC infection assay

was in some way flawed. The effectiveness of the BCG vaccinations was assessed

separately in vivo by M. tb challenge of experimentally matched mice, so failure of the BCG

immunisations to protect these mice can be ruled out as the reason for the assay’s failure.

It is possible that further study of the functionality/phenotypes of the mouse splenocytes that

were utilised for this experiment may have vyielded data that could then have been

correlated against the GR values for each animal, this may have shown that animals with

low or high GR values also have low or high ELIspot/ICS responses respectively; had this

been the case then it could be concluded that the total PBMC infection MGIA may be a

measure of immunogenicity as opposed to a correlate of protection. As previously

mentioned in section 1.7.5, the murine MGIA is technically very similar to the cultured

MGIA, but uses bone marrow as a source of monocytes and does not involve antigen
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expansion of memory cells. The use of bone marrow derived macrophages is not feasible

during clinical trials and NHP studies and due to the similarity of this type of MGIA with the

cultured assay previously described in chapter 3, this assay was deemed to be unsuitable

for use during this study.

The total PBMC infection MGIA most closely resembles the WB and MGIT MGIAs [154,

155] (WB is directly inoculated with BCG) except for the techniques used for enumeration

of mycobacteria and mixing of co-cultures. The mixing of co-cultures may be required for

ensuring that mycobacteria are effectively phagocytosed and that memory T cells come into

contact with their cognate antigens in these types of MGIA. Growth inhibition was not

affected by gentle orbital shaking during my studies, however, a more vigorous mixing

technique such as those used in the whole blood [154] (rocking in bijous) or the MGIT

[155] (360° rotation) MGIAs may have been more effective in ensuring that cells were

thoroughly mixed throughout the culture period. The experiment in which mixing was

assessed in the present study was primarily designed to determine whether levels of

mycobacterial growth could be improved; it was therefore performed using blood from naive

NHP only, in order to establish what the maximum GR values would be. This study

therefore does not demonstrate whether or not mixing improves mycobacterial growth
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inhibition; head to head comparisons between naive and BCG vaccinated samples would

have to be assessed in order to answer this question.

One other important factor that may have contributed to the failure of the total PBMC

infection MGIA to discriminate between naive and BCG vaccinated samples, could have

been masking of adaptive responses by innate immune responses. It is generally accepted

that a small proportion of individuals who are exposed to M. tb, clear the infection without

the induction of adaptive immunity [3], which suggests that strong innate immune responses

are capable of protecting against M. tb infection. The effects of innate immunity on BCG

vaccination have been studied in Malawian adolescents where BCG vaccination has been

shown to have 0% efficacy [102]. The authors found that in comparison to UK

adolescents, the Malawian volunteers had higher pro (TNF-a) and anti-inflammatory (IL-10)

responses to PPD stimulation prior to vaccination [187], suggestive that innate immune

responses might play a role in the variability of BCG efficacy between geographical regions.

If this is true, then it is possible that innate immunity could also affect in vitro growth levels

of BCG during MGIAs. It would be interesting to see if naive blood samples from volunteers

in different countries had varying levels of mycobacterial growth inhibition in an MGIA.

There is also direct evidence that innate responses are induced during MGIAs. In TST-

individuals, peripheral blood lymphocytes (PBMC minus adherent cells) have been shown to
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limit growth of M. b inside infected monocytes [153] and levels of mycobacterial growth

inhibition vary considerably between volunteers prior to vaccination with BCG [73, 154]. In

cattle, percentage growth inhibition in naive animals was found to be just under 60% (10:1

lymphocytes to monocytes) as compared to just under 80% in BCG vaccinated animals

[185] and naive mouse splenocytes have been shown to kil M. b inside infected

macrophages during the first 4 days of co-culture [156].

In this present study it was found that overnight stimulation of PBMC taken from

mycobacterially naive macaques with live M .fb resulted in high levels of triple positive

CD3"CD4°CD8 cells expressing IL-2, TNF-o. and IFN-y, in contrast, both CD4" and CD8" T

cells had very low responses. The highly responsive CD3'CD4CD8 T cells most probably

contained y8° T cells and possibly NKT cells; although the exact composition of this

population was not determined due to limitations in the number of fluorochromes used. 5"

T cells have been linked to /n vitro mycobacterial growth inhibition in the cultured MGIA

[73], the cattle MGIA [185] and by the work outlined in chapter 3. There is a large body

of evidence that v8" T cells are actively involved in the immune response against M. b in

humans [188, 189], NHP [72] and mice [190]. These T cells are thought to be important

during the early stages of M. b infection, and have been shown to preferentially respond to

live mycobacteria where CD4" T cells do not [191], which concurs with my findings in NHP
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PBMC infected with live M. tb. IFN-y expression by y6" T cells and NK cells could result in
innate activation of macrophages, resulting in growth inhibition. Further work was needed to
evaluate the effect of innate immunity; this was done using T cell depletion studies and

microarrays which are described in chapters 5 and 6 respectively.

4.5 Chapter conclusions

e The novel total PBMC infection method resulted in variable CFU counts between
samples at TO

e Removing the wash step of the novel MGIA reduced inter-sample variability in CFU
counts at TO

e Using mycobacteria from starter cultures improved bacterial survival during the MGIA

e Shaking in 24 well plates did not improve mycobacterial growth, T cell viability or T cell
functionality

e The novel MGIA could not distinguish between PBMC taken from naive and BCG
vaccinated cynomolgus macaques

e The novel MGIA could not distinguish between splenocytes taken from naive and BCG

vaccinated mice
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Indicator tube assay



5 Mycobacterial growth indicator tube assay

(MGIT)

5.1 Introduction

5.1.1 The MGIT assay

5.1.1.1 BACTEC™ system

As discussed in the previous results chapters, | had not found a MGIA that could reliably
detect vaccine induced mycobacterial growth inhibition, which was also suitable for use in
preclinical studies of TB vaccine efficacy. | therefore assessed a third MGIA that used a
different methodology to those previously described in chapters 3 and 4. The MGIT assay
was developed by R. Wallis ef al [155], and has been used to demonstrate mycobacterial
growth inhibition in WB taken from human volunteers after receiving BCG vaccination(s).
The way the MGIT assay differs from other MGIAs, is that it utilises the BACTEC™ system

for quantification of mycobacteria instead of CFU counts.

Mycobacteria are inoculated into MGIT tubes that contain a fluorochrome that is quenched
by oxygen. As the bacteria multiply and respire, oxygen in the tube is depleted; the
fluorochrome is no longer quenched and so fluoresces. Once a tube reaches a determined

level of fluorescence it is registered as being positive. The time to positivity (TTP) is the
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read out for this assay and is inversely proportional to the starting inoculum of

mycobacteria. The TTP relates not only to the number of bacteria but also to their rate of

metabolism.

5.1.1.2 Rationale for using mouse splenocytes in MGIT assay

To date, all published MGIT data for mycobacterial growth inhibition have been obtained

using human whole blood [155]. | hypothesised that splenocytes taken from mice would

also be suitable for this assay. The use of murine samples allows the advantage of being

able to show that /n vitro growth inhibition using this assay corresponds with /n vivo

protection using the well-defined mouse M. b challenge model. If this assay could be

shown to distinguish between splenocytes from BCG vaccinated and naive animals, then

this would potentially allow me to use cryopreserved PBMC from NHP/humans in this

assay.
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5.2 Aims of this chapter

The aims of the experiments detailed in this chapter were as follows;

Assess the ability of the MGIT assay to discriminate between mycobacterial growth

inhibition in splenocytes taken from naive and BCG vaccinated mice.

Establish if /n vitro growth inhibition seen in the MGIT assay corresponds with /n

vivo protection from M. tb challenge in the mouse model.

Investigate the cell populations responsible for BCG induced mycobacterial growth

inhibition in the MGIT assay.

Assess the ability of the MGIT assay to discriminate between mycobacterial growth

inhibition in cryopreserved PBMC taken from naive and BCG/BCG-MVAS85A

vaccinated NHP.

Establish if growth inhibition seen in the MGIT assay correlates with /n vivo survival

and other clinical parameters from M. tb challenge in the NHP model.

Page 181 of 281



5.3 Results

5.3.1 MGIT assay vs. the ftotal PBMC infection MGIA using mouse

splenocytes

For this experiment age matched naive and BCG vaccinated (1x10° CFU Pasteur) C57bl/6
mice (8 in each group) were used to perform the total PBMC infection MGIA and the MGIT
assay in a head to head comparison. There was a 6 week interval between BCG
vaccinations and the removal of spleens for use in the MGIAs. CFU values from the novel
MGIA were obtained by counting colonies on agar plates, whereas CFU values for the

MGIT assay were calculated from TTP values using the BACTEC™ machine.

The total PBMC infection MGIA was unable to detect differences in mycobacterial growth
inhibition between the naive and BCG vaccinated groups as seen in Errorl Reference
source not found.a. However, when the same splenocytes were used to perform the MGIT
assay, there was a significant (p=0.024) 0.1logso reduction in mycobacterial growth in the
BCG vaccinated animals as compared to naive animals (Error! Reference source not
found.b). There was no relationship between how each animal performed across the
assays, for example, the naive animal represented by the black data point has the highest

GR value in the total PBMC infection MGIA and the lowest GR value in the MGIT assay.
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Fig. 5-1 Effectiveness of the total PBMC infection MGIA and MGIT assay using mouse splenocytes.

Data shown are logi, transformed GR values for naive and BCG vaccinated (1x10° CFU s.c) C57bl/6 mice.
Spleens were harvested 6 weeks after vaccination and used for head to head comparison in both MGIAs. Graph
(a) shows data from the novel MGIA (GR= CFU day 4/CFU day 0) and (b) shows data from the MGIT assay
where TTP is converted to CFU counts (GR=CFU day 4 sample tubes/ CFU control tubes). Individual animals are
indicated by the colour of the data points within the naive or BCG groups between the different assays. Bars
represent the median values, n=8, Mann Whitney t tests were used to analyse the data.

5.3.2 Growth inhibition in vitro corresponds with in vivo protection in mice

Having successfully demonstrated that BCG vaccination in mice resulted in a reduction of
BCG growth /n vitro as measured by the MGIT assay, | now set out to assess whether this
growth inhibition corresponded with in vivo protection against M. {b challenge. Although
there is a large body of evidence that BCG vaccination protects mice from M. {6 challenge
[115, 156, 192]; | needed to show that the dose of BCG, route of administration and time-

course that | used for mice in the MGIT assay, would also be protective in vivo.
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As the MGIT assay is performed using splenocytes it was not possible to use the same
animals for this assay and the M. b challenge, so animals were placed into matched
groups for parallel study with 10 animals in each group as outlined in Fig. 5-2. Animals
were sacrificed for use in the MGIT assay in the same week as the M. b challenge was
performed. The challenge dose was estimated to be 230 CFU/mouse as determined by

plating out lung homogenates from 2 extra naive mice the day after challenge.

10 x Naive 10 xBCG 10 x Naive 10 x BCG

S

MGIT MGIT Challenge Challenge

Fig. 5-2 Organisation for groups of mice used for parallel study of MGIT assay and M. b challenge.
Age matched C57bl/6 mice were left as naive or were vaccinated with BCG Pasteur (1x10° s.c). At 6 weeks post
vaccination, naive and vaccinated groups were divided in half for use in the MGIT assay or for M. tb challenge.

