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Preface

This PhD thesis is written in a research paper style format in accordance to the applicable
and existing regulation at LSHTM. The first chapter is a general introduction to
tuberculosis, covering the topic of immunology, vaccines and correlates of protection. It
also outlines the gaps in knowledge and sets the rationale of the project presented in the
three manuscripts, each as a chapter, that follow. These three manuscripts are currently
under review in international peer-reviewed journals. Unpublished pilot investigations
and preliminary methodology development data are discussed in a separate chapter
following the research paper chapters. The last chapter in the thesis integrates the results
of the three discrete but related investigations as well as the unpublished data to give an
answer to the problems stated in the introduction chapter. Reference list is provided at the
end of each chapter in accordance to the format of LSHTM research paper style PhD

thesis.
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Abstract

Drug treatment and vaccination remain the main strategies to control tuberculosis (TB),
which is the leading infectious cause of death globally. Lengthy treatment is often cited
as a major obstacle towards improved control of TB. It has been proposed that a
combination of TB vaccination with pharmacological treatment, termed therapeutic
vaccination, may provide a greater therapeutic value. Several therapeutic TB vaccine
candidates have been developed and are currently progressing in the pipeline. We
hypothesise that an ex-vivo mycobacterial growth inhibition assay (MGIA) can be
implemented to investigate and accelerate development of therapeutic vaccination

strategies for TB, in the context of both human clinical and animal murine studies.

This thesis describes for the first time, the combined effect of immunoprophylaxis by
routine vaccination with Bacillus Calmette—Guérin (BCG) and chemotherapy using the
ex vivo immune assay platform. The first research chapter of the thesis elaborates a proof-
of-principle study investigating the combined effect between historical BCG vaccination
and two major first-line TB drugs (isoniazid and rifampicin), which is considered
essential to further expedite the development of therapeutic vaccination strategies for TB.
The second part of the thesis describes a study in which immunisation of mice with RUTI,
a novel therapeutic TB vaccine candidate, was shown to enhance inhibition of
mycobacterial growth ex vivo by inducing a shift of monocyte phenotype. We also
investigated the effects of RUTI and BCG vaccination towards ex vivo drug-mediated
killing in mice. The third research part of the thesis discusses the impact of individual-
level factors on ex-vivo mycobacterial growth inhibition, specifically the influence of
immune cell phenotype, cytomegalovirus-specific response and sex on immunity

following BCG vaccination in humans.

In the absence of an immune correlate of protection following TB vaccination,
implementation of the ex vivo MGIA assay could be beneficial to screen TB vaccine
candidates at early phases in order to prioritise which candidates should be tested with
the available funding and field sites. Collectively, our findings support the
implementation of MGIA as an effort to accelerate the development of therapeutic TB

vaccines.
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Chapter — 1 General Introduction

1.1 Tuberculosis

Tuberculosis (TB) continues to be a major cause of morbidity and mortality, mainly in
low- and middle-income countries, despite the causative agent being discovered by
Robert Koch more than 100 years ago in 1882!. TB is a treatable airborne infectious
disease caused primarily by Mycobacterium tuberculosis (Mtb) which constitutes the
deadliest infection in the past 200 years®. The development of antibiotic treatment as well
as implementation of the Bacillus Calmette—Guérin (BCG) vaccination in the last 60 years
have resulted in a considerable decline of the disease burden’. Nevertheless, the battle
against TB is far from over and TB remains as a prominent public health concern in many

parts of the world.

TB is a poverty-related disease and often erroneously considered as a disease of the past.
This assumption was challenged in 1993, when the World Health Organization (WHO)
declared TB as a global emergency, notably following the nosocomial outbreaks of drug-
resistant TB in some hospitals in New York city*. Since the disease was declared as a
global emergency, TB has resulted in 30 million deaths and orphaned at least 10 million
children worldwide®. Currently, the spread of human immunodeficiency virus (HIV)
infection has been fuelling TB epidemics in several parts of the world, particularly in
Sub-Saharan Africa’. This is due to the fact that the risk of developing the disease is
markedly increased in immunocompromised persons®. In some other parts of the world
including South-East Asia and South America, HIV plays a lesser role and TB is more

associated with other immunocompromising conditions, such as diabetes mellitus®!°.
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Furthermore, the current situation is aggravated by the emergence of multidrug-resistant

(MDR)-TB which has been reported in virtually all countries'!.

By 2050, the Stop TB Partnership aims to eliminate TB by reducing the incidence to less
than one case per 1 million people'?. In 2015, the WHO also sets some goals with the End
TB Strategy which aims to reduce the morbidity and mortality up to 90% and 95%
respectively by 2035'3. To achieve this, an incidence reduction of 4-5% needs to be
sustained annually. Such a target is unlikely to be achieved, considering the current global

rate of decline is only around 1.5% per year!'?!4,

1.1.1 Epidemiology

According to the WHO, in 2016, it was estimated that 10.4 million individuals were
affected by TB, of which 1.67 million cases resulted in fatality'!. TB mostly affects
humans in their productive ages, with the risk of developing active disease rising during
adolescence, then remaining high at around 25 years of age and throughout adult life'>.
As the disease affects socially and economically active adults, the economic burden of
the disease is considered to be huge to society'®. TB is a poverty related disease
commonly affecting vulnerable populations in less affluent countries (Figure 1). Five
countries accounted for 56% of global new cases: India, Indonesia, China, the Philippines
and Pakistan in 2016!!. The South-East Asia, African and Western Pacific regions
contributed to the majority of TB cases in the world, with over 80% cases occurring in 30
high-burden low-income developing countries!!. In most high-income countries,
improvement in living standards led to significant declines of TB rates over the past few

decades. Despite this, TB still shows no signs of disappearing in the near future as the
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disease is still affecting high-risk groups such as elderly, immigrant populations,
homeless persons, prisoners and people with low socioeconomic status in these

countries!”.
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Figure 1. Estimated TB incidence rates in 2016 (taken from WHO'").

The incidence of active TB disease is approximately twofold higher in men than in
women'®. Male sex is currently recognised as a risk factor for developing tuberculosis'*2°.
It is commonly regarded that socioeconomic and cultural factors are responsible for the
observed sex bias. This could be due to differences in smoking rates, alcohol or drug use,
quality of sputum samples as well as better access to healthcare in males compared to
female, thereby leading to higher diagnostic rates of TB in men and under-notification in
women'32!, However, it has been suggested that immunology might also play a role, as
the male bias also exists in countries without apparent differences between the sexes in

access and health-seeking behaviour towards medical care facilities, such as in European

and American regions'®. Moreover, the sex bias does not seem to apply to children and
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only starts to be observed during adolescence, reflecting the potential contribution of
biological factors, such as sex hormones??. Interestingly, such observations are not
exclusive to TB and have been described for various other infectious and autoimmune
diseases?’. A general consensus exists stating that females exhibit more robust immune

responses towards infection and vaccination when compared to males®*.

Several risk factors have been identified towards increased susceptibility and progression
of active TB disease, such as HIV infection, malnutrition, diabetes mellitus, indoor air
pollution, alcohol, use of immunosuppressive drugs and tobacco smoking'®. Among the
major known risk factors, HIV infection significantly increases TB risk at least ten times,
while type 2 diabetes mellitus as well as excessive alcohol consumption triple the risk,
and smoking doubles the risk of developing TB'%?°. In developing countries, the high
burden of TB is due to a combination of co-morbidities with poor living conditions and
lack of health-care resources. In addition, BCG has a low efficacy against adult
pulmonary TB disease in countries closer to the equator where the disease is most

endemic?627,

1.1.2 Pathogenesis

Mtb is primarily transmitted by the aerosol route from person to person. Upon inhalation,
mycobacteria reach the lower respiratory tract and deposit in alveoli where they
predominantly infect alveolar macrophages®®. Typically, TB pathogenesis can be divided
into two stages, each of them can present as active disease. Some individuals, mainly
children, progress rapidly to active disease following primary infection and this is termed

as primary or primary-progressive TB. In many others, mostly in immunocompetent
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adults, Mtb are contained following the primary infection in a structure called granuloma,
but the host remains infected in a condition commonly referred to as latent TB infection
(LTBI). In the latter scenario, active TB disease can present after many years following
exposure, termed reactivation or post-primary TB?°. Currently, it is estimated that a
quarter or 1.7 billion of the world population is latently-infected with TB*°. Among these
individuals, there is a 5-10% lifetime risk of developing active TB, with the highest risk

being in the first 18 months after the initial infection’.

Recognition of mycobacterial components, termed pathogen-associated molecular
patterns, by innate immune cells is conducted through pattern recognition receptors
(PRRs) on their cell surfaces. Investigations have revealed that PRRs involved in the
mycobacterial recognition process include several receptor families such as Toll-Like
Receptors (TLRs), nucleotide oligomerization domain-like receptors, C-type lectins,
Dendritic Cell-Specific Intercellular Adhesion Molecule-3-Grabbing Non-integrin (DC-
SIGN) and dectin-1. These receptors recognise components of Mrb such as lipoprotein,
CpG-containing DNA, mannose-capped lipoarabinomannan and phosphatidylinositol
mannoside?®3!. Following this encounter, there could be several possible outcomes: 1)
elimination by innate immunity, 2) elimination by acquired immunity, with or without
memory, 3) quiescent/ LTBI, 4) subclinical disease with no or minimal symptoms or 5)

active TB disease?®*? (Figure 2).

In the context of TB, disease development is a function of the host’s immune competence,
as exemplified by individuals with HIV who are at increased risk of progression to active
disease®>. In most cases, TB disease commonly affects the lungs as the primary site of
infection (~85% cases)**. However, the infection could also spread outside the lungs and

cause extra-pulmonary TB. The most common infection sites outside the lungs are the

27



lymph nodes, pleura, bone, gastro-intestinal tract and central nervous system’. In children,
a typical manifestation of extra-pulmonary TB is known as miliary or disseminated TB,
in which the infection propagates through the bloodstream and causes a widespread

disease, often also manifesting as TB meningitis®>.
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Figure 2. Clinical spectrum of TB infection (modified with permission from Scriba et
al?).

1.1.3 Diagnostics

The cardinal symptoms of active pulmonary TB disease in adults include cough, weight
loss, night sweats or chills, fever, anorexia and malaise’®. In contrast, LTBI does not show
any clinical symptoms and the host is considered to be healthy, despite harbouring latent
Mitb bacilli. Even in high-burden community settings, the symptoms of active pulmonary

TB could mimic some other diseases, such as chronic obstructive pulmonary disease, lung
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cancer, bronchiectasis, asthma or fungal infections®’. Therefore, diagnostic tests have
been developed in order to help distinguish active TB from other conditions, as well as to
diagnose LTBI to help identifying persons who are at increased risk of developing active

disease (i.e. individuals who are undergoing immunosuppressive therapy).

Latent infection can be diagnosed with either a tuberculin skin test (TST) or an interferon-
gamma release assay (IGRA). TST was introduced over 100 years ago and involves
injection of mycobacterial antigen (purified protein derivative/ PPD) to assess cellular
immune reactivity based on the size of induration in the skin. The conventional threshold
for TST positivity is 10 mm, although this threshold is reduced to 5 mm in high risk
groups such as immunocompromised patients or household contacts of active TB
patients’>*. Generally, 75% to 90% of active TB patients also react to TST?$, although
the test cannot be used to diagnose active TB by itself and requires clinical investigation
as well as other diagnostic measures (Figure 2). Moreover, prior vaccination with BCG
and exposure to environmental mycobacteria also affect the results of TST, rendering the
results false positive®®. Despite this, the test is inexpensive and therefore preferred in low-

income regions®.

Immune response to TB infection is recognised to be associated with a strong type 1
immunity, in which the hallmark is the release of interferon-gamma (IFN-y) cytokine by
CD4 T-cells***!, Hence, two techniques of IGRAs have been developed to measure IFN-
v in blood cells in response to Mtb-specific antigens. QuantiFERON TB Gold In Tube
(Qiagen, The Netherlands; QFTGIT) or the newer QFT-GIT Plus measures the amount
of IFN-y released in response to in vitro stimulation of whole blood using enzyme-linked
immunosorbent assay (ELISA). T-SPOT.TB (Oxford Immunotec, Marlborough, MA,

USA) uses separated mononuclear cells from peripheral blood in an enzyme-linked
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immunospot (ELISpot) assay to count the number of IFN-y producing cells*’. Both
techniques have the advantage of measuring responses to antigens specific to Mtb, namely
early secreted antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10), which
are encoded from the RD1 region of the Mth genome that is absent in BCG and most
environmental mycobacteria®’. Therefore, the specificity of IGRA is highly increased in
comparison to the TST. Still, the inability of IGRA to differentiate latent tuberculosis
infection from active disease** led WHO not to endorse their use in countries with a high
burden of TB and replacement of TST by IGRA is not recommended in middle-to-high

incidence settings*+*2.