5.3.2.1 BCG vaccination induced mycobacterial growth inhibition in mice

BCG vaccination induced a significant (p=0.0013) reduction in mycobacterial growth in
mouse splenocytes as measured by the MGIT assay (Fig. 5-3). There was a 0.2logq
reduction between the naive and BCG vaccinated animals with log,o transformed data ranges

of 0.55 - 0.90 and 0.37 - 0.61 respectively.
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Fig. 5-3 BCG induced mycobacterial growth inhibition in mouse splenocytes.

Data shown are logy transformed GR values for naive and BCG vaccinated (1x10° CFU s.c) C57bl/6 mice.
Spleens were harvested 6 weeks after vaccination for the MGIT assay. Bars represent the median, n=10, Mann
Whitney t test was used to analyse the data. TTP values were converted to CFU, GR=CFU day 4 sample tubes/
CFU control tubes.

5.3.22 BCG vaccination protects mice against M. tb challenge

BCG vaccinated mice had significantly lower levels of M. tb in their lungs (p=0.0002) and

spleens (p=0.0003) compared with naive animals, following M. tb challenge (Fig. 5-4). The

level of protection afforded was a 0.76 logso and 0.6 logqo reduction in the median CFU/mI

counts in the lungs and spleens of the animals respectively.
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Fig. 5-4 BCG vaccination protects mice against M. b challenge.

Graphs show CFU/ml data for C57bl/6 mice that were aerogenically challenged with 230 CFU of M. t Erdman.
Mice were naive or had received BCG vaccination (1x10® CFU Pasteur, s.c) 6 weeks prior to challenge. Lungs
and spleens were harvested from all animals 28 days after challenge. Graph (a) shows CFU/ml data from lungs
and graph (b) shows CFU/ml data from spleens. Bars represent the median values, n=10, p-values determined by
Mann Whitney t tests.

5.3.3 Effect of T cell depletions on mycobacterial growth inhibition

| hypothesised that the mycobacterial growth inhibition seen in the MGIT assay was Tyl
cell mediated. In order to test this theory, | performed CD4" and CD8" T cell depletions on
splenocytes taken from naive and BCG vaccinated mice, and used the depleted cells to
perform the MGIT assay. The effectiveness of the depletions was 67-90% for CD4" and
89-98% for CD8" T cells. The gating strategy used for estimation of cell depletion
percentages is displayed in Fig. 5-5. As the MGIT tubes are expensive to use, this
experiment was performed using CFU counts on 7H9 agar plates instead. All splenocyte-
BCG co-cultures contained 1x10° splenocytes so that depleted samples were not affected

by a reduction in the number of cells. The splenocytes used for this experiment were
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taken from the same animals as described in section 5.3.2.1. The GR values from the
non-depleted samples almost significantly correlated with the MGIT GR values (p=0.07 data
not shown) for the mice, so | am confident that that the CFU counts, overall, gave a good

approximation of how these samples would have performed had | used the BACTEC™

system.

Lymphocytes Single cells

<Alexa Fluor 700-A>

T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
SC-A FSC-A

<PerCP-A>
Live T cells

10° - o coar

T
1 10*
<Pacific Blue-A>

Fig. 5-5 Gating tree for mouse splenocytes.

Diagram describes the gating strategy used for mouse splenocytes. The lymphocyte population was selected for
and single cells identified. B cells and dead cells were excluded from the analysis and cells that were positive for
TCR-ap were selected. The CD4* and CD8" T cells were then identified within this population.
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The results were surprising as the levels of mycobacterial growth were less when the CD4"
and CD8" T cells were depleted as compared with the non-depleted controls (Fig. 5-6),
although this was not significant in any of the groups. A trend for lower GR values was
seen in the CD4" depleted samples as compared to the non-depleted controls in naive and
BCG vaccinated animals (p=0.125 and p=0.125 respectively). The same trend was seen in
the CD8" depleted samples in naive and BCG vaccinated animals (p=0.06 and p=0.125
respectively). There was also a trend for lower GR values in BCG vaccinated animals
compared to the naive animals in the non-depleted controls and in the CD4" T cell

depleted samples although this was not significant (p=0.22 and p=0.34 respectively).
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Fig. 5-6 Effect of CD4"/CD8" T cell depletions on mycobacterial growth inhibition.
The graph shows Logi, transformed GR values for non-depleted, CD4* and CD8* T cell depleted splenocytes.
Splenocytes taken from naive and BCG vaccinated (1x10® CFU) mice are displayed with green and red data points

respectively. The bars represent the median values. Data were analysed by Mann Whitney (BCG vs. naive) and
Wilcoxon matched pairs T tests.
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5.3.4 MGIT assay using PBMC from NHP

Cryopreserved PBMC from a vaccination-challenge experiment using rhesus macaques were
available for use with the MGIT assay. Precise details of the study are described
elsewhere [158]. PBMC samples from 5 BCG vaccinated (group B) and 5 BCG-MVAS85A
(group A) vaccinated animals were utilised for my study. PBMC taken before vaccination
and 1 week prior to M. tb challenge were used for each animal. These time-points were
chosen so that naive growth inhibition responses could be compared with those most likely

to correspond to /in vivo M. tb challenge responses (Fig. 5-7).

Pre bleeds BCG MVAS5A M. tb Challenge Follow up
l . 12weeks P 8 weeks - l
| GroupAN=5 Y Y v Y |
| GroupB N=5 ¥ v \4 |

Fig. 5-7 Schematic diagram of NHP vaccination-challenge regime.

Ten rhesus macaques were all vaccinated with BCG (100ul BCG Danish i.d), 5 out of 10 of the animals received
a MVAS85A boost (5x108 PFU) 12 weeks later. At 21 weeks post BCG vaccination all animals were aerosol
challenged with between 40-65 CFU of M. tb Erdman. The red arrows indicate time-points at which the PBMC
used for my studies were taken. Each animal had a pre vaccination sample and a sample that was taken 1 week
prior to the challenge.
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5.34.1 BCG & BCG-MVAS5A induced mycobacterial growth inhibition in NHP PBMC

BCG and BCG-MVA85A vaccination resulted in a significant decrease in the levels of

mycobacterial growth when both groups were combined (p=0.0098) (Fig. 5-8). The log+o

transformed data ranged from 0.17 - 0.87 in the pre vaccination samples and from -0.26 -

0.51 in the post vaccination samples (median values were 0.75 and 0.15 respectively).
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Fig. 5-8 BCG/BCG-MVAB85A induced mycobacterial growth inhibition in cryopreserved PBMC from NHP.

Graph shows the logio transformed GR values for 5 BCG (100ul BCG Danish i.d) and 5 BCG-MVA85A (100pl
BCG Danish i.d, 5x10® PFU) vaccinated rhesus macaques (red and blue data points respectively). Time-points are
from pre vaccination and post vaccination (1 week prior to M. tb challenge). TTP values were converted to CFU,
GR=CFU day 4 sample tubes/ CFU control tubes. N=10, Wilcoxon matched pairs t test was performed on the
data.
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| also analysed the MGIT data from group A and B separately to see if there were any

differences in the levels of mycobacterial growth inhibition between them. There were no

significant differences between the groups (Fig. 5-9). There were also no significant

differences between the pre and post vaccination GR values in either of the groups alone,

although there was a trend for lower GR values post vaccination in both groups.
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Fig. 5-9 MGIT results for individual groups of NHP.

Graph shows the logio transformed GR values for BCG (B) and BCG-MVA85A (BM) vaccinated rhesus macaques.
Time-points are from pre vaccination and post vaccination (1 week prior to M. tb challenge). Individual animals in
each group are identified by the colour of the data points between the pre and post vaccination samples. Bars
represent the median values. TTP values were converted to CFU, GR=CFU day 4 sample tubes/ CFU control
tubes. Wilcoxon matched pairs t test was performed on the data.
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5.3.4.2 Correlation of clinical parameters with MGIT assay results

Clinical data from the vaccinated-challenged NHP were available for correlation against pre

and post vaccination GR values. Some of the clinical parameters analysed, included,

duration of survival, lung CFU counts, lesion volume:lung volume ratio, lesion counts and

Elispot data from pre vaccination, 1 week before challenge and 2 weeks after challenge.

The only parameter that significantly correlated with the GR values was the lung score,

which correlated positively in the naive (p=0.03) (Fig. 5-10a), and negatively with the

vaccinated (p=0.02) GR values (Fig. 5-10b). The lung score was calculated by scoring

each lobe based on the number and type (severity) of lesion between 1-5 and adding the

scores together for a maximum of 25.
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Fig. 5-10 Correlation of lung score with GR values pre and post vaccination in NHP.

Graphs represent correlations between log+, transformed GR values pre (graph a) and post (graph b) vaccination
with BCG/BCG-MVAS85A against lung scores for the animals post M. b challenge at the point of necropsy. Red
data points indicate animals that met humane end points before the end of study. Green data points indicate
animals that survived until the end of the study 52 weeks post challenge. Correlations were performed using

spearman rho.
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5.4 Discussion

The mouse M. tb challenge model is a well characterised system used to evaluate the
protective efficacy of novel TB vaccines [98, 115, 156]. BCG vaccination is known to
provide an approximate 1-2logy reduction in M. b CFU in the lungs and spleens of
challenged animals. Thus, if mycobacterial growth inhibition /7 vitro does correlate with /n
vivo protection, then the mouse model is an ideal system to prove this and ‘validates’ the
MGIT assay as measuring what it is intended to. The MGIT assay, developed by R. Wallis
et al [155] has been shown to detect improved mycobacterial growth inhibition in human
WB cultures in response to BCG vaccination. To date, this assay has not been performed
using samples obtained from mice. Since it is technically challenging to consistently obtain
sufficient WB from mice to perform the MGIT assay (600ul), splenocytes taken from naive

and BCG vaccinated mice were used to assess the MGIT assay.

In repeated MGIT assays performed using mouse splenocytes, the levels of mycobacterial
growth were significantly reduced in BCG vaccinated animals compared with naive controls.
One of the most striking features of the MGIT data was the low level of variability between
the animals in each group. The data were much tighter than was seen in the total PBMC
infection MGIA when identical samples were used for both MGIAs. The levels of variability

and reproducibility seen in the MGIT assay indicate that this is a robust assay, capable of
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detecting small (0.1-0.2 logqo) differences between groups of animals. The sensitivity of this

MGIA to detect such small differences is very encouraging; this means that it should be

able to distinguish between BCG and improved TB vaccines/boosted samples, although this

was not assessed during the course of these studies. It would be very interesting to see

whether splenocytes taken from BCG-MVAS85A boosted animals have improved levels of

mycobacterial growth inhibition over BCG alone splenocytes, as this heterologous booster

vaccine that was developed at the Jenner Institute has been shown to be more efficacious

than BCG alone in the mouse and guinea pig M. tb challenge model [115, 116].

Mice that were experimentally matched to those used for the MGIT assay were challenged

with M. tb to establish whether there was an association between mycobacterial growth

inhibition in the MGIT assay and protection /in vivo. The level of protection seen in this

study is in accordance with what has been previously reported [115, 156, 192], although it

is slightly less than 1 log, which could be due to the relatively large challenge dose of 230

CFU/mouse, however, it was nonetheless highly significant. The challenge data are also

very tight with little variation between the animals in each group, which concurs with the

low levels of variance seen in the MGIT data. There appears to be a temporal association

between enhanced mycobacterial growth inhibition seen in the MGIT assay, and protection

from M. tb challenge, but due to the fact that different mice had to be used between the
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MGIT assay and the M. b challenge, it was not possible to directly correlate GR values /n

vitro with mycobacterial burden /n vivo. The way this could be achieved in mice, would be

to test multiple vaccination regimes that induce significantly different levels of protection

from M. tb challenge within different groups, the median group CFU values from challenge

could then be correlated against the median group inhibition values in the MGIT assay, as

was done for the murine MGIA in which mycobacterial growth inhibition correlated with

protection for a number of candidate TB vaccines [156]. If the MGIT assay could be

performed using a very small amount of blood (<100ul from each mouse) then it could also

be possible to perform the MGIT assay and challenge in the same mouse.

The levels of BCG vaccine induced mycobacterial growth inhibition were more modest in

the MGIT assay than was seen in the published murine MGIA (1log reduction in CFU), in

which the same strain of mouse and vaccine regime were used. However it is worth

noting that the levels of /n vivo protection were also greater in the murine MGIA than was

seen in this present study, which perhaps suggests that the vaccinations were less effective

during these experiments, which may have contributed to the lower levels of mycobacterial

growth inhibition seen in the MGIT MGIA. Another contributing factor could have been the

difference in the methods used to infect the co-cultures. Infection of monocyte layers with

a low MOI (1:100) of mycobacteria followed by washing away free bacteria (murine MGIA),
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is the most efficient method of obtaining phagocytosed mycobacteria. It is generally thought

that MGIAs are a measure of intracellular killing, therefore, if the majority of bacteria are

phagocytosed prior to the start of co-culture with PBMC/Splenocytes, then intracellular killing

can begin immediately. In  contrast, when mycobacteria are inoculated into

splenocyte/WB/PBMC cultures they may persist extracellularly for a prolonged period of

time, perhaps even the full duration of the assay (4 days) as no studies have been

conducted to assess the efficiency of phagocytosis in MGIAs that use this method of

infection. It is possible that extracellular survival of mycobacteria throughout the MGIT

assay could reduce the sensitivity of this assay to detect mycobacterial growth

inhibition/killing.

When a direct comparison of the MGIT and total PBMC infection MGIAs was performed

using identical splenocyte samples the MGIT assay appeared to be effective where the total

PBMC infection MGIA was not. Differences between these assays included the vessel and

conditions used during splenocyte-BCG culture as well as the method by which the growth

of BCG was measured. The action of rotating the splenocyte-BCG cultures in

polypropylene micro-tubes (MGIT assay) may have a number of effects on mycobacterial

growth. Firstly, rotating the cultures means that memory T cells are more likely to make

physical contact with macrophages or DC containing BCG/mycobacterial antigens; physical
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contact between BCG infected monocytes and lymphocytes has been shown to mediate

intracellular mycobacterial growth inhibition [73, 153]. In contrast, when splenocytes/PBMCs

are cultured in stationary tissue culture plates (total PBMC infection MGIA) they are unlikely

to make contact with memory cells that are not in their immediate vicinity. Secondly,

aeration of the cultures may also improve the growth of the mycobacteria which is essential

if growth inhibition is to be detected (as opposed to mycobacterial kiling). One way to

assess if the rotation is important would be to set up cultures in parallel with half rotating

and half remaining stationary and seeing if there was a difference in mycobacterial growth

between them. The ability of macrophages to adhere to the culture vessel may be

important for their functionality. A study by Barker et a/ [193] has shown that cultures of

non-adherent human monocytes were able to kill M. smegmatis whereas adhered monocytes

could not. So the use of polypropylene micro-tubes which permit very limited monocyte

adherence could enhance mycobacterial growth inhibition in the MGIT assay, although the

effect has not yet been demonstrated for BCG or M. tb.

A possible reason why the MGIT assay has low variability, good reproducibility and is able

to detect small differences in mycobacterial growth levels, is the method by which the

bacteria are quantified. Serial dilutions of mycobacteria are prone to errors from pipetting,

clumping and adherence of bacteria to plastic-ware; all of which lead to errors in the
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estimation of CFU. The MGIT system does not require serial dilution of samples and the
readout is determined by a computer, so there is little investigator error/bias. Clumping is a
major limitation of CFU estimation using 7H10 agar plates, and there is no way of knowing
whether a colony has arisen from a single bacterium or many. CFU counts do not
measure the health of the bacteria that are being counted, a damaged bacterium may grow
slowly producing a small colony, but all colonies count as 1, regardless of their size. A
major advantage of the MGIT system is that oxygen depletion is the factor that indicates
the level of mycobacterial growth inhibition. Oxygen levels in MGIT cultures are not
influenced by clumping, but they are affected by the number of bacteria and their
metabolism. The MGIT system is possibly sensitive enough to detect differences in
mycobacterial growth rates and not just the number of viable organisms, it is therefore

perhaps a more accurate method for measuring mycobacterial growth in a MGIA.

Due to the significant cost of using MGIT tubes in the BACTEC™ system, the T cell
depletion studies outlined in section 5.3.3 were performed using 7H10 agar plates, which,
although are not as sensitive as the BACTEC™ system, would permit the assessment of
the roles of CD4" and CD8" T cells in mycobacterial growth inhibition in the MGIT assay.
Although the number of animals was small (n=5 per group) a trend for reduced

mycobacterial growth in the CD4" or CD8" depleted splenocytes was seen. The apparent
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improvement in growth inhibition upon removal of the CD4" T cells was not expected as

Tyl cell mediated immunity is known to be important for protection against TB in mice [98].

One limitation of this experiment was that splenocyte numbers were kept the same between

depleted and non-depleted samples in order to remove any effects due to lower cell

numbers, however, this will have had the effect of artificially increasing the abundance of all

other cell populations. Perhaps a more effective method of assessing the role of memory

CD4" and CD8" T cells would have been to top up depleted samples from BCG vaccinated

mice with naive CD4" and CD8" T cells respectively. Taking into account the

aforementioned limitations of this study the results do concur with the findings of other

MGIA T cell depletion studies; such as those using human WB in the MGIT assay, where

depletion of either CD4" or CD8" T cells did not significantly increase the growth levels of

the avirulent H37Ra strain of M. tb, however the depletion of both CD4" and CD8" T cells

did [155]. Similarly, when PBMC samples that were enriched for CD4" or CD8" T cells

were used to perform the cultured MGIA, there was no significant improvement in BCG

growth inhibition [73]. However, there is evidence that CD4" T cell depletion in PBMC

samples from TST positive individuals does significantly reduce their ability to inhibit virulent

M. tb growth /n vitro, this effect was not seen in TST negative individuals or for either

group when CD8" T cells were depleted [153]. Although it is not implicitly stated that the

TST+ individuals were latently infected with M. #b, it is implied that perhaps exposure to M.
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th is required to produce effective CD4" T cell responses that are capable of inhibiting

intracellular growth of M. tb. It could also be the case that CD4" T cells are required for

inhibiting the growth of virulent strains of M. b but are not necessary for growth inhibition

of avirulent strains or BCG, which may possibly be mediated through differences in the

expression of virulence factors/antigenic targets that CD4" T cells recognise e.g. ESAT-6. If

this is the case, then it is important that the MGIT assay results which have so far been

obtained using BCG strains as the infectious organism are validated against virulent M. tb.

This has already been done for the murine MGIA where mycobacterial growth inhibition in

response to various TB vaccines has been correlated with /n vivo protection against M. b

challenge when either M. t6 or BCG was used as the infectious organism in the MGIA

[156].

Although not significant, there was also a trend for lower GR values in BCG vaccinated

mice compared to naive controls in the non-depleted and CD4" T cell depleted cultures,

suggestive of a BCG vaccine effect; this, combined with the fact that all cultures had the

same number of splenocytes, points towards a relative increase in the abundance of a cell

type other than CD4"/CD8" T cells being important for mycobacterial growth inhibition in this

assay. Possible cell types that could have an involvement in the MGIT assay include, NK

cells, monocytes, neutrophils and B cells, however, the most likely cell type is perhaps y5* T
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cells as these cells have been previously identified as being important during MGIAs [73,

185, 194, 195]. 8" T cells have both innate and adaptive properties. They undergo

receptor gene rearrangement, which is a defining feature of the T cells of the adaptive

immune response, but their gene rearrangement is limited. They do not need to undergo

clonal expansion to respond to antigens they encounter; nor do they need antigens to be

presented by MHC molecules. Mouse studies have shown that these cells are implicated in

early control of M. tb infection [69] and that they are capable of secreting IFN-y [70] and

IL-17 [71]. The subject of whether these cells exhibit a memory phenotype is controversial,

with evidence both for a memory phenotype in humans and NHP [72, 194] and against in

mice [190]. One important factor in this debate is that mice do not express the V§9Vs2

homologue that has been identified as having a memory phenotype in humans and

macaques, and no functional equivalent has yet been found. 5" T cells have been shown

to produce IFN-y and TNF-a [196, 197] which activate macrophages to kill phagocytosed

BCG. In contrast to humans or macaques, mouse macrophages can be effectively

activated to kill internalised mycobacteria by stimulation with exogenous IFN-y [198]. The

response of y8" cells to produce IFN-y is more rapid than that of the CD4'/CD8" T cells as

they do not require MHC presentation of antigens to become activated [199] and in the

mouse this could account for the greater mycobacterial growth inhibition seen upon

CD4'/CD8" T depletion. The MGIT data in mice clearly show that BCG vaccination results
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in a memory response that can be detected by mycobacterial growth inhibition; the

mechanism behind this perceived inhibition is unclear. Although there was a trend for lower

GR values in CD4" T cell depleted splenocytes from BCG vaccinated mice, this was not

significant and so the existence of a memory response in the absence of CD4" has not

been proven with this study. Further investigation of the mechanisms involved in BCG

growth inhibition in the MGIT assay is described in chapter 6.

The successful use of mouse splenocytes indicated that PBMC would also be a suitable

sample type for use with the MGIT assay. NHP are thought to be the most relevant

animal model of human TB as they display similar pathologies such as highly ordered

granulomas and many reagents used for assessment of immune responses are common to

humans. Unlike humans, NHP can be challenged with M. # and so preclinical TB vaccine

efficacy can be assessed in this model. Cryopreserved PBMC taken from rhesus

macaques before and after BCG or BCG-MVA85A vaccination were available for use in the

MGIT assay. The animals had also been challenged with M. 6 and so survival outcomes

and clinical data were available for correlation against the MGIT assay results. This was

the first time that the MGIT assay had been performed using cryopreserved PBMC and was

the first time that an MGIA has been performed using samples from NHP. Mycobacterial

growth inhibition was seen in response to BCG or BCG-MVAS85A vaccination when data
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from all of the monkeys were grouped together. Although this result remains to be

repeated, it was very encouraging to see that the assay was successful in this cell type, as

a wealth of cryopreserved PBMC are available from numerous clinical and NHP studies.