Laboratory diagnosis of active TB currently relies on sputum microscopy and culture with
subsequent drug-susceptibility testing to identify resistance. Sputum microscopy
identifies Mtb acid-fast bacilli from sputum samples of a suspected pulmonary TB case.
It remains the most commonly used test for TB, as it is a low-cost test which can be done
in basic laboratories attached to primary health-care clinics. Sensitivity of the test ranges
from 65% to 80% with multiple specimens®. In many settings, the limited sensitivity of
sputum microscopy is augmented by conventional diagnostic methods, such as clinical
evaluation and chest radiography?. Culture remains the gold standard for diagnosis of
TB, with sensitivity greater than 80% and specificity reported to be as high as 98%%. The
use of solid culture medium is more cost-effective in resource-poor countries’, although
the major limitation is the delay in obtaining results (> 3-4 weeks). The use of newer
liquid-based culture systems (BACTEC-460 or BACTEC MGIT-960, Becton Dickinson,
Maryland, USA) allows an automated and more rapid identification of Mtb within 10-14
days*’. A molecular diagnostic test called Xpert MTB/RIF assay could detect Mtb within

2 hours and allow identification of rifampicin resistance*®. The latter assay is currently
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endorsed by WHO and could potentially replace microscopy as a first line diagnostic,
despite being considered to be more sophisticated and expensive, and technical

implementation of the assay in resource-limited settings also remains challenging*?.

1.1.4 Treatment and Drug Resistance

The current treatment regimen for TB, in most parts of the world, is based on a WHO
guideline which was published in 2010%. The regimen consists of several first-line drugs,
specifically isoniazid — H, rifampicin — R, pyrazinamide — Z, ethambutol — E and
streptomycin — S in the case of drug-sensitive TB. For individuals with no history of
previous TB treatment or who have received anti-TB drugs for less than 1 month, the
regimen consists of 2 months of intensive phase treatment with isoniazid (INH),
rifampicin (RIF), pyrazinamide (PZA) and ethambutol (EMB), followed by a 4-month
continuation phase with INH and RIF [2HRZE/4HR]. The retreatment regimen for
relapsed, treatment failed or treatment interrupted patients lasts for eight months and
includes insertion of streptomycin injections in the first two months and administration
of ethambutol throughout the treatment duration [2HRZES/THRZE/SHRE]. LTBI can
also be treated as a preventative measure in high risk groups, in which a regimen of INH

for 6-9 months is recommended®’.

Resistance towards the two major first-line anti-TB drugs, INH and RIF, is referred to as
multi-drug resistant TB, while further resistance against at least one of the
floroquinolones and a second-line injectable anti-TB drugs is defined as extensively drug-
resistant (XDR)-TB>°. The emergence of a type of TB resistant to virtually all available

first- and second-line drugs termed totally drug-resistant (TDR)-TB has also been
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reported in the past several years®'-33

. Drug-resistant TB poses a further threat towards
global efforts to control the disease. Approximately 490,000 cases of MDR-TB occurred
worldwide in 2016 and XDR-TB has been reported in 123 countries!!. Treatment success

3435 while in the case

rates of MDR-TB vary with only 50-60% success in most settings
of XDR-TB the success is only around 30%3. Various risk factors leading to the
development of drug-resistant TB have been identified®®. Notably, the length of the
standard, drug-sensitive regimen is often cited as responsible for low compliance of
patients leading to unsuccessful treatment, eventually increasing the risk of the
development of drug-resistance®’. In addition, it has also been proposed that inter-
individual pharmacokinetic variability of a single drug in the regimen, leading to a sub-

therapeutic level in the plasma, is a contributing factor in the development of drug-

resistant TBS,

In the context of MDR-TB, treatment is based on either a standard MDR regimen that is
specific for each country or individually tailored regimen based on drug susceptibility
testing®”. The treatment duration could last up to 24 months with administration of drugs
with less certain efficacy, and includes poorly tolerated second-line injectable drugs in
the first six months*®. In 2016, WHO recommended a shorter, standardised 9-12 month
regimen for people with pulmonary MDR- or RIF-resistant TB susceptible to

aminoglycosides and fluoroquinolones?

. The 4-6-month intensive phase includes
moxifloxacin, an injectable aminoglycoside, ethionamide or prothionamide, clofazimine,
high-dose INH, EMB and PZA, and the 5-month continuation phase includes
moxifloxacin, clofazimine, EMB and PZA. This regimen applies to non-pregnant

patients, pulmonary TB cases and patients who have not undergone previous treatment

with second-line drugs. The newer regimen was shown to have a comparable efficacy in
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eligible patients compared to the individualised 20-24 months treatment®. More recently
in August 2018, WHO introduced some further improvement to the MDR-TB regimen
by creating a new priority ranking of the available drugs (Table 1) and introducing a fully

oral regimen by the replacement of injectable agents, such as with bedaquiline™.

Table 1. Summary of drugs used to treat TB with various susceptibility (adapted from
Zumla et al.” and WHO Guidance August 2018%).

Drugs Drug regimen

Standard regimen for drug- 6 months rifampicin and isoniazid supplemented by
sensitive TB ethambutol and pyrazinamide in the first two months
Latent infection 6-9 months isoniazid

Multi-drug resistant TB Group A (Medicines to be prioritised):

levofloxacin/moxifloxacin, bedaquiline and linezolid

Group B (Medicines to be added next):
clofazimine, cycloserine/terizidone

Group C (Medicines to be included to complete the
regimens and when agents from Groups A and B
cannot be used):

ethambutol, delamanid, pyrazinamide, imipenem-
cilastatin, meropenem, amikacin (streptomycin),
ethionamide/prothionamide, p-aminosalicylic acid

Extensively-drug resistant TB | Use drugs that remains sensitive from the MDR
regimen, including drugs with less certain efficacy in
group C, as well as new drugs (i.e. delamanid)

Each of the anti-TB drugs possesses different mechanism of action®. INH acts primarily
by inhibiting cell wall mycolic acid synthesis. RIF interferes with RNA synthesis by
binding to the bacterial DNA-dependent RNA polymerase f-subunit encoded by rpoB
gene. PZA acts by depleting membrane energy potential and is active against tubercle
bacilli at acid pH. EMB works by interfering the biosynthesis of arabinogalactan as a

major polysaccharide of mycobacterial cell wall. EMB is the only first-line drug that
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exerts bacteriostatic effect. Combined treatment of several drugs with different
mechanism of actions is necessary due to the fact that populations of Mtb are not uniform
in their susceptibility to antimycobacterial agent (Figure 3). Hence, it is crucial to treat

with more than one drug to which the organisms are susceptible’.
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Figure 3. Bacterial subpopulations in TB treatment (taken with modification from
Zhang®).

Mutations in katG and inhA genes are the main cause of INH resistance. katG encodes
multifunctional enzymes that exhibit both catalase-peroxidase and peroxynitritase
activities, each of these considered important for activating INH prodrug and having a
role in pathways involving reactive nitrogen as well as oxygen intermediates,
respectively. The second main cause of resistance to INH is due to mutations in the
promoter region of inhA and is typically more associated with low level INH resistance.
RpoB is a target of RIF which catalyses the transcription of DNA into mRNA by using
four ribonucleoside triphosphates as substrates. Conformational changes caused by

mutations in 7poB can lead to RIF-resistance. Resistance to PZA is associated with pncA,
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rpsA and panD genes. PZA resistance is most commonly due to mutations of pncA gene
which encoded pyrazinamidase that converts the pro-drug PZA into active-form
pyrazinoic acid. Mutations in embB and embC genes cause resistance against EMB,
through restricting the action of drug to cease the biosynthesis of mycobacterial cell

wall®?,

The current standard 6-month therapy for TB has been used for more than 3 decades.
Although the regimen provides 95% cure rates for drug sensitive TB®, it is still
considered lengthy and has failed to accelerate current efforts to eliminate TB as a global
health concern. Figure 3 further exemplifies the need for lengthy treatment in TB. Current
TB chemotherapy is highly effective in reducing bacterial load and rendering the patients
non-infectious after only a few weeks after the initiation of therapy®®. However, the
therapy needs to be continued for a considerable amount of time due to the presence of
persisters bacteria®. Although these dormant Mtb are regarded as genetically identical to
actively replicating bacteria, they are not sensitive to anti-TB drugs thus not effectively
targeted with the current regimen®. It has been proposed that in their metabolically

inactive state, there is less uptake and subsequent processing of drugs®.

Improvement to currently available chemotherapy is needed. Two approaches have been
tentatively identified for this purpose, either by developing a novel more effective drug
or by enhancing the host immune response to augment treatment®®%’. Development of
new TB drugs is appealing as some candidates are already in the pipeline®. However,
results from several recent phase 3 trials aimed at shortening treatment suggested that
although introduction of novel drugs was associated with better sputum conversion rates
at 2 months, long-term risks of relapse are not non-inferior compared to current

69-71

regimens®’'. Several modalities in enhancing the host immune response during TB
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treatment have been proposed®®. Current knowledge in TB immunology needs to be
translated into intervention in order to maximise the benefit for patients in clinical

settings.

1.2 Tuberculosis Immunology: Roles of Immune Cells and Cytokines

Understanding TB immunology is essential for augmenting management and treatment
strategies for patients. This importance is exemplified by the fact that the immune system
is able to control Mb growth in 90% of infected individuals’?. Both the innate and
adaptive arms of the immune system play crucial roles in controlling mycobacterial
growth. The interaction of innate and adaptive components eventually determines the
outcome of natural infections with pathogenic mycobacteria, which can range from early

asymptomatic clearance to latent infection and clinical disease.

1.2.1 The Innate Immune Response to TB

The cells of the innate system recognise and respond to pathogens in a nonspecific way
and provide immediate defence against pathogens. The major innate cell types involved
in immune responses towards Mtb infection are macrophages, neutrophils, dendritic cells

(DCs) and natural killer cells.

Macrophages

Following its transmission and upon reaching lung parenchyma, Mtb can be phagocytosed

either by alveolar macrophages (AMs), dendritic cells, epithelial cells or neutrophils’?.
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AMs are phagocytes that primarily take up M¢b and serve as a habitat for Mtb which have
developed evasion mechanisms for phagocytic destruction’. AM is a type of tissue-
resident macrophage which is derived from blood monocytes. Inside AMs, Mtb may resist
bactericidal actions by inhibiting phagolysosome function. Typically, macrophages
acidify their phagosomes to pH 5.2 in order to kill the bacteria’>’. Production of
antimicrobial peptides such as cathelicidin, which is involving the vitamin-D-dependent
pathway, as well as the release of nitric oxide (NO) are also considered essential
mechanisms’”’8, By reducing recruitment of vacuolar H-ATPases, Mth hampers the
acidification process and thus enables Mtb to persist inside the phagosomal vacuole’®.
Using this mechanism, mycobacteria prevent the phagosome from maturing, while also
subsequently inhibiting trafficking to the lysosome, thus preventing phagolysosome
fusion”. Therefore, while AMs function as the first line defence against infection, they
also provide the main reservoir for bacterial survival and replication. Additionally, AMs
also act as antigen presenting cells (APCs) which provide recognition for initiation of an

adaptive immune response?®.

Macrophages can be activated by two different pathways, each serving distinct functions.
Classically-activated macrophages, commonly referred to as M1, are induced by immune
signals such as from TLRs and by the cytokine IFN-y. Conversely, alternatively-activated
(nonclassical) macrophages, termed M2, are promoted in the absence of strong TLR
signals, and induced by cytokines such as interleukin (IL)-4 and IL-13%. In humans,
CD14 and CD16 markers are used to distinguish the two distinct subsets of monocytes
and macrophages. Classical CD14%€"CD16~ monocytes will subsequently develop into
M1 macrophages, while nonclassical CD144™CD16" monocytes are regarded to be the

precursor of M2 macrophages®!#2. In mouse, a Ly6C marker is used to distinguish M1
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and M2, represented by classical Ly6C" and nonclassical Ly6C-monocytes/macrophages,
respectively®!#3, Traditionally, M1 macrophages are considered part of the host response
against intracellular bacteria and involved in killing of Mtb, while M2 macrophages are
associated with tissue repair and bacterial persistence’?>. However, a recent finding by
Joosten et al. suggested that nonclassical monocytes can also produce CXCLI10 or
inducible protein-10 (IP-10), which was associated with reduced mycobacterial growth
using an ex vivo assay system, and the observation was linked to the trained innate

immunity mechanism®,

Dendritic cells and neutrophils

The most effective role of antigen presentation to T-cells is played by dendritic cells®®.
DCs and AMs express PRRs that bind molecules from Mtb leading to activation of the
innate immune system’’. Once infected, dendritic cells migrate to regional lymph nodes,
where they prime naive T-cells and produce IL-12 leading to T-cell expansion and
secretion of cytokines®’. Hence, the role of DCs is critical in bridging the innate and
adaptive immune response. It has also been proposed that Mrb is capable of subverting

DC function, leading to impaired T-cell responses, thus evading adaptive immunity®>.