The ability of the MGIT assay to be performed using WB, PBMC or splenocytes will

facilitate its use in animal studies as well as clinical trials. The spread of the data was a

lot greater than that which was seen using mouse splenocytes. This could have been due

to greater heterogeneity in the monkeys, as variability of the data was also quite large

when this assay was performed in humans [155]. The cryopreservation of PBMC could

also have had an effect on the health and functionality of these cells, which could also

contribute to variability; a comparison of the variability between animals when fresh or

cryopreserved PBMC are used would inform whether this was the case. In the study

where the MGIT assay was used to assess human WB samples, the authors suggested

that the volunteers could be grouped by their responses to the primary BCG immunisation

and subsequent BCG re-vaccination. Some of the volunteers displayed mycobacterial

growth inhibition in response to the primary vaccination, others only responded after the

BCG re-vaccination and some volunteers did not respond at all [155]. In the NHPs, 8 out

10 of the monkeys vaccinated against TB (BCG/BCG-MVAS85A) displayed enhanced

mycobacterial growth inhibition, which is a higher proportion of responders than was

previously found in humans, possibly due to less heterogeneity in these animals than is
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seen in humans. It would be interesting to investigate different time points after vaccination

in these NHP to see how the kinetic of mycobacterial growth inhibition changes over time,

especially in response to the MVA85A boost, as this was not done during the course of

this study. Unlike mice, the use of WB would also be possible with NHP, so a direct

comparison between monkeys and humans in response to BCG/BCG-MVAS85A could also be

performed as is possible with assays such as Elispot.

Attempts to correlate the MGIT assay data to the clinical outcomes of the M. b challenge

experiment from which the NHP PBMC samples were obtained were limited by the fact that

there were no significant differences in the survival times between any of the three groups

(naive, BCG and BCG-MVA85A vaccinated animals) after challenge [158]. This indicates

that the use of survival as a measure of protective efficacy of TB vaccines in NHP is

perhaps not suitable. This idea is supported by a number of studies where BCG has been

shown to be efficacious when fixed term study end-points were used [200, 201]. Bearing

this limitation in mind, it is not surprising that the MGIT data did not correlate with post

challenge survival. The only clinical parameter from the challenge study that did

discriminate between the naive and vaccinated animals was the lesion volume:lung volume

ratio, which was determined using MRI scans with stereology at the end of the study;

although this parameter also did not correlate with the MGIT assay data. The apparent
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lack of correlation between the MGIT assay and survival/lesion:lung ratio scores could also

be due to the sample time-points used. The post vaccination time-point of 20 weeks post

BCG was chosen as it was thought that this would best represent the responses of the

animals as they would occur during the challenge that took place 1 week after this time-

point, but it could be that peak growth inhibition responses occurred at a different time-

point, as work in humans suggests that the levels of growth inhibition vary over the months

following vaccination with a peak at 8 weeks post after primary BCG vaccination. In a

separate NHP M. b challenge study that assessed the protective efficacy of BCG and

BCG-MVAS85A, significant differences were seen between the vaccinated and naive animals

in clinical parameters including weight loss, lung X-ray scores and bacterial burden in the

lungs [201]. The M. tb infection for this study was performed by intra-tracheal instillation

and the endpoint of the study was set at 16 weeks post challenge, so survival was not the

endpoint. Therefore, there is evidence that BCG and BCG-MVAS85A vaccination in NHP

can be protective against M. tb challenge in vivo and the MGIT assay may possibly be

proven to correlate with protection in this model.
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5.5 Chapter conclusions

¢ BCG vaccination induces reproducible mycobacterial growth inhibition in mouse
splenocytes that can be detected by the MGIT assay

e Vaccine induced mycobacterial growth inhibition /7 vifro corresponds with /in vivo
protection from M. tb aerosol challenge in mice

e The mechanism behind vaccine induced mycobacterial growth inhibition is yet to be
determined

e BCG and BCG-MVA85A vaccination induces mycobacterial growth inhibition in
cryopreserved NHP PBMC that can be detected by the MGIT assay

e Correlation between in vitro growth inhibition in NHP PBMC has yet to be correlated

with /n vivo protection from M. tb challenge
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Chapter 6

Investigation of immune

mechanisms involved In

inhibition of mycobacterial
growth
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6 Differential gene expression in naive and BCG

vaccinated mouse splenocytes

6.1 Introduction

6.1.1 Rationale for using microarrays

The results in chapter 5 showed that BCG vaccination in mice resulted in increased
mycobacterial growth inhibition (i.e. less growth) in mouse splenocytes. In this chapter, |
describe differential gene expression (DGE) studies that were performed with splenocyte
cells from the same mice used for the MGIT assay described in section 5.3.2. The aim of
this experiment was to gain insight into the mechanisms behind mycobacterial growth

inhibition in mouse splenocytes.

6.1.2 The lllumina MouseRef-8 v2.0 BeadChip

The lllumina MouseRef-8 BeadChip contains 19,100 unique genes and enables the
interrogation of 8 separate samples on a single slide. The genes on the MouseRef-8
BeadChip are derived from the NIH reference sequence (RefSeq) database, which is a
collection of non-redundant, well-annotated gene sequences. The BeadArray technology
developed by Illumina consists of beads that have 1000’s of copies of a gene (probe)
bound to the surface of a bead, and each bead has at least 5 replicates in each array

(Fig. 6-1).
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Fig. 6-1 Diagram of BeadChip array surface.

Diagram taken from lllumina “whole genome gene expression direct hybridisation assay guide”.  The fluorescent
signal from probe (A) will be 5 times that of Probe (B) and directly relates to the level of transcription of each
gene (probe).

6.1.3 g-PCR

RNA from splenocytes was used to perform g-PCR for the genes IFN-y and TNF-o, using
the house keeping gene HPRT to normalise the data across different samples. HPRT is
ubiquitously expressed in mammalian cells and its expression does not change in response
to stimulation, it can therefore be used to normalise against differences in the amount of
total RNA across samples. The cycle threshold (CT) value is the number of polymerase
chain reaction cycles required for a gene to be detected above background level. The CT
value is inversely proportional to the abundance of a gene within a sample. Assuming
PCR efficiency is 100%, then each difference in CT value of 1, is equal to a 2 fold change

(FC) in the abundance of a gene (e.g. a difference in CT value of 3 is equal to a FC
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value of 8). From the CT value the FC value can be calculated using the equation y

=1.3826In(x) + 0.083 where y=CT value and x = FC value. The fold change of a gene due

to stimulation with antigen is calculated using the following calculation;

FC= target gene (Stimulated/HPRT)
target gene (Un-stimulated/HPRT)

6.2 Aims of this chapter

Determine the dose of BCG to use for ex vivo stimulation of mouse splenocytes

e Use microarrays to evaluate splenocytes from naive and BCG vaccinated mice to

produce lists of differentially expressed genes

e investigate the functionality and biological pathway involvement of differentially expressed

genes

e Correlate differentially expressed genes against GR values from MGIT assay (5.3.2)
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6.3 Results

6.3.1 Determining the dose of BCG to use for stimulation of splenocytes

To maximise the likelihood of detecting differences in the gene expression of splenocytes
from BCG vaccinated compared to naive mice, | extracted RNA from splenocytes cultured
overnight with media alone (un-stimulated), or with BCG (stimulated). Two different doses of
BCG were compared in overnight stimulation to determine which concentration would result
in optimum gene expression. For this stimulation | planned to use the same dose of BCG
used for the MGIT assay, so the experiments would be comparable. However, the dose of
BCG used to infect splenocytes for the MGIT assay was very low, between 2800-9000
CFU/1x10° splenocytes, and typically a dose of 1x10° CFU is routinely used in our lab to
induce an immune response /n vitro. | used g-PCR to assess if the low dose of BCG
would be sufficient for inducing a change in gene expression that could be detected by

DNA microarray.

For this experiment, splenocytes from 2 naive and 2 BCG vaccinated mice were stimulated
overnight with a low or high dose of BCG (5000 or 1x10° CFU/1x10° splenocytes
respectively) or left un-stimulated as controls. All results are relative quantifications, as
standards were not used for this experiment, so absolute quantities of genes are unknown.

With only 2 animals in each group, statistical analysis of these data could not be
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performed. However, the use of the higher dose of BCG was clearly required to detect a

difference in gene expression, as incubation with the lower dose did not increase the

expression of either TNF-a or IFN-y (Fig 6-2a and b). The levels of TNF-a expression

appeared to be the same between naive and BCG vaccinated mice regardless of whether

the low or high dose of BCG was used for the ex-vivo stimulation (Fig. 6-2a). However,

the expression level of IFN-y was elevated only in BCG vaccinated animals (Fig. 6-2b).
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Fig. 6-2 Differential gene expression in response to varying doses of BCG stimulation.

Graphs display HPRT normalised FC values for (a) TNF-a (b) and IFN-y. Low dose BCG (5000 CFU) and high
dose BCG (1x10° CFU) samples are indicated by red and green data points respectively. Bars represent the
median values, n=2.

6.3.2 Quality assessment of RNA for microarrays

RNA integrity is of great importance when it comes to achieving good quality microarray

data. | analysed RNA quality using the Agilent Bioanalyzer system, which produces a
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number of readouts including the RNA integrity number (RIN), a value between 7.0 - 10.0

indicates that RNA transcripts are intact and of good quality [202].

RNA was extracted from splenocytes taken from 10 (5 x naive and 5 x BCG vaccinated) of

the animals used to perform the MGIT assay detailed in section 5.3.2. Each animal had

splenocytes that were either un-stimulated or BCG stimulated in overnight culture (20

samples in total). A total of 16 arrays were available for use in this experiment so both

un-stimulated and BCG stimulated samples from 4 of the naive and 4 BCG vaccinated mice

were selected (based on the highest RIN values) for hybridisation to the array. The data

from the Agilent Bioanalyzer are displayed in Fig. 6-3. Of the 10 animals, 2 had a BCG

stimulated RNA RIN value less than 7.0, most likely due to the low quantity of RNA

isolated from these 2 samples, so these animals were removed from further study (N5 and

B4). However, the quantity and quality of RNA from the remaining samples was sufficient

to progress to the amplification and hybridisation stages with median RNA concentrations of

25ng/u and 27ng/ul for un-stimulated and stimulated samples respectively as measured

using the Nanodrop (data ranges of 20.3-31.7 and 13.2-33.6 respectively).

The maximum volume of 11yl of RNA from each sample was used for amplification and

biotinylation of the RNA transcripts using the Ambion TotalPrep kit. The amplified RNA was
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quantified using Nanodrop to ensure that there was sufficient RNA for microarray

hybridisation. = The median concentration of amplified RNA for the un-stimulated and

stimulated samples was 214.5ng/ul and 215.5ng/pl respectively (data ranges of 180-261ng/ul

and 200-246ng/pl respectively). The quality of the amplified RNA samples was also

assessed using the Agilent Bioanalyzer, the results of which are displayed in Fig. 6-4.

A peak transcript length between 1000-2000 base pairs is considered to be good quality.

Some of the samples do appear slightly degraded with sharp peaks around the 1000 base

pair mark, but they were still within the range of being good quality, so the samples were

all adjusted to the same concentration (750ng/5ul) and hybridised to the MouseRef-8 v2.0

BeadChips.
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Fig. 6-3 Bioanalyzer electropherogram charts for RNA used for amplification.

Electropherograms showing the peaks for 28s, 18s and marker RNA from the right to the left of the graphs
respectively. Graphs in panel (a) are from control (un-stimulated) samples, graphs in panel (b) are from BCG
stimulated samples (1x10% CFU/1x10° splenocytes). The letters N and B indicate that samples were from naive or
BCG vaccinated mice respectively. The RIN value for each sample is displayed in the sample name panel above
each electropherogram. Red boxes indicate that the sample had a RIN value below 7.0 and so was unsuitable for
use in the microarray.
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Fig. 6-4 Bioanalyzer electropherogram charts for amplified RNA used for microarray

Electropherograms showing the peak transcript length of amplified RNA samples. Graphs in panel (a) are from
control (un-stimulated) samples, graphs in panel (b) are from BCG stimulated samples (1x10® CFU/1x10°
splenocytes). The letters N and B indicate that samples were from naive or BCG vaccinated mice respectively.

6.3.3 Microarray normalisation

To ensure that discrepancies in hybridisation efficiency between the arrays and chips (8
arrays on each chip) did not impact upon the DGE analysis, the data were quantile
normalised. Arrays 1-8 were on chip 1 and arrays 9-16 were on chip 2 (Table 6-1).
Before normalisation, there was clearly a chip effect seen across the arrays (Fig. 6-5a), with
chip 2 having greater levels of fluorescence than chip 1. Whereas after normalisation, all
the arrays were centred around the same point, so that the data between arrays and

across the different chips were comparable (Fig. 6-5b).
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Array number

Sample

Naive 1 unstim

Naive 3 unstim

BCG 2 stim

Naive 2 stim

BCG 3 unstim

Naive 4 unstim

Naive 3 stim

BCG 1 unstim

BCG 3 stim

BCG 2 unstim

Naive 1 stim

Naive 2 unstim

oln|d|a|le|e|N|o|a|s|w|N| =

BCG 1 stim

—
SN

BCG 5 stim

15

Naive 4 stim

16

BCG 5 unstim

Table 6-1 Table showing which samples were hybridised to each array.
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after normalisation (b).

log2 fluorescence intensity

log2 fluorescence intensity

Bars represent the median values, boxes represent the inter-quartile range, whiskers
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Fig. 6-5 Boxplot showing log, fluorescent intensities of arrays.

Data showing the logs fluorescent intensities across the arrays before quantile normalisation using limma (a) and

indicate the range of data and the black circles represent outliers which were removed from the analysis.
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6.3.4 DGE in splenocytes taken from naive and BCG vaccinated mice

Once the arrays had been normalised and genes with low expression levels or unchanging
expression levels were removed, the data were compared between groups for DGE using a
linear model in limma. In naive mice, 1285 genes were differentially expressed (at a false
discovery rate (FDR) p-value of 0.05) between BCG stimulated and un-stimulated
splenocytes (Fig. 6-6 green circle) whereas in BCG vaccinated mice, 2229 genes were
differentially expressed (at an FDR p-value of 0.05) (Fig. 6-6 red circle). A total of 1153
genes were specifically differentially expressed in BCG vaccinated animals shown in

Table 6-2 and 1150 genes were differentially expressed in both naive and BCG vaccinated

animals in response to BCG stimulation (Table 6-3).
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BCG: stim vs unstim

1153 '

6715

Fig. 6-6 Venn diagram of differentially expressed genes in response to BCG stimulation.

The diagram shows the number of genes that were differentially expressed when comparisons were made between

The green circle represents genes that were significantly (p<0.05) differentially expressed in splenocytes
taken from naive mice in response to ex-vivo stimulation with BCG compared with control splenocytes. The red
circle represents genes that were significantly differentially expressed in splenocytes taken from BCG vaccinated
mice in response to ex-vivo stimulation with BCG compared with control splenocytes. Differential gene expression

groups.

was determined using an empirical Bayes model using limma.
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Gene Log, FC Adj. p-value
Timp1 1.11800305 4.00E-06
Nos2 1.684894953 7.00E-06
Gpr3ic 1.267404095 1.20E-05
Zbtb32 1.43072801 1.30E-05
Ccl9 -0.854684547 2.80E-05
Cryl1 -0.905844483 3.20E-05
Rbpj 0.934595352 3.40E-05
4732429D16Rik | -0.690589339 3.70E-05
Etvb 0.927024179 4.10E-05
Timp1 1.01354004 4.20E-05

Table 6-2 Top 10 differentially expressed genes in splenocytes from BCG vaccinated mice but not naive mice.

The table contains genes that were differentially expressed in splenocytes taken from BCG vaccinated mice but not
in naive mice (unstim vs. stim). The log,FC column indicates the level of differential expression of a gene. p-
values from the resulting comparisons were adjusted for multiple testing using the Benjamini-Hochberg method with
a false discovery rate of 0.05. Repeated genes indicate separate probes for a single gene and negative FC values

indicate down regulation of a gene.
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Gene Log, FC Naive | Log, FC BCG | F value | Adj. p-value
Retnlg -4.796291675 -4.902506384 | 587.08 | < 1.00E-05
Ia 4.562543078 4.874453183 | 532.47 | < 1.00E-05
Ifng 5.483340409 7.982658266 | 493.21 | < 1.00E-05
l11b 4.260231228 4.129665895 | 448.03 | < 1.00E-05
Serpina3f | 5.742116957 6.309558787 | 446.87 | < 1.00E-05
Edn1 3.940546938 4.549758991 426.35 | < 1.00E-05
Ifng 4.352347956 6.920407478 | 413.06 | < 1.00E-05
Lyz2 -3.168908934 -3.510703958 | 400.82 | < 1.00E-05
Gbp2 3.48271623 3.565803138 370.61 | < 1.00E-05
Lyz -2.564696933 -2.822467898 | 361.19 | < 1.00E-05
Cxcl9 5.151930651 5.851429717 340.13 | < 1.00E-05
Lyzs -3.146398113 -3.40058282 32594 | < 1.00E-05
Tnf 3.87556112 4.236357094 308.82 | < 1.00E-05
Ccl3 3.280567232 3.594409956 | 308.47 | < 1.00E-05
Ltf -3.202540575 -3.595910681 | 283.24 | < 1.00E-05
Csf2 2.702213029 4.318917009 | 268.89 | < 1.00E-05
Cxcll 5.392271384 4.908723736 | 258.35 | < 1.00E-05
Igf1 -2.813543834 -3.102879586 | 257.88 | < 1.00E-05
AA467197 | 2.605918564 3.428774827 | 252.24 | < 1.00E-05
11rn 3.331620414 3.981897701 24756 | < 1.00E-05

Table 6-3 Top 20 differentially expressed genes in splenocytes from BCG vaccinated and naive mice.

The table contains genes that were differentially expressed in splenocytes re-stimulated with BCG in both the BCG
vaccinated and naive mice (unstim vs. stim). The log,FC column indicates the level of differential expression of a
gene. F=variance of the group means / mean of within group variances using ANOVA. p-values from the resulting
comparisons were adjusted for multiple testing using the Benjamini-Hochberg method with a false discovery rate of
0.05. Repeated genes indicate separate probes for a single gene and negative FC values indicate down regulation

of a gene.
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6.3.5 Pathway analysis of differentially expressed genes

6.3.5.1 BCG vaccine specific differentially expressed genes

All genes (1153) that were specifically differentially expressed in BCG vaccinated mice
were used to perform pathways analysis using the open source functional annotation tool
from DAVID bioinformatics [203]. Genes that were enriched for specific biological pathways
were grouped together and used to produce functional annotation charts from the Kyoto
encyclopaedia of genes and genomes (KEGG) database. Charts were ranked according to
the number of genes present in each pathway compared to that expected for the total
number of genes by p-value. The top chart was for the lysosome pathway displayed in
Fig. 6-7 which had a p-value of 0.008 (at a false discovery rate (FDR) p-value of 0.05) with
20 genes present. The second most significant chart was the cytokine-cytokine receptor

interaction chart which had a p-value of 0.01 with 23 genes present Fig. 6-8.

6.3.5.2 Differentially expressed genes in naive and BCG vaccinated mice

The 1150 genes that were differentially expressed in both naive and BCG vaccinated mice
were also used to create annotation charts. The top chart was the Cytokine-cytokine
receptor pathway with a p-value of 2.5 E-06 and 40 genes present (Fig. 6-9). The second
chart was the Toll like receptor signalling pathway displayed in Fig. 6-10 with a p-value of

6.0E-06 (at a false discovery rate (FDR) p-value of 0.05) with 23 genes present and the
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third top chart was again the lysosome pathway (Fig. 6-11) (with a p-value of 0.0001 (at a

false discovery rate (FDR) p-value of 0.05) with 23 genes present.
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Fig. 6-7 BCG vaccine specific differentially expressed genes in the lysosome Pathway.
Differentially expressed genes from BCG vaccinated mice in response to BCG stimulation (stim vs. unstim) are
denoted in the KEGG pathway by a red star.
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Fig. 6-8 BCG vaccine specific differentially expressed genes in the cytokine-cytokine receptor Pathway.
Differentially expressed genes from BCG vaccinated mice in response to BCG stimulation (stim vs. unstim) are
denoted in the KEGG pathway by a red star.
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Fig. 6-9 Genes from naive and BCG vaccinated mice present in cytokine-cytokine receptor pathway.
Differentially expressed genes from BCG vaccinated and naive mice in response to BCG stimulation (stim vs.
unstim) are denoted in the KEGG pathway by a red star.
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Fig. 6-10 Genes from naive and BCG vaccinated mice present in the Toll like receptor pathway.
Differentially expressed genes from BCG vaccinated and naive mice in response to BCG stimulation (stim vs.
unstim) are denoted in the KEGG pathway by a red star.
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Fig. 6-11 Genes from naive and BCG vaccinated mice present in the lysosome pathway.
Differentially expressed genes from BCG vaccinated and naive mice in response to BCG stimulation (stim vs.
unstim) are denoted in the KEGG pathway by a red star.

6.3.6 Correlations between DGE and MGIT assay in mice

As the mice used to perform the microarray experiments were also used to perform the
MGIT assays described in section 5.3.2, it was possible to perform correlations between
gene expression levels and mycobacterial growth inhibition for these mice. In order to
produce a gene list for the correlations, direct comparison between the two BCG stimulated
conditions (stimulated naive mice versus stimulated vaccinated mice) was performed. This
resulted in a much smaller list of 56 differentially expressed genes, as sensitivity to detect
differential expression was reduced in this cross-group analysis, the surviving genes were
those with the greatest differential expression between BCG vaccinated and naive mice, and
are provided in the appendix. These genes were used to perform correlations between
BCG stimulated gene expression values in naive and BCG vaccinated mouse splenocytes,

and logy; GR values from the MGIT assay.

The genes found to significantly correlate (p<0.05) were IFN-y, IFI205, GPr83 and RAD541
which are displayed in Table 6-4. CCR5 and CCI24 were close to being significantly

correlated (p-values of 0.086 and 0.058 respectively). Higher expression levels of these
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genes correlated with lower GR values from the MGIT assay. When un-stimulated gene

expression values for naive and BCG vaccinated mice were correlated against the GR

values, no significant (p<0.05) correlations were found. All of the genes found to correlate

with the GR values also all correlated with IFN-y, suggestive of an IFN-y mediated pathway.