On the other hand, neutrophils are less well studied than other immune components of
the host response to Mtb, perhaps due to the difficulties in working with these cells®®.
Optimum killing by neutrophils and other immune cells could halt the infection at an early
stage, while inefficient killing allows the disease to progress®’. In a study of pulmonary
TB contacts, it was identified that the risk of TB infection could be reduced with a higher
number of neutrophils in the blood®®. Neutrophils influence the development of acquired

immunity through the production of IL-12, monocyte chemoattractant protein and other
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cytokines, which can attract T-cells and help their maturation®

. Conversely, the
accumulation of neutrophils is seen in active TB patients where protective immunity is
ineffective, and it has been proposed that such accumulation could limit the interaction
between infected phagocytes and antigen-specific T-cells’®®!. The role of neutrophils is
still complex and under investigation by researchers, but their contribution is perhaps

essential in the early response against Mtb, while their build-up could be associated with

loss of Mtb containment.

Natural Killer cells

CD3-CD56" natural killer (NK) cells are granular innate lymphocytes possessing potent
cytolytic capacity. As a component of the innate immune system, NK cells are capable of
destroying cells that harbour persistent Mtb without prior sensitisation®?. Direct
mechanisms of control by NK cells are largely through secretory products namely
perforin, granulysin and granzymes, as well as multiple membrane-bound death receptors
that facilitate target directed lysis, such as NKp44 which recognises various Mtb cell wall
components, including mycolic acids®®. Human NK cells exhibit the capacity to lyse Mtb-
infected macrophages in vitro, and there is increasing evidence that highlights the
importance of NK cell function during TB disease, especially when T-cell responses are
suboptimal®*%¢. In newly-diagnosed pulmonary TB patients, decreased frequencies of NK
cell subsets were observed, which had been associated with lowered expression of
NKp30, NKp46 and IFN-y. This suggests that their presence is required for effective
containment of Mth. Meanwhile, following anti-TB treatment, partial restoration of
cytolytic capabilities of NK cells was achieved upon the reduction of mycobacterial load

97,98

in the lung”’”®. In a recent study enrolling three independent longitudinal cohorts, the NK
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cell frequency was also decreased in active TB patients and this was restored upon

treatment in all cohorts®’.

While the majority of NK cells are cytotoxic, a considerable proportion of NK cells also
produce cytokines, which is a typical feature of other lymphocytes of the adaptive
immune system®?. NK cells can produce IFN-y and IL-22, which inhibit intracellular
growth of Mtb in vitro by enhancing phagolysosomal fusion, and can also promote the
production of IFN-y from CDS8 T-cells by stimulating IL-15 and IL-18 production from
Mtb-infected monocytes'®!%! In humans, NK cells are distinguished by varying
expression levels of CD16 and CD56, which can be used to discriminate two different
subpopulations of NK cells. CD56%™CD16" cells are considered cytotoxic NK cells
which have high cytolysis activity, while CD56#"CD16"" cells are regarded as
cytokine-producing NK cells that have less lytic activity, but could produce cytokine
upon stimulation®®. As NK cells do not express CD4 or CD8, they are also sometimes
known as triple negative (TN) cells (CD3- CD4- CDS8)!%2. Although for many years the
role of NK cells has been attributed to their cytotoxic properties, cytokine production is
also an essential function which could place these cells as key orchestrators and regulators
of innate and adaptive immunities. Along with IFN-y and tumour necrosis factor (TNF)-
o which are the signature of Thl-type cytokines, NK cells can produce IL-2 to promote

T-cell proliferation after clustering in multicellular groups®®!%,

1.2.2 The Adaptive Immune Response to TB

The adaptive immune response against TB consists of both humoral and cell-mediated

arms. Most of the cellular functions are carried out by the T and B lymphocytes, which

40



have extremely diverse and clonally specific repertoires, generated by gene

rearrangement during their development.

1.2.2.1 Cellular Immune Response

1.2.2.1.1 Conventional T-cells

Mtb is an intracellular pathogen thus the cell-mediated immune response is often regarded
to play a dominant role?. T lymphocytes that express an off T-cell receptor (TCR), as
well as a co-receptor CD4 or CDS8, are considered conventional T-cells'®*. CD4" T
lymphocytes or T-helper (Th) cells which are major histocompatibility complex (MHC)
class II restricted, are able to polarise into several subsets of cells upon activation and
stimulation. CD4 T-cells have been shown to be important for the control of Mtb, as HIV
patients are highly susceptible to TB, with a correlation between decreasing CD4 count

05 Secretion of

and increased susceptibility as well as HIV disease progression'
chemokines, such as C-C motif ligand (CCL) 2, CCL3, CCL5 and TNF-a by infected
macrophages, attracts T-cells to the site of infection'®®. Each subset of CD4 T-cells

produces distinct cytokines with different roles and functions, with the 4 main notable

subsets being Thl, Th2, Th17 and Treg.

Th1 cells produce IFN-y upon IL-12 stimulation by activated DCs and macrophages, and
are considered central in control of Mth (Figure 4). Mutations in the IFN-y and IL-12

receptors have been shown to highly increase the susceptibility to mycobacterial infection

107

in humans'®’. Mice, in which the gene for IFN-y has been knocked out, also become very

B108,109

susceptible to T . IFN-y promotes macrophage activation by inducing NO-

dependent apoptosis, reviving phagosomal maturation and modulating autophagy''’. In
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addition, activated macrophages also become more bactericidal through increased
production of reactive oxygen and nitrogen intermediates!'!. Th1 cells also produce TNF-
o that plays a role in the formation and maintenance of granulomas''2. Administration of
anti-TNF antibodies causes activation of latent TB infection in rheumathoid arthritis

113 Tn addition, Thl cell produce IL-2 which is essential for T-cell proliferation'',

patients
T-cells which are capable of making IFN-y, TNF-a and IL-2 are termed multifunctional

or polyfunctional T-cells.
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Figure 4. Cellular adaptive immune response in TB (modified from Kaufmann’).
Essential cytokines produced by important subsets of T-cells are denoted. In addition,
several lymphocytes, including CD8 T-cells, are also capable of lysing Mtb infected cells
(shaded illustration).

Th2 cells produce IL-4, IL-5, IL-10 and IL-13 which promote a humoral immune
response but counter-regulate the Th1 response’®. In humans, active TB is associated with
reduced Th1 and increased Th2 activity with upregulation of IL-4''5. The effect of IL-4
is counterbalanced by its antagonist, IL-482, and healthy individuals who successfully
controlled LTBI were shown to express high levels of Thl cytokines and IL-452'1°,
Helminth infection has been associated with reduced immunity towards Mtb due to an

increased Th2 response?®, and reduced protection by BCG vaccination was linked to
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elevated IL-4 and IL-5 in mice infected with Schistosoma mansoni ''7. Th17 cells produce
IL-17, IL-21 and IL-22 that are involved in early host defence by recruitment of
macrophages and neutrophils to the site of infection''?, While IL-17 deficient mice were
shown to succumb from infection by a hypervirulent strain of Mtb, they could still survive
infection with less pathogenic strains'!®, On the other hand, excessive IL-17 production

can lead to tissue damage due to extensive neutrophil recruitment'!'’.

CD4"CD25*Foxp3™ Treg cells are characterized by TGF-f and IL-10 production and can
inhibit other subsets of CD4 T-cells?®. Although the role of Treg cells could be beneficial
in limiting excessive inflammation, an increased number of Treg cells are observed in
active TB patients with high bacterial burden®. IL-10 is an immunoregulatory cytokine
which is a potent suppressor of macrophage activation and may also inhibit the
recruitment of T-cells to the lung by suppressing the expression of recruiting

chemokines!2°

. Certain mouse strains that produce more IL-10 are known to be naturally
more susceptible to Mtb infection'?!. MHC class I-restricted CD8 T-cells also play a
major role in immune response against TB, by secreting perforin and granulysin and
lysing Mtb infected cells. CD8 T-cells also produce Thl type cytokines’. Through a
cross-presentation mechanism by APCs, mycobacterial antigens could access the class |
MHC pathway and initiate responses by CD8 T-cells**. Following primary infection,
most effector T-cells will die upon pathogen clearance and the remaining 10% that
survive are known as memory T-cells. These long-lived cells have high sensitivity to

specific antigens and will provide a more rapid and robust response following a secondary

encounter with the same antigen32.

In the context of Mtb infection, many of the above mentioned innate and adaptive immune

cells will contribute to the formation of an organised structure known as the granuloma
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(Figure 4). Granulomas are formed primarily by recruited macrophages which surround
Mtb-infected macrophages, interspersed with recruited neutrophils and are encircled by a
lymphocyte cuff, consisting of T-cells and B-cells*2. The function of the granuloma is to
wall off the pathogen and limit the spread of M¢h. While at the same time, a granuloma
also provides a ‘secured’ environment for Mtb, allowing them to persist in a dormant state

for many years''?.

1.2.2.1.2 Unconventional T-cells

Unconventional T-cells comprise those lymphocytes that express Y6 TCR and typically
reside in an epithelial environment, including the respiratory tract. Another subset is the
natural killer T (NKT) cell, which has phenotypic and functional capacities of
conventional T-cells, as well as features of NK cells (cytolytic activity). NKT cells
recognise glycolipids when presented in the context of CD1d. Unconventional T-cells
have a more limited TCR repertoire in the form of cells expressing either an alternative
v8 TCR, or a non-diverse ap TCR in the context of NKT cells'?>!23, The roles of y6 T-
cells in protection against TB include phagocytosis, cytotoxicity and induction of

124 The vd T-cells are also the main source of IL-17'%°, and human v

maturation of DCs
T-cells activated in vitro by phosphoantigens are capable of inducing maturation of DCs.
They also possess phagocytosis capability similar to innate immune cells such as
neutrophils, monocytes and DCs'?®. In addition, a smaller subset of aff T-cells which do
not express either CD4 or CDS, termed double negative (DN) T-cells (CD3"CD4CDg"),
also produce IFN-y together with CD4 T-cells, NK cells and yd T-cells following BCG

vaccination in infants!?’,
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CDl-restricted NKT cells, which can recognize lipid of mycobacteria, are also thought to
be involved in protection against Mth*. Among NKT cells, type I or invariant NKT
(INKT) cells are the most well studied, and these cells are known to carry preformed IFN-
vy mRNA in their cytoplasm, allowing rapid secretion of the cytokine upon stimulation'23.
Furthermore, iNKT cells are also thought to play roles in inducing maturation of DCs as
well as facilitating cross-presentation of soluble antigens, leading to increased priming of
CDS8 T-cells!?2. In active TB patients, the frequency of iNKT cells is lower compared to

128 The importance of these unconventional T-cells remains

healthy uninfected controls
to be further explored in TB. Nevertheless, they could potentially be targeted for

vaccination or treatment of the disease.

1.2.2.2 Humoral Immune Response and B-cells

Antibodies as the central component of adaptive humoral immune response are produced
by B-cells. Upon recognition of antigens by naive B-cells, they will differentiate into
antibody-secreting plasma cells. Earlier studies have supported a protective role for
antibodies against Mtb, despite mycobacteria being intracellular pathogens. A higher titre
of immunoglobulin (Ig)G specific to mycobacterial antigen has been associated with
improvement upon treatment in adults with pulmonary TB and prevention of
disseminated TB in children'?-13°, Maturation of antibody-producing cells is governed by
a Th2 response which also favours production of neutralising antibodies, while Th1 cells
mediate class-switching towards opsonising antibodies’®. Opsonising antibodies are
particularly important in enhancing phagocytosis of extracellular Mtb, thus they may
provide protection by preventing dissemination of Mtb and any further progression of the

disease'’!. In addition, B-cells can assist the cellular immune response by serving as
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antigen presenting cells which influence T-cell activation, polarisation and effector
functions and the establishment of T-cell memory'*?. In lung granuloma, B-cells
contribute as a cellular component which can process and present antigen to T-cells,

secrete antibodies and modulate inflammation through the production of 1L-1032129,

Mice lacking B-cells exhibit suboptimal anti-tuberculous immunity associated with
exacerbated pulmonary pathology in acute Mtb infection'33. On the other hand, human
plasmablasts and memory B-cells are elevated in Mtb-infected compared to uninfected

individuals'3*.