GR Ifng Ifng Ccl24 Cerb Cerb Ifi205 Gprg3 Rad54!

Spearman's tho  GR Correlation Coefficient 1.000 -.690 -738 -.690 -643 -643 - 714" -714 -738"

Sig. (2-tailed) . 058 .037 .058 .086 .086 .047 047 .037

N 8 8 8 8 8 8 8 8 8

ling Correlation Coefficient -.690 1.000 976" 929" 786" 786" 976" 881" 786"

Sig. (2-tailed) 058 | . .000 .001 .021 021 .000 .004 .021

N 8 8 8 8 8 8 8 8 8

Ifng Correlation Coefficient -738 976" 1.000 905" 857" 857" 952" .833° 810

Sig. (2-tailed) 037 000 | . 002 .007 007 .000 010 .015

N 8 8 8 8 8 8 8 8 8

Ccl24 Correlation Coefficient -.690 929" 905" 1.000 .690 690 976" 881" 762"

Sig. (2-tailed) .058 .001 002 | . .058 .058 .000 .004 .028

N 8 8 8 8 8 8 8 8 8

Ccrb Correlation Coefficient -643 786" 857" 690 1.000 1.000" 762" 548 905"

Sig. (2-tailed) 086 021 007 058 | . . .028 160 .002

N 8 8 8 8 8 8 8 8 8

Ccrb Correlation Coefficient -643 786" 857" 690 1.000" 1.000 762" 548 905"

Sig. (2-tailed) 086 021 007 058 | . . .028 160 .002

N 8 8 8 8 8 8 8 8 8

Ifi205 Correlation Coefficient -714" 976" 952" 976" 762" 762" 1.000 857" .810°

Sig. (2-tailed) 047 000 000 000 028 028 007 015

N 8 8 8 8 8 8 8 8 8

Gpr83  Correlation Coefficient 714 881" 833 881" 548 548 857" 1.000 643

Sig. (2-tailed) 047 004 010 004 160 160 .007 .086

N 8 8 8 8 8 8 8 8 8

Rad541 Correlation Coefficient -738" 786" 8107 762" 905" 905" 810 643 1.000
Sig. (2-tailed) 037 021 015 028 .002 .002 .015 .086

N 8 8 8 8 8 8 8 8 8

*. Correlation is significant atthe 0.05 level (2-tailed).

**. Correlation is significant at the 0.01 level (2-tailed).

Table 6-4 correlations between differential gene expression and GR values from MGIT assay.

Data presented in this table are from BCG stimulated splenocytes taken from naive (n=4) and BCG vaccinated
(n=4) mice together. The logiy GR values were obtained for each mouse as described in section 5.3.2. Only genes
that were approaching significance or below 0.05 are displayed. P-values were determined by spearman’s rho.
Repeated genes indicate separate probes for a single gene.
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6.4 Discussion

The high throughput nature of microarrays means that they can easily be affected by
variation in the quality of starting RNA, amplified RNA, hybridisation conditions, chips, and
washing steps. All of the quality measures that were carried out indicated that the RNA
used for the arrays was of good quality, both before and after amplification. The
normalisation procedure was successful in removing the chip effect, so comparisons could
be made between samples across the chips with confidence. The purpose of these
experiments was to identify genes/biological pathways that were differentially expressed in
response to BCG stimulation between naive and BCG vaccinated mice. These genes may
indicate which mechanisms are involved in mycobacterial growth inhibition /7 vitro and also
during /n vivo protection in mice if the same mechanisms are involved in both of these

processes.

Out of the 19,100 different genes that were present on the arrays 2438 were differentially
expressed in the naive and BCG vaccinated mice. Of these genes, those that were
differentially expressed in both naive and BCG vaccinated mice (stim vs. unstim), and those
specific to BCG vaccinated mice (stim vs. unstim) were of interest, as these genes
represent common innate responses and BCG vaccine induced responses respectively. A

number of genes known to be important in immunity against M. b, were differentially
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expressed in ex-vivo splenocytes from both naive and BCG vaccinated mice, including IFN-

v, TNF-a, and IL-17 [98, 204-206]. These genes were all up-regulated in response to ex-

vivo BCG stimulation in all animals, but more so in BCG vaccinated mice. This great deal

of overlap in the response to BCG stimulation in splenocytes taken from naive and BCG

vaccinated mice indicates that in the mouse model, innate immune mechanisms are

important for the control of mycobacterial growth. This finding is supported by the fact that

different strains of naive mice have inherently different levels of susceptibility to M. b

challenge [207] and the C57bl/6 mice used throughout this study have been shown have

high levels of resistance against M. tb challenge. The innate responses in this present

study support the suggestion made in chapter 5 that innate immune responses may have

contributed to the failure of the total PBMC infection MGIA to discriminate between naive

and BCG vaccinated samples due to masking of adaptive responses in vaccinated animals.

A large number of genes were specifically differentially expressed in BCG vaccinated mice,

indicating that BCG vaccination broadens the immune response to /n vitro re-stimulation with

BCG. These genes included NOS2 and TIMP1. The fold change levels in these genes

were not as pronounced as those seen to be differentially expressed in naive and BCG

vaccinated mice, possibly due to more potent effects or lower levels of sensitivity to

activation, as is the case for NOS2 which is induced by IFN-y that itself had a 32 fold
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increase in naive mice without induction of NOS2 transcription. It is possible that further

genes involved in M. tb immunity have not been detected in this analysis due to low

abundance, insufficient sensitivity of the microarray or because of the low number of

samples (n=4 naive and n=4 BCG vaccinated mice). The fact that the mice used for these

experiments were an inbred strain (C57bl/6) means that there was very little variability

between mice in each group, so many differentially expressed genes were detected, but

perhaps not as many as would have been found had larger sample sizes been used. Some

of the interesting genes and pathways that were significantly differentially expressed are

discussed below.

IFN-y was up-regulated in splenocytes from both naive and BCG vaccinated animals, but

more so by approximately 6 fold in BCG vaccinated mice compared with naive mice,

demonstrating that BCG vaccination induces memory T cells that can produce greater

quantities of IFN-y than naive T cells. Increased expression of IFN-y in BCG vaccinated

mice was expected, so this finding was confirmation that the microarray study would enable

detection of BCG vaccine mediated DGE between vaccinated and naive mice. It is well

known that BCG vaccination in mice results in increased IFN-y secretion in response to

mycobacterial antigens [208, 209] as measured by Elispot and flow cytometry. IFN-y was

also identified in two separate microarray studies as being differentially expressed in the

Page 240 of 281



lungs between naive and BCG vaccinated mice after M. fb challenge [152, 192]. One

limitation of microarrays is that they do not indicate which cells within the sample the DGE

is taking place in. There are a number of adaptive cells that express IFN-y including CD4",

CD8", v8" T cells and NK' T cells, so any, or all of these cells may have contributed to the

increased abundance of this gene in this present study and those that have been

published. Flow cytometry is routinely used at the Jenner Institute to measure IFN-y in the

splenocytes of BCG vaccinated mice and typically is found to be expressed largely in CD4"

T cells with a low level of expression in CD8" T cells although as discussed in chapter 4 it

was also found to be expressed by y8" T cells in PBMC from naive NHP.

NOS2 is produced by murine granulocytes and macrophages in response to IFN-y [56].

This gene was only up-regulated in splenocytes taken from BCG vaccinated mice, which fits

with the enhanced levels of IFN-y expression seen in BCG vaccinated animals. RNS

production in mice has clearly been shown to be involved in protection against M.

challenge /in vivo [56, 210] and has been identified in a separate microarray study as being

up-regulated upon infection of mice with M. tb [211]. This could indicate that higher levels

of IFN-y which are only present in BCG vaccinated mice are required to initiate NOS2

expression and induce mycobacterial growth inhibition by damaging bacterial DNA, proteins

and lipids [212]. Together, this damage impairs mycobacterial metabolism and could
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ultimately inhibit replication. This could potentially be a mechanism involved in

mycobacterial growth inhibition seen in the MGIT assay. Another gene that was only up-

regulated in BCG vaccinated mice was TIMP1 (Tissue inhibitor of metalloproteinase 1). The

protein encoded by this gene inhibits the action of MMP-9 which has a role in attracting

lymphocytes to the site of M. tb infection and development of granulomas but is also

implicated in tissue destruction, cavitation and lung pathology of TB [213]. Macrophages

that phagocytose M. tb or even inert latex beads up-regulate their levels of TIMP1, but this

gene has also been shown to be induced by IL-1 action through NF-«xf signalling [214].

The specific up-regulation of this gene in BCG vaccinated mice could indicate that TIMP1

has a role in limiting tissue destruction during M. b infection. Although it is unlikely that

TIMP1 will be a major contributing factor to growth inhibition in the MGIT assay as there

are no extracellular matrices for MMP-9 to destroy and thus TIMP1 cannot mediate its

effects.

The genes IL-17a and IL-17f were both up-regulated in BCG vaccinated mice compared

with naive mice. These cytokines are pro-inflammatory and have been linked to DTH

responses. IL-17 has also been linked with memory mediated protection against M. b in

mice [215]. The relationship between IL-17 and BCG infection is perhaps not a simple

one, with studies suggesting that IFN-y down regulates IL-17 in BCG infected DCs [216].
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This is in contrast to my findings that both IFN-y and IL-17 were up-regulated in

splenocytes from BCG vaccinated and naive mice in response to BCG stimulation, but more

so in BCG vaccinated animals. The reasons for this disparity could be due to the fact that

Cruz et al, used DC from IFN-y knock-out mice, which may have aberrated responses to

BCG, and the cells utilised in the present study were splenocytes not DCs, so other cellular

interactions may influence IL-17 expression. IL-17a and IL-17f along with IFN-y, have also

been identified as being differentially expressed between naive and BCG vaccinated mice in

M. tb challenged animals [152], and unpublished flow cytometry data within our group also

show increased levels of IL-17 in Balb/c mice that have been BCG vaccinated K. Griffiths

et al. IL-17 responses have also been associated with protection in cattle following viral

vectored vaccination against M. tb [217], so there is a growing body of evidence that

enhanced Ty17 responses are important for protection and the array data in this present

study concur with this theory.

CSF2, also known as granulocyte-macrophage colony stimulating factor, controls the

production, differentiation and function of granulocytes and macrophages. Macrophages are

believed to be the final effector cell responsible for killing or restricting the growth of

mycobacteria under the influence of lymphokines including IFN-y [218, 219]. CSF2 has

been shown to activate macrophages to restrict the growth of M. #b in human macrophages
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[220], and be important for control of M. fb growth in mice [221]. As was the case with

IFN-y and IL-17, this gene was up-regulated in naive and vaccinated mouse splenocytes in

response to BCG stimulation, but more so in BCG vaccinated animals and could therefore

be involved in the enhanced mycobacterial growth inhibition activity of splenocytes from

BCG vaccinated mice.

The Hamp gene encodes for the hormone hepcidin which is produced in the liver to control

iron homeostasis, but also plays a key role in iron recycling within the macrophage.