Revisiting the role of B-cells and antibody may lead to better
understanding of the mechanisms underlying the host response to Mtb infection in order

to generate better intervention strategies against TB.

1.2.3 Trained innate immunity

During the last half century, it has been widely believed that innate immunity does not
possess immunological memory, which was considered specific for the adaptive immune
response. However, in the past few years, increasing evidence has indicated that some
innate immune cells can build immunologic memory by adapting to previous exposure to
vaccination, pathogen or microbial components!3. This phenomenon is termed “trained
innate immunity”. To date, it has been mainly characterised in monocytes and NK cells,
which can produce increased amounts of pro-inflammatory cytokines and display higher
levels of surface activation markers in response to restimulation with different unrelated
microorganisms or toll-like receptor ligands'3¢-'3°, B-Glucan, a major cell wall component
of Candida albicans, as well as the BCG vaccine are known to be able to induce trained

immunity. B-Glucan and BCG induce trained immunity in monocytes via PRRs dectin-1
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and NOD?2 respectively, leading to enhanced signalling of the Akt (protein kinase B)-
mTOR (mammalian target of rapamycin)-hypoxia-inducible factor-la pathway!36:140,

Moreover, induction of trained immunity is achieved by epigenetic modifications and

metabolic changes.

Histone modification with chromatin reconfiguration in monocytes has been shown to be
a central mechanism of trained immunity and can influence long-term transcriptional

regulation'?,

Such changes are linked with a metabolic shift from oxidative
phosphorylation toward aerobic glycolysis, thereby increasing the capacity of innate
immune cells to respond to stimulation'*°. In NK cells, BCG is also able to induce trained
immunity through specific DNA methylation patterns as well as modulated cytokine
responses in cytomegalovirus (CMV)-infected individuals'3®!'#!, These changes lead to
enhanced secondary response following re-exposure to both the same or unrelated stimuli.
In addition, NK cells also possess antigen-specific mechanisms of immune memory,
distinct to the trained immunity phenomenon, leading to an increased IFN-y production
upon re-exposure of the cells with same stimulus®®. This antigen-specific NK cell memory
develops after exposure to cytokine combinations, such as IL-12, IL-15 and IL-18, which
induce long-lived NK cells and recall responses independent of B-cells and T-cells'#.
The activated NK cells could then provide protection against reinfection by rapidly

degranulating and producing cytokines’®!4!.
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1.3 Tuberculosis Vaccines

1.3.1 Bacillus Calmette—Guérin (BCG)

BCG remains the only licensed TB vaccine and has been in use since 1921'43. It was
developed through over 230 successive in vitro subcultures of a strain of Mycobacterium
bovis every 3 weeks for 13 years, until a non-pathological strain was obtained'*. WHO
estimates that the vaccine is given to over 120 million children every year'®. It has been
an important part of the Expanded Program on Immunization since the 1970s and has

since been given more than 4 billion times'#,

BCG vaccination induces Thl responses which are considered essential in protective
immunity against TB, as was shown in multiple human and animal studies. Following
BCG immunisation in infants and children, CD4 T-cell responses associated with IFN-y
expression, as well as cytotoxic activity were observed!#"!*8, BCG also induces DCs
maturation and production of IL-12 that leads to Th1 differentiation!’. Activation of CD8
T-cells producing IFN-y, TNF-a and perforin upon BCG vaccination has also been
reported!*®15°_ In a study by Fletcher et al.'>!, the BCG-specific IFN-y response measured
with the ELISpot assay was associated with reduced TB disease risk over the following
1 to 3 years of life in South African infants. This immune response following BCG
vaccination was predominantly polyfunctional CD4 T-cells response, with less
contribution from antigen-specific CD8 T-cells. In mice, BCG vaccination was shown to
increase Th1-type cytokine production in the lung from CD4 and CDS8 T-cells following
aerosol challenge with Mtb compared to unvaccinated mice'*!2, In a recent clinical trial
by the Scriba group (2016)'33, protection after BCG vaccination in adults were not

associated with CD4 or CD8 T-cells, but rather with IFN-y—producing NK cells. In this
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study enrolling 72 participants with LTBI, BCG vaccination was given after isoniazid

preventive therapy.

Most published studies have reported good protection of BCG vaccination in infants and
children against miliary and meningitis TB, two severe forms of the disease commonly
affecting young children. In a systematic review by Mangtani et al. (2014)?’, BCG is
associated with 85% reduction in the risk of meningeal and/or miliary tuberculosis in
children. Pulmonary TB disease in children is rare and difficult to diagnose, although

27,154

BCG may also protect children against childhood pulmonary disease . Despite this,

among many trials and observational studies which have been conducted, the estimated

26,27 In

BCG protection against pulmonary tuberculosis in adults ranges from 0 to 80%
the UK, BCG was shown to provide a strong protective effect up to 80% in a trial
conducted by the British MRC'®> while in some other countries such as India and
Malawi, the vaccine provides no evidence of efficacy'>®!37. There are several hypotheses
for this variable protection demonstrated in clinical trials: geographical differences and
prevalence of environmental mycobacteria between trial sites, genetic differences
between trial populations, variable virulence of the Mtb strains encountered by the trial

populations and differences between strains of the BCG vaccine'*2.

The systematic review by Mangtani et al. found the average BCG efficacy against
pulmonary TB to be 73% at latitudes of >40°, while this figures were only 33% at latitudes
of 20-40° and 13% at latitudes of 0-20°?’. This is consistent with greater exposure to the
environmental mycobacteria in the warm and wet climates nearer the equator, which may

138 There are also some

cause masking or blocking to the effects of BCG vaccination
evidences showing that UK infants make stronger Thl-type responses, including IFN-y,

whereas Malawian infants make stronger Th2- and regulatory-type responses'>®. Thus far,
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the impact of different BCG vaccine strains has been inconclusive and the recent

systematic review did not find evidence of such effect?’-!48,

In places where BCG is protective, the duration of protection conferred by vaccination
generally lasts up to 15 years, although studies conducted in Brazil and US (American
Indians and Alaska Natives population) found that protection could last until 20 years and
50 years, respectively'®%16!. The protection from BCG may wane overtime'?, albeit
analysis from participants of clinical trials of a TB vaccine candidate in the UK did not
show waning of IFN-y responses between 10 years and 30 years after BCG vaccination'®.

In the UK, school-aged BCG vaccination was recently found to offer protection against

TB for at least 20 years, which is longer than previously thought!64.

Furthermore, BCG is known to provide protection not only against TB, but also towards
other pathogens and diseases not related to TB, known as the non-specific effect. It is
perhaps not surprising that BCG could provide protection against leprosy and severe
forms of Buruli ulcer, caused by Mycobacterium leprae and Mycobacterium ulcerans,
respectively!®>1%6. However, BCG is also demonstrated to have a beneficial effect on
reducing all-cause mortality in infants. A meta-analysis of three clinical trials conducted
in West Africa on low birth-weight infants showed BCG administration reduced mortality
by 38% within the neonatal period, due to a lower sepsis as well as respiratory infections
not related to TB!®7, Interestingly, these studies as well as some previous studies reported
that the non-specific effect after BCG vaccination is more pronounced in females rather
than males'®-17°, This may suggest that females respond better to BCG vaccination, as
has also been observed with measles, influenza and vaccinia vaccines!”"!72, although this
sex-specific effect is yet to be demonstrated towards the prevention of adult pulmonary

disease.
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Trained innate immunity is considered to be the main mechanism behind the non-specific
protective effect of BCG. Investigations by Kleinnijenhuis ef al. in the past few years
have revealed the mechanisms by which BCG could induce trained immunity. In a proof-
of-principle trial in which BCG vaccine was given in healthy adult volunteers in The
Netherlands, the vaccination led to enhanced release of monocyte-derived cytokines,
including TNF-a and IL-1, in response to unrelated bacterial and fungal pathogens, such
as Candida albicans (yeasts and hyphae), Staphylococcus aureus and Eschericia coli
(LPS). In addition, immunodeficient mice lacking B- and T-cell function and vaccinated
with BCG, also had better survival following challenge with candida infection compared
to naive mice (survival rate 100% and 30%, respectively)'3®. The nonspecific protective
effect of BCG has also been linked to NK cells. NK cells from BCG-vaccinated
individuals have enhanced proinflammatory cytokine production (IL-6, TNF-a and IL-
1B) in response to mycobacteria and other unrelated pathogens, and studies in mice have
shown that BCG confers nonspecific protection against candidiasis partially through NK
cells'3®. Isolated peripheral blood mononuclear cells (PBMCs) from BCG-vaccinated
healthy adults also displayed long-lasting heterologous Thl and Th17 responses upon
restimulation with unrelated pathogens and TLR-ligands!”3. More recently, Smith et al.
demonstrated whole blood signatures of BCG-induced trained innate immunity in UK
infants, which includes secretion of IL-6, epidermal growth factor, platelet-derived

growth factor -AB/BB and NK cell activation'.

Despite the extensive work which has been conducted to decipher the BCG mechanism
of action, new TB vaccines are still needed as BCG only provides partial protection

worldwide?”'¥. Improving understanding of the mechanisms of protection induced by
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BCG could aid the development of new vaccines. Introduction of new vaccines is

indispensable by 2025 if we would like to achieve the WHO End TB target by 2035'3.

1.3.2 Development of Novel Vaccines against TB

In the past 2 decades, considerable progress has been observed in the development of
novel vaccines against TB. From a vaccine pipeline that was practically empty of
candidates prior to 2000, there are currently 13 TB vaccine candidates in the clinical trial
pipeline and dozens more in preclinical development'’>. These candidates can be
classified into several categories based on the proposed strategy and targeted population
(Figure 5). Most TB vaccines in the pipeline are preventive vaccines, which aim to
prevent the occurrence of TB infection and/or disease in healthy naive individuals (pre-
exposure) or in already infected individuals (post-exposure). The preventive vaccines can
be in a form that aims to substitute BCG (BCG replacement) or to boost the immune

response after priming with BCG (prime-boost strategy)!76!77.
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Target populations Infection/Disease Vaccine type / Advanced Candidates

Infant rBCG:
JIEL : Preexposure/Preventive VPM1002
J Uninfected BCG replacement r-Mtb:

MTBVAC

Viral vectored:

Uninfected Preexposure/Preventive MVAB85A/Aeras-485
Infant BCG Prime-boost Protein/adjuvant:
H4:1C-31

Adolescent/
Adult

Viral vectored:
MVA85A/Aeras-485
LTBI/BCG (TST?) Postexposure/Preventive Protein/adjuvant:
Prime-boost M72:AS01g
H56:1C-31
ID93:GLA-SE

Adolescent/
Adult

Killed mycobacteria:
Active TB Therapeutic M. indicus pranii
< M. vaccae
RUTI

Figure S. Vaccination strategies against TB targeting different stages of infection
(taken from Weiner & Kaufmann'’¢).

VPM 1002 is a recombinant BCG vaccine candidate which has been developed based on
the notion of improving access to the intracellular compartment by the insertion of a
listeriolysin gene and the deletion of a urease gene, which would allow presentation to
MHC class I molecules and enables better cross-priming for CD8 T-cells!”®. MTBVAC
is a recombinant M¢b manufactured by gene deletion of virulence factors which should
ensure safety, while the presence of antigens found in human Mtb isolates in MTBVAC
is expected to provide enhanced protection!”. These two vaccines are initially aimed to
replace BCG by potentially providing superior protection. On the other hand, prime-boost
vaccine candidates are expected to induce stronger immune responses after priming with
BCG. Such vaccines could employ a viral vector system to express one or more Mth
antigens, or be formulated in a protein—adjuvant combination to present Mtb antigens as

fusion proteins'%18!, MVASS5A uses the viral vector system to deliver antigen 85A, a
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highly conserved Mtb antigen, as well as several other candidate vaccines such as
Ad5Ag85A, ChAdOx185A and TB/FLU-04L'82. The use of viral vector systems is
considered to induce high levels of antigen-specific CD4 and CDS8 T-cells in individuals
who have been primed by BCG vaccination or been exposed to environmental

mycobacteria'®3

. Another type of prime-boost vaccine candidate uses adjuvanted subunit
protein to deliver various Mtb antigens. H1, H56 and H4 candidate vaccines use the IC-
31 adjuvant to deliver antigen 85B, with the addition of TB10.4 antigen for H4 vaccine
and ESAT-6 as well as Rv2660c for H56!84185. Two other vaccine candidates, namely
M?72 and ID93, use different adjuvants developed by their manufacturers, ASO1E and
GLA-SE respectively'3®!37  to deliver Mtb antigens (hence their names, Figure 5).

Adjuvants stimulate the immune system to make stronger responses to antigens, but do

not directly induce immune responses themselves'#3.