Hepcidin mediates the destruction of the iron transporter protein ferroportin, resulting in an

increase in iron levels within macrophages. My findings show that BCG stimulation

increases iron levels in macrophages (favoured by mycobacteria). Iron is essential for

mycobacterial growth and so it was not surprising to see increased expression of hepcidin

in BCG infected splenocytes, but it was surprising to see that it was specifically differentially

expressed in the BCG vaccinated mice, as these mice can better control the growth of

mycobacteria. However, hepcidin has been shown to be antimicrobial [222, 223], and up-

regulated in macrophages from humans and mice in response to mycobacteria and IFN-y

[224, 225]. So perhaps the up-regulation of hepcidin under the influence of IFN-y has an

anti-mycobacterial effect and contributes to BCG mediated protection against M. tb challenge
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in mice, which can explain why this gene was only differentially expressed in the BCG

vaccinated animals.

Pathways analysis is used to analyse large numbers of genes for their presence within

biological pathways. In this way, genes are no longer analysed individually, but are instead

looked at as being functionally grouped. Differentially expressed genes specific to BCG

vaccinated but also in both naive and BCG vaccinated mice were found to be significantly

enriched for the lysosome and cytokine-cytokine receptor pathways. The lysosome pathway

is involved in the development of phagolysosomes which destroy phagocytosed

mycobacteria contained within them. Lysosomes also combine with autophagosomes which

may contain mycobacteria and thus mediate their destruction [76]. This pathway was the

most significant pathway identified in BCG vaccinated mice, but surprisingly, the majority of

the genes were actually down-regulated in response to BCG stimulation. To maximise the

likelihood of detecting differences in the gene expression of splenocytes of BCG vaccinated

compared to naive mice, splenocytes were stimulated with a high dose of BCG (MOI 1:1).

One explanation for this apparent down regulation of the lysosome pathways which is a

very significant anti-mycobacterial mechanism, is that the BCG used for the stimulation was

actively inhibiting this pathway, as BCG, like M. tb, expresses ManLAM [226] which has

been shown to disrupt phagolysosome maturation [53]. The dose of BCG used to infect
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splenocytes during the MGIT assay was very low, between 2800-9000 CFU/1x10°
splenocytes, so if the down-regulation of the lysosome pathway was linked to the high dose
of BCG used for stimulation then it may not be as pronounced during the MGIT assay, or
it may be absent. Another limiting factor of this study is that only one time-point after
stimulation was assessed (12 hours) and it may be that down-regulation of the lysosome
pathway would eventually be overcome by activation with IFN-y. Microarray studies of DGE
in the lungs of mice challenged with M. # did not identify the lysosome pathway as being
down regulated [152, 192], although this was a different organ and different time points
were assessed than in this present study. Further study of DGE during the time course of
the MGIT assay with varying doses of BCG would further help in identifying the exact

mechanisms of mycobacterial growth inhibition /n vitro.

The cytokine-cytokine receptor pathways contain a number of cytokine families divided into
individual pathways; it is large and all-encompassing for inflammatory responses. As with
the lysosome pathway, BCG vaccinated animals had more differentially expressed genes
present in these pathways than naive animals, which indicates an enhanced immune
response against BCG stimulation in BCG vaccinated animals. In particular, IFN-y, [L-12
receptors, IL-18, CCR5 which are all involved in Tyl immune responses were all up-

regulated to a greater extent in BCG vaccinated animals. Cytokines of the Ty1 axis were
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also identified as being differentially expressed in vaccinated mice that were challenged with

M. tb compared with naive challenged mice by microarray [152, 192, 227]. There is a

growing amount of microarray data that support the theory that BCG vaccination works by

producing enhanced Ty1 responses primarily mediated by increased production of IFN-y.

However, IFN-y alone does not correlate with protection and it is clear from microarray and

other intricate studies that the effects of IFN-y are very broad and far reaching resulting in

activation of the lysosome pathway [228], NOS2 production [56], induction of autophagy

[76], production of hepcidin [225] and many other processes that have anti-mycobacterial

actions. So it is perhaps to be expected that IFN-y itself does not correlate with protection

as it is not directly anti-mycobacterial, it must act upon a multitude of complex processes in

concert to elicit its effects. The present study was designed to address the question of

what differences there were between naive and BCG vaccinated mice in terms of their

responses to ex vivo stimulation with BCG, as this is the stimulation present in the MGIT

assay. There are therefore limitations to how relevant these responses are in terms of /in

vivo challenge or /n vitro stimulation with M. tb. If M. tb were to be used during the MGIT

assay then separate study of the splenocyte responses of naive and BCG vaccinated mice

to M. tb stimulation would be warranted. It would be very interesting to see if the DGE

response to M. tb challenge /n vivo was the same as that seen during /n vitro stimulation

as this would further validate the MGIT assay as measuring protective responses.
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The TLR pathway was the most significant pathway identified in BCG stimulated

splenocytes from both naive and BCG vaccinated mice. The activation of PRR by bacterial

products leads to NF-kB activation and the secretion of IFN-y which would enhance the

ability of innate immune cells to clear a mycobacterial infection. In naive and BCG

vaccinated mice there was evidence of activation of TLR-6 and MyD88 which is involved in

the signal cascade to activate NF-«xB and thus initiate an immune response. TLR-6

interacts with TLR-2 which has been shown to respond to LAM in mycobacterial cell walls

[229]. Unfortunately, the expression of TLR-2 could not be assessed as this gene was not

present on the microarray. The great deal of overlap in this pathway between naive and

BCG vaccinated animals was expected as TLR signalling is part of the immediate innate

immune response to pathogens.

One of the primary objectives of performing the microarray study was to try to identify

which processes were responsible for mycobacterial growth inhibition seen in the MGIT

assay. Correlations between DGE and growth inhibition values could therefore help to

identify genes that were most important for growth inhibition. Of the 56 genes found to be

differentially expressed between BCG vaccinated and naive Mice (BCG stim vs. naive stim),

only 4 gene probes significantly correlated with the MGIT data (IFN-y, IFI205, GPr83 and
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RADS541) with CCR5 and CCL24 approaching significance. All of these genes also strongly

correlated with IFN-y which indicated that IFN-y mediated responses were strongly

associated with growth inhibition, a finding that has been found previously in mouse M. b

challenge microarray studies [192, 227]. The small number of animals used for this present

study limits the power to detect correlates of growth inhibition and it is possible that the

use of greater numbers of animals would have resulted in greater power to identify further

correlates. If genes involved in the downstream anti-mycobacterial processes that are under

the control of IFN-y (e.g.NOS2) were shown to correlate with growth inhibition, then this

could help to identify which mechanisms are responsible for growth inhibition in vitro.

Although the sample size was small, genes/pathways associated with the control of

mycobacterial growth were identified. In both naive and BCG vaccinated mice IFN-y

appeared to be highly important for limiting mycobacterial growth. IFN-y is important for

initiating a number of anti-mycobacterial processes. BCG vaccination, which is known to be

protective in the mouse model, clearly enhances the secretion of IFN-y from memory T cells

and this augments the activation of innate immune cells and enhances clearance of

mycobacteria. CD4" T cells are known to be important for immunity against M. tb [135-

140], but here is also growing evidence that y8* T cells are involved in host defence

against M. tb in mice, cattle and in humans [69, 73, 185] as they are thought to be
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involved in the early host response to M. tb. CD4" and v8" T cells are both capable of

producing the cytokines IFN-y and IL-17, which have been implicated in protection against

TB [98, 150]. The very nature of MGIAs is to assess functional responses of immune

mechanisms as a whole, which makes identification of the exact underlying mechanisms

responsible for growth inhibition difficult. However the present microarray study indicates

that Ty1 and Tx17 mediated responses are responsible for the differences seen in

mycobacterial growth inhibition between naive and BCG vaccinated mice. The identification

of NOS2 induction in BCG vaccinated mice alone, suggests that IFN-y induced production of

RNS contributes towards mycobacterial growth inhibition in BCG vaccine mice. Further

work needs to be conducted in order to identify whether CD4", y8* or both T cell types are

responsible for IFN-y mediated mycobacterial growth inhibition in the MGIT assay. This

study was also limited to DGE in mice, whereas the MGIT assay has been shown to detect

BCG vaccine induced mycobacterial growth inhibition in humans [155] and also in NHP

(chapter 5). It may not be the case that the mechanisms involved in mycobacterial growth

in mice are the same as those measured by the MGIT assay in humans and NHP. In

particular, there is debate as to the importance and induction of NOS2 in human

phagocytes [57]. Further study of the mechanisms behind mycobacterial growth between

different species is therefore required.
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6.5 Chapter conclusions

A high dose of BCG was required to produce differential gene expression of IFN-y in

splenocytes taken from naive and BCG vaccinated mice

Approximately half of the genes that were differentially expressed between control and

BCG stimulated splenocytes were specific to BCG vaccinated mice

The Lysosome and cytokine-cytokine receptor pathway were the most significant

pathways identified in BCG vaccinated mice. These pathways were also identified using

differentially expressed genes common to naive and BCG vaccinated mice. TLR

signalling was only identified in naive plus BCG vaccinated mice.

Correlations of DGE and MGIT assay found IFN-y to correlate directly with growth

inhibition

The mechanism behind mycobacterial growth inhibition seen in the MGIT assay appears

to be Tyl dependent, with increased magnitude of IFN-y in BCG vaccinated animals

playing a vital role in growth inhibition. Although the cells responsible for the increased

expression of this cytokine were not identified in this study, previous studies in our lab

have identified CD4" T cells as the primary source of IFN-y following vaccination with

BCG. It is possible that IL-17 and IFN-y are acting synergistically and induction of

NOS2 is important for inhibiting mycobacterial growth.
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7.Concluding remarks and future directions

7.1 Summary

An improved vaccine against M. tb is urgently required to prevent almost 2 million deaths
from TB per annum. One of the most challenging aspects of developing an improved TB
vaccine, is efficacy testing. At present, the only reliable measure of efficacy is large scale
field trials in TB endemic areas; these trials take years to carry out in thousands of
subjects; and cost millions of pounds to perform. Surrogates of protection expedite the

process of assessing vaccines for immunogenicity in animal models and early clinical trials.

So far, no single parameter has been found to robustly correlate with protection against TB
in various preclinical or clinical models [129, 130]. It is currently thought that systems
measuring a whole host of cellular mechanisms such as functional assays might provide the
elusive surrogate of protection. One such functional assay is the MGIA which can be
thought of as an /n vitro challenge model for assessing vaccine efficacy. All MGIAs have
one principle in common, which is, samples taken after vaccination against TB should be
better able to inhibit growth of mycobacteria in cell culture, as compared to samples from

unvaccinated controls.
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Throughout this project a number of different MGIAs were assessed, using different cell
types from animal models and humans. Problems were encountered with both inter and
intra assay variability during the first two MGIAs that were assessed (cultured and novel
MGIA), which meant these assays were unsuitable for pre-clinical vaccine efficacy
assessment. The final MGIA (MGIT assay) that was assessed had much better
reproducibility, and far less variability making it suitable for vaccine efficacy testing. The
MGIT assay was able to discriminate between splenocytes and PBMC taken from naive and
BCG vaccinated mice and NHP respectively. A microarray experiment was then performed
to elucidate the mechanisms behind BCG vaccine induced mycobacterial growth inhibition

seen in the mouse MGIT assay.