MV AS8S5A is the pioneer sub-unit TB vaccine candidate to enter human trials and the first
in infants since BCG was last tested. The results of MVAS8S5A efficacy trial in infants
were published in 2013. Even though the vaccine appeared to provide promising
immunogenicity when tested in various pre-clinical animal models as well as in early

phase human trials'#-193

, no significant efficacy was observed with MVAS5A towards
the prevention of TB disease in a trial enrolling 2,797 infants in South Africa'®*.
Nevertheless, the work from the MVAS8SA efficacy trial has resulted in several findings
which provide important insights on immunology and correlates of protection following
TB vaccination!9!31195 H4:IC-31 vaccine was tested in a large phase 2 trial using a
prevention of infection trial design. Although the preventive vaccine candidate showed

some efficacy signals when given in adolescents previously primed with BCG at birth,

the protection offered by H4:IC-31 was not superior compared to BCG given in
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adolescents'?. More recently, M72:ASO1E vaccine was shown to provide 54% efficacy

against active pulmonary TB disease when given in latently-infected adults'®’.

Therapeutic vaccination is a unique strategy compared to preventive vaccination which
aims to combine vaccination with drug treatment (Figure 5). Such an approach is expected
to enhance the effectiveness and shorten the duration of TB drug treatment, as well as to

198

prevent or reduce the risk of TB relapse'”®. This concept has gained much interest

recently, due to the threat posed by drug-resistant TB, where drug treatment is less or no-

longer effective.

1.3.3 Therapeutic Vaccination for Tuberculosis

1.3.3.1 History of Therapeutic Vaccination in TB

An initial attempt of therapeutic vaccination for tuberculosis was conducted in 1884 by
Robert Koch following his discovery of Mtb, when he inoculated active TB patients with
tuberculin, a suspension of powdered Mtbh'*°. An exacerbated immune response termed a
Koch phenomenon occurred following tuberculin administration. With present
knowledge, it is possible that administration of Mrb antigens to already infected
individuals resulted in a cytokine storm, such as by TNF-a, which would likely have been
tissue-damaging and caused the harmful response attributable to the many deaths
following tuberculin therapy?°®°!. Such a phenomenon has been the main discouraging
factor in the development of therapeutic vaccination for TB for many years, as the
activated immune state during TB disease is considered perilous for the introduction of
additional Mrb antigens by a vaccine. At that time, however, due to the unavailability of

drug treatment, Koch administered tuberculin alone when mycobacterial load would have
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been high. A recent study provided evidence that the occurrence of the Koch response is
associated with bacterial load*”?. Administering chemotherapy in advance could
significantly reduce bacterial load and prevent the exacerbated immune response from
therapeutic vaccination®’!. More recent attempts to administer a pre-exposure vaccine in
a therapeutic manner without initial chemotherapy also resulted in strong tissue toxicity

resembling the Koch phenomenon?%3-204,

Favourable results with tuberculin had been observed during the 1950s, in which

tuberculin was administered in adjunct to chemotherapy?%3-2"7

. In a study conducted in
1957, administration of tuberculin with para-aminosalicylic acid (PAS) and streptomycin
as the only available TB chemotherapy at that time was associated with a better sputum
conversion rate’?’. Similar studies were also conducted in TB meningitis patients, in
which tuberculin administration was associated with improvement of clinical
parameters®?32%, These results suggested that therapeutic vaccination could be safely
implemented when administered with chemotherapy during TB treatment. Nevertheless,
due to the discovery of a ‘highly effective’ chemotherapy in 1960 led by Sir John Crofton,
attention was withdrawn from the initial successes of tuberculin?®, With the current
emergence of Mtb strains that are no longer susceptible to currently available TB

drugs®®2%, the effectiveness of the chemotherapy has been challenged and an alternative

modality apart from drug treatment is needed.

1.3.3.2 Current Concept and Candidates for Therapeutic Vaccination in TB

A concept of therapeutic TB vaccination has been reviewed by Prabowo et al. (2013)*°!,
in which a revisited approach is considered essential to allow implementation of

therapeutic vaccination into current practice. Persister bacteria are responsible for the
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lengthy treatment of TB and transcriptome analysis has shown that these bacilli may
express different antigens termed latency antigens?'?. Introduction of a latency antigen to
overcome persister Mtb could create further synergy between drugs and vaccines®®!. For
drug-sensitive TB, a therapeutic vaccine containing latency antigens could shorten the
current regimen and prevent the occurrence of relapse, while it could potentially increase

the low treatment success rate in the context of drug-resistant TB®6-2%%,

Several TB vaccine candidates are currently available in the pipeline and this has recently
been systematically reviewed by Groschel & Prabowo et al. (2014)?''. Table 2
summarises the profile of these candidates. Among the candidates, the RUTI vaccine is
considered a leading candidate based on the quality of the published clinical reports. The
RUTT vaccine is composed of purified fragments of Mtb in liposomes grown under stress
conditions which induces the expression of latency antigens®'?. The vaccine is purified to
decrease the risk of the exacerbated immune response and fragmented to facilitate
processing and presentation of cell wall antigens. The cell wall antigen preparation has
an average size of 0.1 um and exerts adjuvant properties?'>?!3, RUTI was specifically
developed as an adjunct for treatment for TB, both in the context of active TB treatment
and isoniazid preventive therapy for LTBI. The vaccine has completed a phase 2a trial
and was shown to be safe and immunogenic when given after subsequent chemotherapy

in latent TB patients with and without HIV co-infection?'*

. Previous pre-clinical studies
in mice, guinea pig, goat and mini-pig have shown that RUTI was able to reduce bacterial
load after chemotherapy and improve lung pathology compared to control?'2!8, A RUTI

clinical trial in MDR-TB patients receiving chemotherapy is currently ongoing

(NCT02711735).
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Table 2. Profile of several therapeutic vaccine candidates

Groschel & Prabowo et al.*'!)

for TB (taken from

Vaccine Manufacturer Route of mmune Safet Remark
Candidate Name Administration Response ¥
Immodulon, Intradermal, Promotes Th1 .
Only mild local .
London Oral response , Multiple doses
M. vaccae - reactions were .
Anhui Longcom, | Intramuscular, | Suppresses Th2 required
) observed
China Oral response
Mixed
. No Further study to
Archivel, Th1/Th2/Th3 | Ter SEy
RUTI Subcutaneous hypersensitivity | ensure safety is
Barcelona response toward .
. observed required
latency antigen
. Two-wa; .
Wuhan Institute . Y Only mild local
. . . immune . Further larger
M. smegmatis of Biological Subcutaneous . reactions were . .
. modulation studies required
Product, China . observed
function
. No human Aerosol
Immuvac, Cadila . . .. .
s .. . Subcutaneous, Promotes Th1 infection has administration
M. indicus-pranii | Pharmaceuticals, .
India Aerosol response ever been may increase
reported compliance
Improved
clinical No exacerbated The exact
Immunitor, parameters, immune content remains
\'%A Oral
Canada attenuates TB- response to be further
associated reported investigated
inflammation

Mycobacterium vaccae is an older therapeutic vaccine candidate which has been tested

in a large efficacy trial’!°. A recent meta-analysis showed that M. vaccae provided some

benefit in improving sputum conversion rate and radiographic healing, although a single

dose of M. vaccae failed to provide protection when tested in a phase 3 trial??°. Further

genomic characterisation has shown that the M. vaccae strain used in the trial was actually

Mycobacterium obuense®*'. The use of multiple doses of M. vaccae/ obuense is probably

needed when added to chemotherapy in TB. Another candidate is Mycobacterium indicus

pranii (MIP) which was initially developed as a vaccine for leprosy, but has been

retrospectively shown to be beneficial in TB co-infected patients
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randomising 1,400 adults with pericarditis TB, MIP did not have a significant effect on
morbidity and mortality of the disease when administered therapeutically??>2. MIP is
currently in preparation for a large efficacy trial in India as a preventive vaccine, in a
head-to-head comparison with VPM1002'78. The next candidate is M. smegmatis, which
in mice could promote Th1 and inhibit Th2 responses, thus resembling M. vaccae*'!. V5
is an oral therapeutic vaccine initially developed and approved for management of chronic
hepatitis, with some evidence to suggest it may also protect against TB??3. In addition to
the above mentioned candidates, H56 as a fusion protein vaccine could also be considered
a therapeutic vaccine. The presence of Rv2660c, a latency antigen, enables its application
as a multistage vaccine and it has been shown in mouse and non-human primate models

to effectively control reactivation of latent TB!32%4,

1.3.4 Preclinical Animal Models and Human Trials for TB Vaccine Testing

Animal models have been used extensively in the development of new TB vaccines, with
the clear aim to demonstrate better protection compared to BCG prior to progressing to

human clinical trials'!!

. Typically, the main indicator for testing the potency of new
vaccine candidates in animal models is the reduction of the bacillary load in the lungs at
the acute phase of the infection. While in human, protection is defined as prevention of
TB disease and/or infection using clinical and diagnostic endpoints, and any individuals
becoming infected are considered not protected®?’. Despite the difference, animal models
are still regarded valuable as a ‘bridge’ between vaccine discovery and human testing.
Murine models are currently the most widely used and characterised, perhaps due to the

inexpensive and in-bred nature of the model, therefore allowing straightforward

standardised adaptation between centres'!'?>3. Three murine models currently exist for
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TB vaccines testing: 1) low dose aerosol, 2) murine latent TB and 3) intratracheal
models??°. The first model is also generally known as the ‘in vivo Mtb challenge model’,
where a preventive vaccine candidate is expected to reduce bacterial load in the lung few
weeks following a low dose Mtb challenge (~ 50 colony forming units [CFUs])??’. The
second model is developed to test therapeutic vaccine candidates, in which infection from
a low dose aerosol is allowed to progress for 6 weeks or more, at which time antibiotic
treatment is started for several weeks followed by vaccination, as an attempt to assess the
impact of therapeutic vaccine on top of TB treatment. This model was notably used to
test RUTI and H56 candidate vaccines'>213. The intratracheal model involves inoculation
of a high dose of Mtb and is less commonly used as it is considered not to reflect the

natural history of TB infection??%.

Several differences exist between murine models and humans in terms of Mb infection.
The largely used C57B1/6 and Balb/c mouse strains do not develop similar granuloma
when compared to human, and they also have a different distribution of TLRs!'!?25, To
overcome these issues, larger mammals can be used, such as guinea pigs and non-human
primates (NHPs), with the latter being the closest species to humans??®. However, the use
of such mammals, especially NHPs, is very costly and requires advanced technical
expertise, leading to only a few groups globally who are capable of conducting these
experiments. In terms of cost, performing the murine latent TB model to test therapeutic
TB vaccines is also considered expensive, as the experiment could last for over 20 weeks.
Furthermore, there is an ethical consideration for performing animal experiments, as they
endure suffering classified as moderate in severity during the study, while at the same

229

time large numbers of animals may be required in order to reach statistical power==".

Development of an ex vivo testing system, which could reduce the numbers of animals
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used, or refine the experiment by negating the need of an in vivo challenge experiment,

would be greatly appreciated.

Early development Late development Registration
Research phase phase phase phase
A A ﬁ_A_\ A
' A i N\ [

5 . Phase | Phase Il Phase Il
Ide.ntlfy Prqduce T?St 4 safety dose efficacy File License
antigens antigens animals PoC safety safety
25y 2-3y 3-7y 12y

Manufacturing quality control and

CGMP production in dedicated facility

Figure 6. Pathway of licensure for a vaccine candidate (taken from Kanesa-Thasan et
al.?Y).

In order for a TB vaccine candidate to be licensed, several stages of testing in humans
known as clinical trials need to be conducted. A phase 1 clinical trial in TB vaccine
development aims to assess safety in healthy volunteers and also to gain the first insight
of vaccine immunogenicity. Further, in a phase 2 clinical trial, a vaccine candidate is
tested in the target population. In a phase 2a study, typically optimum dose and route,
immunogenicity and safety of a vaccine are assessed. In a phase 2b trial, efficacy as an
outcome is assessed in addition to safety and immunogenicity. Lastly, a phase 3 study
aims to demonstrate efficacy in a larger number of participants in target population, often
in multiple trial sites with different settings. Following licensure, a post marketing
surveillance known as phase 4 should also be performed!'’>?*°. Figure 6 exemplifies the
pathway of licensure for a vaccine candidate which could take up to a couple of decades

from discovery. Currently, not less than US $100 million per year of global investment
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is dedicated for TB vaccine development at various stages®*!. In the case of MVAS8SA,
the efficacy trial itself costed US $30 million and took 5 years to complete, yet showed
no protection'**?3!, The lengthy and costly clinical trials have emphasised the need for an
immune correlate of protection following TB vaccination which could identify promising

candidates in early pre-clinical or clinical development.