7.2 Main findings

Samples from volunteers who had historically received BCG vaccination and were given a
BCG re-vaccination were used to assess the cultured MGIA. PBMC taken 4 weeks after
BCG re-vaccination had significantly higher levels of mycobacterial growth inhibition
compared with matched samples taken prior to BCG re-vaccination. Variation between
volunteers was considerable with many negative values, which indicated that antigen

stimulated PBMC were less capable of inhibiting mycobacterial growth than media rested
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PBMC. From these experiments it appeared that y5* T cells were the cell type most likely

to demonstrate functional responses and survive the culture period of this MGIA.

In comparison to the cultured MGIA the total PBMC infection MGIA was relatively simple to

perform and did not bias cellular responses by culturing with antigens, however, variability

was a continuing problem throughout the development and optimisation of this assay.

Ultimately, even with the optimisation experiments that were performed for this assay, no

significant differences in mycobacterial growth inhibition were seen between naive and BCG

vaccinated animals, (mouse splenocytes or NHP PBMC), in any of the experiments where

this assay was performed. v5° T cells/INK" cells (CD3*, CD4" and CD8’) from naive rhesus

macaques responded very strongly to overnight stimulation with M. t6 H37Rv producing IFN-

y, TNF-a. and IL-2. CD4" and CD8" T cells did not respond strongly even after 4 or 7 days

ex-vivo stimulation in naive animals. This finding supports the results from the cultured

MGIA in humans where the y8" t cells, where the most abundant activated cell type

following cell culture.

In contrast to the cultured and total PBMC infection MGIAs, the MGIT MGIA is very simple

to perform, which makes it easier to implement across numerous vaccine trial sites.

Experiments using the MGIT assay with mouse splenocytes showed that BCG vaccination
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results in improved mycobacterial growth inhibition. This improved growth inhibition

coincides with /7 wvivo protection from M. tb challenge in the lungs and spleens of

experimentally matched mice. CD4" and CD8" T cell depletion studies revealed a trend for

enhanced mycobacterial growth inhibition when these cells were absent, indicating a

possible role for y8* T cells within this assay. PBMC from BCG and BCG-MVAS85A

vaccinated NHP also showed enhanced mycobacterial growth inhibition compared with pre

vaccination samples.

DGE studies in the mice used for the MGIT assay revealed that BCG vaccination had

primed a broader immune response in these animals, but there were also strong innate

immune responses that could have an impact upon mycobacterial growth inhibition. The

small sample size also meant that there was little power to perform correlations between

the MGIT assay and DGE data, however IFN-y and genes that this cytokine induces

correlated with mycobacterial growth. NOS2 was only differentially expressed in BCG

vaccinated mice, and so RNS could contribute for the enhanced mycobacterial growth

inhibition seen in BCG vaccinated animals.
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7.3 Future directions

7.3.1 Evaluate BCG-MVAS85A vaccination in MGIT assay

Although the MGIT assay has been shown in this thesis and by R. Wallis et a/, [155] to
differentiate between naive and BCG vaccinated mice and humans respectively; it has not
been shown to differentiate between BCG and an improved vaccine against TB. MVAS85A is
the most clinically advanced novel TB vaccine candidate, and can enhance BCG efficacy
against M. tb challenge in mice, guinea pigs, NHP and cattle [115, 116, 201, 217]. Thus if
mycobacterial growth inhibition in the MGIT assay does correlate with protection, then BCG-

MVAS85A vaccinated mice should have lower GR values than BCG vaccinated mice.

/7.3.2 Correlating GR values from MGIT assay with in vivo protection

Direct correlations between mycobacterial growth inhibition in the MGIT assay and protection
from M. tb challenge are not possible in mice due to limited blood availability for use in the
MGIT assay, necessitating the use of splenocytes. Experiments evaluating multiple
vaccination regimes that induce significantly different levels of protection from M. b
challenge could be used to perform correlations; the median group CFU values from
challenge could be correlated against median group GR values in the MGIT assay. If the
MGIT assay could be performed using a very small volume of blood (<100ul from each
mouse) then it could be possible to perform the MGIT assay and challenge using the same

animal. Experiments could be performed to assess the minimum volume of blood required
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to perform the MGIT assay. Another option could be to use the guinea pig model of TB,
where blood volumes are not so restrictive, so the same animals could be used for the
MGIT assay and M. tb challenge, and the cost of guinea pig experiments is still relatively
inexpensive. It would also be advantageous to be able to use WB in the MGIT assay for

TB vaccine efficacy studies in NHP.

7.3.3 Elucidation of the mechanisms in MGIT assay

The T cell depletion and microarray experiments | performed could be extended to further
identify the precise mechanism(s) involved in BCG vaccine induced mycobacterial growth
inhibition.  Further studies involving T cell depletions and flow cytometry on splenocytes
used to perform the MGIT assay might uncover which cell type(s) are responsible.
Perturbation studies of RNS production, autophagy and macrophage activation could indicate
the relative importance of these mechanisms within the MGIT assay. However, there is
also the possibility that by blocking these processes there will be an increase in cell death
which will affect the MGIT assay. The use of fluorescence microscopy with a reporter
strain of BCG would enable the intracellular location of the bacteria to be confirmed. Thus,
the importance of phagolysosome maturation and autophagy could be assessed. The
importance of RNS in mice in relation to mycobacterial growth inhibition is well known [56]

but its importance in human macrophages is controversial [57]. It would be interesting to
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compare the mechanisms involved in mycobacterial growth inhibition between mice, humans

and even NHP possibly by using microarrays.

7.3.4 Overall

The MGIT assay has been shown to detect BCG vaccine induced mycobacterial growth

inhibition in WB from humans [155] and in this study, it has also been shown to be

effective using splenocytes and PBMC from mice and NHP respectively. In mice this assay

corresponded with protection from aerosol challenge with M. t and therefore has the

potential to be used to accelerate TB vaccine efficacy testing in mice and ultimately in

humans.
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8. Appendix

8.1 Electronic files

8.1.1 Non-human primate clinical data from M. tb challenge

8.1.2 Microarray data files

8.2 Elispot data TB006 BCG-BCG
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8.3 Monocyte only control wells cultured MGIA TB006
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Figure 8-1 Positive control CFU counts from monocyte only wells of cultured MGIA.

Graph shows CFU data for the monocyte only control wells from the cultured MGIA using PBMC taken 1 week
prior to BCG re-vaccination (W-1) 4 and 24 weeks post vaccination (W4 and W24 respectively). Bars represent the
median CFU per monocyte only well.

8.4 Primers for g-PCR

All of the primers used for the g-PCR experiment in this thesis had been designed and
established as being effective by Dr H. Fletcher prior to my studies.

Mouse HPRT forward 5° AGCCTAAGATGAGCGCAAGT 3’
Mouse HPRT reverse 5° TTACTAGGCAGATGGCCACA 3’

Mouse IFN-y forward 5 GGGTTGTTGACCTCAAACTTGGCA 3’
Mouse IFN-y reverse 5 CAGGCCATCAGCAACAACAT 3’

Mouse TNF-a forward 5° GATGAGAAGTTCCCAAATGG 3
Mouse TNF-a reverse 5 GAAGATGATCTGAGTGTGAG 3’
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8.5 Genes from direct comparison of stimulated

splenocytes from naive and BCG vaccinated mice

Symbol Name log2FC adj.P.Val
Ifng Interferon gamma 2.520 2.480E-05
Ifng Interferon gamma 2.432 3.890E-05
17f Interleukin 17f 1.896 5.956E-03
Csf2 Colony stimulating factor 2 1.534 2.639E-04
2010005H15Rik Riken cDNA 1.434 2.292E-02
Ccl24 Chemokine (c-c) motif 24 ligand 1.376 7.326E-03
Hamp Hepcidin 1.329 4.001E-04
117a Interleukin 17a 1.301 1.100E-02
14 Interleukin 4 1.202 3.179E-02
Nos2 Nitric oxide synthase 2 1.179 7.326E-03
Upp1 Uridine phosphorylase 1 1.147 4.000E-02
Gpr83 Probable G-protein coupled receptor 83 1.145 3.228E-02
Oasl 2'-5' oligoadenylate synthetase-like 1 1.142 2.542E-02
Rad51 RAD51 1.121 1.173E-02
Batf2 basic leucine zipper transcription factor, ATF-like 2 1.042 4.645E-02
Zbtb32 zinc finger and BTB domain containing 32 1.040 1.100E-02
Upp1 Uridine phosphorylase 1 1.028 4.184E-02
Ccrb C-C chemokine receptor type 5 1.013 1.100E-02
Lta Lymphotoxin-alpha 0.987 2.680E-02
Ffar2 Free fatty acid receptor 2 (FFA2) 0.981 3.515E-02
127 Interleukin 27 0.978 4.667E-03
Timp1 tissue inhibitor of metaloproteases 0.977 8.002E-03
Ifi205 interferon activated gene 205 0.969 1.664E-02
Tbx21 T-box 21 0.961 2.292E-02
Schip1 schwannomin interacting protein 1 0.953 2.542E-02
Gpr3ic G protein coupled receptor 0.932 9.973E-03
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AA467197 NMES1 0.874 1.100E-02
Oasl2 2'-5' oligoadenylate synthetase-like 2 0.872 3.515E-02
Pabpc4 poly(A) binding protein, cytoplasmic 4 0.867 3.515E-02
I112rb1 interleukin 12 receptor-b 1 0.848 1.100E-02
Fcgri Fc receptor, IgG, high affinity | 0.848 3.515E-02
Cetn4 centrin 4 0.845 4.714E-02
Ccrb C-C chemokine receptor type 5 0.844 1.184E-02
l12ra Interleukin 2 receptor a 0.770 4.177E-02
MikI mixed lineage kinase domain-like 0.769 4.990E-02
Rad54l Rad45 like 0.769 3.515E-02
Arg2 arginase type |l 0.735 3.515E-02
P2ry14 purinergic receptor P2Y, G-protein coupled, 14 0.699 3.664E-02
Sic12a7 solute carrier family 12 member -0.89963 0.022922
Rapgef4 Rap guanine nucleotide exchange factor (GEF) 4 -0.709682 0.025421
Tcf7 Transcription factor 7 -0.740722 0.025421
Brwd1 Bromodomain and WD containing -0.803949 0.025421
Tcf7 Transcription factor 7 -0.846548 0.025421
Sspn sarcospan -0.563973 0.035152
Ar androgen receptor -0.738328 0.035152
Arhgef4 Rho guanine nucleotide exchange factor (GEF) 4 -0.749908 0.035152
Galnt9 Galnt9 -0.775531 0.035152
Matk megakaryocyte-associated tyrosine kinase -0.778604 0.035152
Ovgp1 oviduct specific glycoprotein -0.794286 0.03919

Dtx4 Deltex 4 -0.838741 0.041306
Zfp69 Zinc finger protein 69 -0.822251 0.041839
NtSe 5' nucleotidase -0.846981 0.049901
Scml4 sex comb mid leg (drosophila) -0.855546 0.049901

Table 8-1 Differentially expressed genes between BCG vaccinated and naive mice by direct comparison.
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