1.4 Immune Correlates of Protection

A biomarker is defined as “an objective characteristic that indicates a normal or
pathogenic biological process, or a pharmacological response to a therapeutic
intervention or vaccination”?*2, Immune biomarkers or correlates of vaccine efficacy will
substantially accelerate TB vaccine development by potentially reducing the need of
lengthy and costly efficacy trials?*3. Biomarkers will be expected to be implemented to
screen dozens of vaccine candidates currently available in the pipeline, by predicting the
likely efficacy of these candidates and subsequently selecting the most promising
candidates to progress to efficacy trials?**. As exemplified by the case of MVAS85A trial,
it could take a decade or more to determine the efficacy for just one vaccine candidate®*.
Vaccine candidates should also be screened in the preclinical stage to determine which
candidates should advance to human trials. Such screening efforts would be beneficial as
well to find optimum doses for pre-clinical and clinical studies, especially in the case of

therapeutic vaccination in which optimum combinations of vaccine and drug dose may

need to be identified.
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1.4.1 T-cell-based Signatures as Correlates of Vaccine-induced Immunity

IFN-y has been extensively used as a marker of immunogenicity in TB vaccine
experiments and human trials'?®. IFN-y is a robust cytokine, which is mainly produced by
T-cells in large quantities and not easily degraded in culture or with storage, and its
production can be measured by counting IFN-y—secreting spot forming cells in an
ELISpot assay, by ELISA or multiplex assay, or by using flow cytometry with
intracellular cytokine staining (ICS)**. Despite this, there are discrepancies between
studies towards the value of IFN-y as a correlate of protection. In mice, although BCG
vaccination induced protective T-cells in vivo, production of IFN-y by these cells does
not predict vaccine protection?*’2%8, In humans, a study by Kagina et al. (2010)**° found
that measurement of polyfunctional T-cells, making IFN-y, TNF-a and IL-2, in BCG-
stimulated whole blood cultures from BCG-vaccinated infants at 10 weeks of age did not
distinguish between infants who subsequently progressed to TB disease and those who
remained healthy. However, in a more recent study by Fletcher et al. (2016)'!, the
frequencies of cells producing BCG-specific IFN-y measured with ELISpot was
associated with a reduced risk of developing disease, using the infants cohort of the
MVASSA efficacy trial. Although both the Kagina and Fletcher studies were conducted
in the same South African infant populations, the number of case infants in the latter study
was almost double, with a higher number of controls per TB case infants (3 controls per
case) and IFN-y measurement was performed later in infants of the Fletcher study (4-6
months old). On the other hand, MVAS85A also induced a modestly higher polyfunctional

T-cells than BCG alone, and this did not translate into protection!®*

. Therefore, it is likely
that IFN-y production by conventional T-cells is necessary but insufficient to be used

solely as a correlate of protection.
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These findings have led researchers to look at other immune cell populations which could
be associated with protection, such as yo T-cells, Th17, CD4 CD8 DN T-cells as well as
NK cells'?%240, NK cells, in particular, are quickly recruited and secrete large quantities
of IFN-y and cytotoxic molecules following infection or vaccination?#!242, In this context,
it is plausible to consider that immune protection from TB is a result of coordinated
activities from multiple cells types and immune mechanisms, rather than exclusively from
IFN-y or CD4 T-cells. Gene expression analysis may help to identify which pathways
contribute to protection, and transcriptomics has previously highlighted the role of
neutrophils and type 1 interferons which were once overlooked”. Yet, data analysis is
complex and such technology is perhaps not readily applicable to resource-limited
clinical trial sites. Consequently, an assay which could measure the summative effect of
host immune responses following TB vaccination i.e. the ability of cells from vaccinated
subjects to control the growth of mycobacteria ex vivo, would be of value and could allow

a screening effort of vaccine candidates in early pre-clinical and clinical studies.

1.4.2 Mycobacterial Growth Inhibition Assays (MGIASs)

The mycobacterial growth inhibition assay (MGIA) is a functional assay which assess the
ability of immune cells to kill or inhibit the growth of mycobacteria in an ex vivo system.
Using intracellular inhibition of mycobacterial growth as a measure of vaccine potency,
the MGIA is developed and expected to be able to predict clinical efficacy of TB vaccines,
therefore allowing screening efforts in early phase of vaccine testing®*’. The MGIA
involves co-culture of whole blood, human PBMCs or mouse splenocytes with
mycobacteria, and subsequent measurement of mycobacterial growth inhibition, and

thereby could also be regarded as an ‘ex vivo challenge model’.
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In the past several years, many efforts have been focused on strengthening reproducibility

as well as to standardise assays between laboratories, therefore allowing comparison of

results between centres. Several groups have demonstrated the use of ex vivo MGIAs in

various different systems in human and animals in the past few decades (Figure 7), and

this was recently reviewed by and Tanner ef al. and Brennan et al*-*. Further

application of the MGIA to screen TB vaccine candidates is justified and their use in TB

vaccine clinical trials and pre-clinical animal testing should be considered by vaccine
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Figure 7. Classification of various MGIAs which have been developed for human

and animal testing (taken with permission from Tanner et al.?**).

1.4.2.1 Whole blood MGIAs

MGIAs can be performed using whole blood or PBMC samples from humans. In 2001,

Wallis et al. established a whole blood MGIA to measure the bactericidal activity of anti-
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TB drugs using the BACTEC mycobacterial growth indicator tube (MGIT) system?*’.
The assay was then used to monitor drug treatment of active TB patients?*®. Around the
same time, Kampmann et al. also developed a whole blood assay using BCG transfected
with luciferase (BCG-Iux) as a reporter’¥’. In this context, both the MGIT and BCG-/ux
systems are used for quantification of mycobacteria. Cheon et al. applied the MGIT assay
and found that both primary vaccination and revaccination with BCG in US adults
enhanced ex vivo mycobacterial growth inhibition?*3, Using the BCG-lux system,
enhanced growth inhibition was also observed following BCG vaccination in South

African infants, and this capacity was impaired with HIV infection?#*2°,

In 2013, Fletcher et al. implemented the MGIT-based whole blood MGIA alongside a
PBMC-based adaptation. In the UK where primary BCG vaccination is known to have a
high efficacy, primary BCG vaccination was associated with enhanced inhibition of
growth, but not following revaccination®'. In this study, it was observed that a higher
magnitude of mycobacterial growth inhibition was achieved with PBMC, rather than
whole blood. Recently, it was discovered that the level of haemoglobin (Hb) and iron
correlate with the ex vivo growth of mycobacteria®*?, thereby denoting a confounding
factor for the use of whole blood, as Hb levels may vary between study participants.
Mycobacteria are known to be able to utilise haemoglobin as an iron source for
metabolism?>3, hence a vaccine effect could be masked due to high growth in the presence
of abundant iron. A study by the Scriba group (2017) also did not find differences in
growth inhibition in children aged 4 to 12 years old, which epidemiologically is immune
from developing TB disease (known as the ‘golden age’), as well as in LTBI subjects
compared to uninfected individuals in South Africa using the whole blood MGIA?>*,

While this could be due to universally high levels of mycobacterial sensitisation in this
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high TB burden setting (through environmental mycobacteria and/or universal BCG
vaccination) that could affect inhibition of mycobacterial growth, the impact of varying

levels of Hb in their study participants also could not be excluded.

1.4.2.2 PBMC-based MGIAs

Silver et al. developed a system utilising low-level infection of isolated monocytes with
Mtb H37Rv for 1 hour, followed by a 7 day culture either alone or with unstimulated
autologous lymphocytes. This assay is termed the ‘primary lymphocyte inhibition
assay’?>. In addition, Worku et al. also established another assay, in which antigen-
specific T-cells were expanded by stimulation prior to co-culture with infected
monocytes, referred to as the ‘secondary lymphocyte inhibition assay’2%. In 2002, Hoft
et al. compared these two different PBMC-based assays head-to-head with the whole
blood assay?’’, and found that BCG revaccination in midwestern US adults enhanced
mycobacterial growth inhibition using the three assays, similar to the finding of Cheon ef
al**®. However, it was soon realised that both of the lymphocyte inhibition assays, which
require separation of lymphocytes and monocytes as well as pre-culture, might not be

suitable for field use and especially considering the small volumes of infant blood?3®.

The PBMC-based ‘direct’” MGIA as described by Fletcher et al.?! is considered to
provide technical simplicity for field implementation, and the use of PBMC would allow
cryopreserving of samples from different time points in a vaccine study. The samples can
then be analysed altogether upon completion of the study thus minimising the potential
impact of batch variability. In addition, using PBMC allows for any natural variation in
monocyte phenotype or frequency to be incorporated into the readout of the assay. In

terms of distinguishing protection following BCG vaccination, the PBMC assay did not
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detect enhanced inhibition of growth after BCG revaccination in a UK adult population,
in contrast to the IFN-y response measured with ELISpot which saw an increase following
revaccination. While both assays detected increased response following primary
vaccination, the PBMC-based MGIA is regarded to better reflect epidemiological data, in
which BCG revaccination is considered not providing an additional benefit where
primary BCG vaccination is known to be highly efficacious, such as in the UK?72%, Later,
Smith et al. found that BCG vaccination in UK infants enhanced ex vivo mycobacterial
growth control using the PBMC-based assay and such control was correlated with a
higher frequency of polyfunctional CD4 T-cells 2. Most recently, Joosten and colleagues
(2018) discovered that recent exposure with Mtbh and BCG vaccination also enhanced the
capacity of PBMC to control ex vivo mycobacterial growth by the role of nonclassical
monocytes®®. This observation was associated with the trained innate immune
mechanism, and has further supported the notion that an assay which can detect a

comprehensive summative effect of both innate and adaptive host-immune responses,

such as the PBMC MGIA, is needed.

1.4.2.3 MGIAs in Preclinical Animal Models

MGIA assays have also been adapted for animal models to allow pre-clinical screening
of TB vaccine candidates prior to further investigation in human studies. This would be
particularly useful where there is a need to test vaccine candidates for antigen dose,

adjuvant dose or antigen-adjuvant combinations, in which MGIAs could save time,

animals and funds. Thus far, the assays have been described using cells from mice?60-263,

264,265

cattle and non-human primates?>2. Using the animal models, the MGIA outcomes
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could be correlated with protection from in vivo challenges with Mtbh, hence providing

biological validation.

In mice, initially the MGIA was performed using infected macrophages cultured
separately from mouse splenocytes, and then combined together. Using this MGIA,
splenocytes from mice vaccinated with five different TB vaccines inhibited mycobacterial
growth ex vivo, compared to naive controls?®®. Work by Marsay et al. in 2013 applied a
murine splenocyte MGIA using the BACTEC MGIT system to develop a ‘direct’
splenocyte MGIA in order to simplify the assay and include the innate cell compartment.
Splenocytes from BCG-vaccinated mice were better able to inhibit growth of
mycobacteria compared to the naive animals, and this ex vivo inhibition correlated with
protection from in vivo challenge with Mtb?®!. Further optimisation work by Zelmer et
al.*®? found that detection of vaccine-induced inhibition could be improved by decreasing
the multiplicity of infection (MOI) in the direct splenocyte MGIA. It was also
demonstrated that the capacity to detect mycobacterial growth inhibition in BCG-
vaccinated mice was time sensitive, with the peak of growth inhibition being detected at

6 weeks after vaccination in C57Bl/6 mice2%2.

In general, the MGIA assay both in human and animals, employs a low MOI in the ex
vivo system (~ 1 CFU/10,000 PBMCs or splenocytes) in order to prevent overwhelming
of the vaccine effect. Performing a time course experiment in mice might also be
necessary to identify the time point of the peak immune response when screening different
TB vaccine candidates. Among different studies, it has been concluded that splenocytes
are the most practical tissue to use, due to the small volume of blood in mice which
impedes the use of whole blood or PBMCs. An adaptation of the direct ex vivo MGIA

using murine lung cells is currently underway (Hannah Painter, personal communication).
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It was also identified that splenocyte viability might pose as a problem in the direct
splenocyte MGIA, and this was later improved in the work of Jensen and colleagues

(2017) by enrichment of culture media and incubation without rotation?%3.

1.4.2.4 Immune Mechanisms of Growth Inhibition

Earlier works in humans using the lymphocyte inhibition assays have shown the
contribution of CD4 and CD8 T-cells in mycobacterial growth inhibition, by the addition
or depletion of these cell populations in the ex vivo culture system?*3233266. Moreover,
following BCG vaccination, IFN-y was increased when cytokine production was
measured in MGIA culture supernatant®>%231-237 However, in many of these studies, IFN-
v did not correlate with mycobacterial growth inhibition, supporting the notion that it is
essential but could not be used a sole marker of protection. Interestingly, in one MGIA
study, BCG vaccination was found to enhance ex vivo responsiveness of yo T-cells to
mycobacteria, and this was achieved through granzyme A production from a subset of yo
T-cells, namely y98, T-cells, in a TNF-o—dependent manner?®267. Moreover, NK cells
isolated from the primary lymphocyte inhibition assay were also shown to enhance

inhibition of intracellular Mtb growth in an apoptosis-dependent manner?6®,

IgG antibody responses to arabinomannan increased significantly following BCG
vaccination in humans, with phagocytosis and intracellular growth inhibition being
enhanced when mycobacteria were opsonised with post vaccination sera, and these
enhancements were correlated with the IgG titres®®®. A higher proportion of monocytes
to lymphocytes (ML ratio) is associated with increased mycobacterial growth and altering
the ML ratio in vitro also affects the control of mycobacterial growth?’°. In addition,

trained innate immunity has also recently been discovered to play a role in mycobacterial
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growth inhibition, with non-classical CD14%™monocytes being associated with enhanced
growth control following recent Mtb exposure and BCG vaccination®. In the latter study
employing direct PBMC MGIA, several cytokines previously identified as associated
with trained immunity, such as TNF-qa, IL-1p and IL-6, were elevated in the culture
supernatants of individuals with superior mycobacterial growth control. Moreover,
Joosten et al. also identified CXCL10, CXCL9 and CXCLI11 as additional cytokines

associated with trained immunity based on their study®*.

In mice, IFN-y appears to play a more dominant role as demonstrated by Marsay et al.
with the direct splenocyte MGIA, in which IFN-y mRNA expression was significantly
correlated with mycobacterial growth inhibition?®!. This may be due to the in-bred nature
of mice, in contrast to humans. The positive impact of CD4 and CD8 T-cells when added
to murine splenocyte co-culture has also been demonstrated?’!. Interestingly, in a recent
murine study by Jensen et al., IFN-y production measured in the MGIA supernatant was
also correlated with growth inhibition following immunisation with a vaccine candidate
(H56), but the cellular source could not be identified from the measured vaccine-specific
T-cells. This suggests that other cells, such as NK cells, may produce IFN-y which could
enhance growth inhibition. In summary, these studies of various immune pathways have
shown that the MGIA could more broadly represent complex host-pathogen interactions
and may be a more accurate surrogate of protective immunity, when compared to

measurement of a single cytokine.

1.4.2.5 The BACTEC Mycobacterial Growth Indicator Tube (MGIT) System

Quantification of bacterial count for the MGIA can be performed using several methods

247,250 255-257

such as quantification of BCG-lux , CFU counting of infected monocytes or the
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BACTEC MGIT system?43-246248251.272 Jse of the MGIT system allows an automated
quantification of mycobacteria with a greater dynamic range compared to culture on solid
media and with less variability?’>. The BACTEC MGIT system was initially developed
to detect mycobacteria in human clinical samples. The system uses tubes that contain
modified Middlebrook 7H9 liquid broth medium. The MGIT tube contains an oxygen-
quenched fluorochrome at the bottom that acts as a sensor towards depletion of the free
oxygen level upon growth of mycobacteria. A decrease in oxygen level leads to
disinhibition of the fluorochrome leading to a fluorescent colour under UV light. This
change is recorded in the MGIT instrument by computer algorithm as time to positivity
(TTP) measured in hours?’*. A positive MGIT tube typically contains 103 — 10° CFU per
ml of medium?7*. The TTP value has been shown to correlate well with the actual CFU
count in culture samples®””. In the instrument, MGIT tubes are incubated at a temperature

of 37° C and monitored for increasing fluorescence every 60 minutes>’*.

1.5 Project Structure

1.5.1 Rationale of the Study

Several therapeutic TB vaccine candidates have been developed and are currently
progressing through the TB vaccine pipeline. It is hypothesised that the ability of a
therapeutic vaccine to enhance capacity to control mycobacterial growth can be measured
ex vivo and that a vaccine effect will still be observed even in the presence of TB drugs.
This study will implement the MGIA to investigate the impact of vaccination with BCG
in humans and mice, as well as immunisation with the RUTI vaccine in the mouse model,

in the absence and presence of TB drugs ex vivo. To our knowledge, no other studies have
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used the ex vivo MGIA system to assess therapeutic TB vaccine candidates and none have
assessed vaccine-induced growth inhibition in the presence of drugs. The results of this
study will provide information for TB vaccine researchers regarding the value of MGIA

as a screening tool for therapeutic TB vaccine candidates.

1.5.2 Hypothesis

Immunisation with therapeutic tuberculosis vaccines enhances the ability of immune cells
to control the growth of mycobacteria, in the absence and in the presence of TB drugs and
this effect can be measured ex vivo in a growth inhibition assay. Further, the growth
inhibition assay can be used to gain insight into the immune pathways important for the

control of mycobacterial growth.

1.5.3 Study Aims and Objectives

The aims of the study are:

1. To a) establish a human cohort of healthy, previously BCG immunised and BCG
naive individuals to be able to assess the impact of historical BCG vaccination on
mycobacterial growth inhibition. To b) use frozen PBMC from this cohort to
investigate if ex vivo mycobacterial growth inhibition can still be observed when cells

are co-cultured with TB drugs.

2. To use the mouse model to determine the impact of recent vaccination with BCG and
with the RUTI vaccine towards ex vivo control of mycobacterial growth, in the

absence and presence of TB drugs.
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3. To assess the impact of individual-level factors and immune cell phenotype on
immunity following historical BCG vaccination in a human cohort of healthy,

previously BCG immunised and BCG naive individuals.

4. To elucidate the immune mechanisms underlying vaccine-induced mycobacterial

growth control both in humans and the mouse model.

The objectives of the study are:

1. To establish a human cohort with sufficient statistical power to be able to assess the

impact of historical BCG vaccination on mycobacterial growth inhibition.

2. To optimise and implement ex vivo growth inhibition assays using human PBMCs

and mouse splenocytes for testing therapeutic TB vaccine candidates.

3. To identify optimum drug concentrations for assessing the therapeutic effect of first

line TB drugs (INH and RIF) using the growth inhibition assay.

4. To explore essential immune mechanisms for protective immunity using ELISpot and
ELISA to identify cytokine production, as well as using flow cytometry with surface

staining and/or intracellular cytokine staining to characterise immune cell phenotype.

5. To assess the impact of sex, CMV-specific response and immune cell phenotype on

ex vivo growth inhibition in humans following historical BCG vaccination.

1.5.4 Thesis Structure

The overarching theme of this thesis is the use of mycobacterial growth inhibition assay

as a potential platform to test therapeutic TB vaccines ex vivo. This thesis is divided into
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6 chapters, of which 4 chapters will describe the results and discuss the main findings
from the PhD project, mainly in manuscript style in accordance with the research paper
style thesis format. As has been elaborated, Chapter 1 presents a literature review of the

topic of this thesis as well as outlining the project structure.

In Chapter 2, the combined effect of historical BCG vaccination and TB drugs is
demonstrated for the first time using the ex vivo MGIA system in a cohort of adult, healthy
volunteers. This study provides proof-of-principle that immune mediated mycobacterial
growth inhibition can be observed and measured in the presence of two major first-line
TB drugs, which is considered an essential first-step to further expedite the development
of MGIA as a screening tool for therapeutic TB vaccines. Data discussed in this chapter
indicates that the efficacy of INH can be augmented following historical BCG
vaccination, which supports findings from previous observational and animal studies. The
observation also suggests a role for NK cells in the combined effect between BCG

vaccination and INH.

The impact of RUTI vaccination in the mouse model is discussed in Chapter 3, in which
for the first time the vaccine was shown to inhibit the growth of mycobacteria ex vivo in
a time course experiment. The nature of the ex vivo assay does not require the immune
mechanism that underlies growth control of a vaccine candidate to be known a priori,
while in turn could help to determine underlying mechanisms by investigating immune
factors in samples with efficient growth inhibition. The data in this chapter show that
RUTT vaccination induces a shift towards nonclassical monocytes phenotypes which is
associated with enhanced growth inhibition. This finding suggests that RUTI has an
important impact on the myeloid compartment which has not previously been identified.

This demonstrates the value of assays such as the MGIA which assess changes in the
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innate myeloid compartment as well as changes in adaptive immunity following

vaccination.

Chapter 4 will discuss the impact of individual-level factors on ex vivo mycobacterial
growth inhibition in a cohort of healthy, adult volunteers. Specifically, it was found that
immune cells phenotype, cytomegalovirus-specific response and sex have impacts on
immunity following BCG vaccination, reflecting epidemiological data and previous
human studies. Although this chapter does not directly address the therapeutic vaccination
strategy, it provides important insights into the factors that influence mycobacterial
growth inhibition which may need to be considered if using this assay in the context of
clinical trials. This is important as vaccine developers will need to understand the factors
which may confound their ability to observe a vaccine effect when they move from pre-

clinical to clinical studies.

In Chapter 5, several unpublished pilot investigations and preliminary methodology
development data sets will be described and discussed, such as the impact of BCG
vaccination and RUTTI towards ex vivo drug-mediated killing in the mouse model, as well
as our early optimisation work with the MGIA in human and mouse. Finally, Chapter 6
will integrate the discussion of the three discrete yet related investigations as well as the

unpublished data to give answers to the problems posed in the present chapter.
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Abstract

Tuberculosis (TB) is a leading infectious cause of death globally. Drug treatment and
vaccination with Bacillus Calmette-Guérin (BCG) remain the main strategies to control
TB. With the emergence of drug resistance, it has been proposed that a combination of
TB vaccination with pharmacological treatment may provide a greater therapeutic value.
We implemented an ex vivo mycobacterial growth inhibition assay (MGIA) to
discriminate vaccine responses in historically BCG-vaccinated human volunteers and to
assess the contribution of vaccine-mediated immune response towards the killing effect
of mycobacteria in the presence of the antibiotics: isoniazid (INH) and rifampicin (RIF),
in an attempt to develop the assay as a screening tool for therapeutic TB vaccines. BCG
vaccination significantly enhanced the ability of INH to control mycobacterial growth ex
vivo. The BCG-vaccinated group displayed a higher production of IFN-y and IP-10 when
peripheral blood mononuclear cells (PBMC) were co-cultured with INH, with a similar
trend with RIF. A significantly higher frequency of IFN-y* and TNF-a* CD3 - CD4 CD§"
cells was observed, suggesting the role of Natural Killer (NK) cells in the combined effect
between BCG vaccination and INH. Taken together, our data indicate the efficacy of INH
can be augmented following historical BCG vaccination, which support findings from

previous observational and animal studies.
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Introduction

Tuberculosis (TB) is a leading infectious cause of death worldwide. Over the past 200
years, the disease has killed one billion people, surpassing any other infectious disease!.
In 2016, it is estimated that TB affected 10.4 million people and killed 1.7 million
individuals?>. The WHO “End TB” strategy aims to end the global TB epidemic in 2035
by reducing TB incidence by up to 90% and deaths by 95%3. Optimising the use of

current, and developing new tools are essential to achieve the desired goals.

Drug treatment and vaccination remain the main strategies currently being used to control
the TB epidemic caused by Mycobacterium tuberculosis (Mtb). The current treatment
regimen for drug-sensitive TB lasts for 6 months and consists of several first-line drugs.
Although the regimen provides 95% cure rates for drug-sensitive TB?, it is still considered
lengthy and has led to poor adherence for patients in many settings>. Moreover, the
emergence of multi-drug resistant (MDR)-TB, which is defined as resistance towards
isoniazid (INH) and rifampicin (RIF) — the two major first-line TB drugs — has challenged

the effectiveness of chemotherapy in the future®.

Bacillus Calmette-Guérin (BCQG), a live attenuated strain of Mycobacterium bovis, is the
only vaccine licensed for TB. BCG is widely used to prevent TB in children since the
1970s as an important part of the Expanded Program on Immunization and has since been
given more than 4 billion times’. BCG is known to be 80% protective in the UK, although
the vaccine is considered to have a variable efficacy in countries closer to the equator

towards the prevention of pulmonary TB in adults®®. Combining TB vaccination with
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drug treatment has been proposed to shorten treatment duration and prevent relapse, an
approach known as therapeutic vaccination'®'!. An early animal study by Dhillon and
Mitchison (1989) demonstrated the beneficial effect of drug therapy combined with
previous BCG vaccination in the guinea pig'?. In a more recent study by Shang et al
(2012), prior BCG vaccination as an adjunct to chemotherapy significantly improved

survival of guinea pigs challenged with a virulent strain of Mtb'3.

A therapeutic vaccination strategy for TB is expected to provide benefits in the context
of treatment for both active and latent TB. Evidence from leprosy, a disease caused by
the same genus of mycobacteria, demonstrates the synergistic effect between historical
BCG vaccination and rifampicin prophylaxis treatment for the disease, increasing
treatment efficacy up to 80%'4!5. Despite this, there are few studies which attempt to
administer TB vaccines therapeutically after infection for enhancement of TB drug
efficacy. This is partly due to the historical experience with tuberculin, a crude extract of
Mtb, which resulted in an exacerbated immune response when administered
therapeutically in active TB patients (known as the “Koch phenomenon’). However, at
that time tuberculin was administered alone due to the lack of treatment options. Recently,
it was shown that the occurrence of such exacerbated response is associated with bacterial
load'®. Therefore, it is suggested that a therapeutic TB vaccine needs to be administered
following chemotherapy after the bacterial load has been sufficiently reduced, hence

ensuring safety and allowing a beneficial synergistic effect’.

In order for a novel TB vaccination strategy to be implemented, its efficacy needs to be

demonstrated in large and expensive trials'”. Recently, funders have become more
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reluctant to provide the required investment due to the risk of failure'®. As there are
currently at least a dozen TB vaccine candidates in the clinical trial pipeline and more
candidates under pre-clinical development'®, an effort to screen these candidates at early
phases is needed to prioritise which candidates should be tested with the available funding
and field sites. In the context of therapeutic vaccination, a screening effort will be
essential to narrow down the optimum vaccine and drug regimen before progressing to

larger clinical trials.

In this study, an ex vivo mycobacterial growth inhibition assay (MGIA) was implemented
to measure vaccine-induced bacterial growth inhibition in combination with drug
treatment following historical BCG vaccination in healthy human volunteers. In the
absence of an immune correlate of protection following TB vaccination, the use of MGIA
as a functional assay has gained much interest recently for its ability to assess the
cumulative effect of multiple immune components on the control of mycobacterial
growth?%-22, Various cell types are known to play roles in protection against TB, such as
lymphocytes, macrophages, dendritic cells and natural killer (NK) cells?®. Here, the
findings of our study, which evaluates the ability of the MGIA to discriminate the impact
of historical BCG vaccination towards the ex vivo killing effect of mycobacteria in the
presence of the antibiotics INH and RIF, were presented. This study, which provides
proof-of-principle of the potential of the MGIA to measure a synergistic effect between
vaccination and chemotherapy, is important as the MGIA can be used to further expedite
the development of therapeutic vaccination strategies for TB. Our study shows the ability

of the MGIA to capture vaccine mediated growth inhibition, even in the presence of
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effective drugs that substantially reduce mycobacterial growth, and supports the

implementation of the MGIA as a screening tool for therapeutic TB vaccine candidates.

Materials and Methods

Ethics statement. Participants were recruited under a protocol approved by the LSHTM
Observational Research Ethics Committee (ref 8762). Written informed consent was
obtained from all individuals prior to enrolment in the study. All procedures were
performed in accordance with the Declaration of Helsinki, as agreed by the World
Medical Association General Assembly (Washington, 2002) and ICH Good Clinical

Practice (GCP).

Study participants and blood sampling. This was an observational study in healthy
adults with (i) no history of BCG vaccination or (ii) a history of BCG vaccination more
than 6 months before study enrolment. Participants were aged 18 to 70 years with no
evidence of exposure or infection with TB. Participants were excluded if they were
suffering from any persistent medical condition or infection. Sample size was calculated
based on the assumption of effect size 0.75, with power 0.8 and significance level 0.05
(participants per group = 29). Peripheral blood was collected at the amount of 50 ml and
processed within 6 hours. Blood samples were collected in tubes containing sodium

heparin (Sigma-Aldrich, Dorset, UK).
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PBMC:s isolation and IFN-y ELISpot. Peripheral blood mononuclear cells (PBMCs)
were isolated from heparinised whole blood by centrifugation over 15 ml LymphoPrep
(Stemcell, Cambridge, UK) in a LeucoSep tube (Greiner Bio-One, Stonehouse, UK)
according to the manufacturer’s instruction. PBMCs were cryopreserved in FBS (Labtech
International Ltd, Uckfield, UK) containing 10% DMSO (Sigma-Aldrich) and stored in -
80 °C freezer using CoolCell containers (VWR International, Lutterworth, UK). PBMCs
were thawed and an ex vivo interferon (IFN)-y enzyme-linked immunospot (ELISpot)
assay was performed to assess antigen-specific response as previously described??. In
brief, PBMCs were incubated overnight for 18 hours with 20 pg/ml purified protein
derivative (PPD) (Oxford Biosystem, Oxfordshire, UK). Positive control
Phytohemagglutinin (PHA) (10 pg/ml, Sigma-Aldrich) and negative control (medium-

only) wells were included for each participant samples.

Ex vivo Mycobacterial Growth Inhibition Assay (MGIA). Cryopreserved PBMCs
were thawed and rested for 2 hours at 37 °C in antibiotic-free medium [RPMI-1640
(Sigma-Aldrich) + 10% pooled human AB serum (Sigma-Aldrich) + 2 mM L-Glutamine
(Fisher Scientific, Loughborough, UK)] containing 10 U/ml benzonase (Insight
Biotechnology, Wembley, UK). After the rest, the cells were counted, washed and re-
suspended in the above-mentioned medium without benzonase. The percent viability of
recovered cells was around 70 to 90% per vial. A 2-ml screw-cap tube containing 3 x 10°
PBMCs in 600 pl of medium was co-cultured with ~100 Colony Forming Units (CFU)
of BCG for 4 days on a 360° rotator (VWR International, UK) at 37°C. BCG Pasteur
Aeras strain was obtained from Aeras (Rockville, MD, USA) and used as the immune

target in the MGIA. In order to assess the potential enhancing effect of historical BCG
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vaccination towards ex vivo drug-mediated killing of mycobacteria, 6 pl of drug at
different concentrations was added in the MGIA system to the samples from each
participants. The drug final concentrations on the co-culture system were 1; 0.1 and 0.01
pg/ml for INH and 0.5; 0.1 and 0.01 pg/ml for RIF. A control tube without drug was also
set-up for each participant. INH and RIF were obtained from Sigma-Aldrich, UK and
stock solutions were prepared in sterile tissue culture grade water and DMSO,

respectively, as per manufacturer’s instruction.

After 4 days, the 2-ml tubes were centrifuged at 12,000 rpm for 10 minutes. The MGIA
supernatants (500 pl) were transferred to other 2 ml tubes and frozen at -80 °C for further
analysis. The remaining cells were then lysed by addition of 400 pl of sterile tissue culture
grade water and vortexed 3 times with 5-minutes intervals. Lysate containing
mycobacteria was transferred to a Bactec MGIT tube supplemented with PANTA
antibiotics and oleic acid-albumin-dextrose-catalase (OADC) enrichment broth (all from
Becton Dickinson, Oxford, UK). The tube was placed in a Bactec MGIT 960 and
incubated until registered positive (measured as time to positivity [TTP]). Use of a
standard curve enables conversion of the TTP into bacterial numbers (log CFU)
(Supplementary Fig. S1). All work with cells pre-BCG infection and involving BCG

infected samples was done in a Biosafety Level (BSL) 2 laboratory.

ELISA. MGIA supernatants were analysed to assess cytokine concentrations by enzyme-
linked immunosorbent assay (ELISA). The levels of following cytokines were measured:

IFN-y, tumor necrosis factor alpha (TNF-a), interleukin (IL)-12p40, IL-10, IL-17, IL-6,

granulocyte-macrophage colony-stimulating factor (GM-CSF) and interferon-gamma-
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induced protein 10 (IP-10). The concentrations of IFN-y, IL-12p40 and IL-6 were
measured using BD OptiEIA kits (Becton Dickinson, UK), while TNF-a, GM-CSF and
IP-10 DuoSet ELISA kits were obtained from R&D Systems (Abingdon, UK) and IL-10
ELISA MAX Standard and IL-17 ELISA MAX Deluxe kits were supplied from

BioLegend (London, UK). Assays were performed as described by the manufacturers.

Intracellular cytokine staining (ICS) assay and flow cytometry. PBMCs were thawed
and rested for 2 hours in a 37°C incubator with 5% CO; after addition of 10 U/ml of
benzonase. PBMCs were then incubated alone (medium only as negative control), with 5
pg/ml Staphylococcus enterotoxin B (SEB; Sigma, UK) as a positive control and with
~100 CFU BCG (as per the MGIA protocol), with and without 1 pg/ml of INH for the
latter. Incubation with BCG was performed for 4 days and the addition of SEB was
performed on Day 3. Two hours after the addition of SEB to the positive control tubes,
brefeldin A (Sigma, UK) was added to all tubes which were then incubated for 18 hours

at 37°C until Day 4.

Following incubation, cells were washed with ICS FACS buffer (PBS + 0.1% BSA +
0.01% sodium azide) and stained with Vivid live/dead reagent (Invitrogen) for 10 minutes
at 4°C in the dark. Cells were then surface stained with anti-CD4-APC (BD Biosciences),
anti-CD19-efluor450 and anti-CD14-efluor450 (eBiosciences) for 30 minutes at 4°C in
the dark. After washing with FACS buffer, cells were permeabilised with
Cytofix/Cytoperm reagent (BD Biosciences) at 4°C for 20 min, washed in Perm Wash
buffer (BD Biosciences) and stained with anti-CD3-Horizon-BV510, anti-IL-2-FITC,

anti-TNFa-PE-Cy7 (BD Biosciences), anti-CD8-PE (eBiosciences) and anti-IFNy-
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PerCPCy5.5 (Biolegend) for 30 min at room temperature in the dark. Cells were finally
resuspended in 250 pL 1% paraformaldehyde (Sigma, UK) and filtered prior to

acquisition.

Data was acquired using an LSRII flow cytometer (BD Biosciences) and FACSDiva
acquisition software (BD Biosciences). Compensation was performed using tubes of
OneComp eBeads (ThermoFisher, UK) individually stained with each fluorophor and
compensation matrices were calculated with FACSDiva. ICS flow cytometry data was
analysed using FlowJo software version 10.4 (TreeStar Inc., Ashland, OR, USA).
Samples were gated sequentially on singlet, live, CD14-CD19-, CD3* (lymphoid), CD4",
CD8", CD3* CD4 CDS" (double negative = DN), CD3- CD4  CD8 (triple negative = TN)
cells and negative control stimulation tubes were used to set cytokine gates (see

Supplementary Fig. S2).

Median cytokine responses in negative control tubes, as a percentage of the gated CD4"
T-cell population, were as follows: IFN-y — 0.07%; IL-2 — 0.09%; TNF-a. — 0.40%.
Median cytokine responses in positive control tubes (SEB-stimulated) were as follows:
IFN-y — 3.16%; IL-2 — 4.24%; TNF-a. —24.35%. See Supplementary Table S1 for median
cytokine responses of the gated CD8" and DN T-cells as well as TN cells. Cytokine
responses reported for all stimuli were after subtraction of background values measured

in un-stimulated tubes. The median number of cellular events acquired for all tubes was

168,591 (IQR: 103871 —225963).

Statistical analysis. Statistical analyses were performed in Graphad Prism 7 (GraphPad,

La Jolla, CA, USA). To identify statistical significance of ex vivo growth inhibition (log
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CFU values) and ELISA responses, one-way analysis of variance (ANOVA) and students
t-test were used. Mann-Whitney U Test was performed to identify significant differences
of the ELISpot and ICS responses between groups. Spearman’s correlation coefficient

was used to test for correlations between growth inhibition and immune responses.

Results

Study participants. Fifty participants were enrolled in the study; 21 vaccine-naive
volunteers with no history of BCG vaccination and 29 volunteers previously vaccinated
with BCG (average time since vaccination 25.4 years prior to enrolment). Table 1
summarises the demographic characteristics of the study participants. Almost 70% of the

BCG-vaccinated participants were from the UK.

Table 1. Demographics of participants enrolled in the study.

Total Participants : 50

Characteristic BCG-naive (n=21) BCG-vaccinated (n=29)
Female [no. (%)] 17 (81.0% ) 15(51.7%)
Median age 30 33
[yr (range)]

(22-69) (22-63)
Average time since 254
BCG vaccination -
[yr (range)] (9-52)
Country of Origin
UK [no. (%)] 5(23.8%) 20 (69 %)
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IFN-y ELISpot response to PPD and assessment of ex vivo growth inhibition. The
IFN-y ELISpot assay was performed to measure the magnitude of mycobacteria-specific
response from historically BCG-vaccinated and BCG-naive participants. The secretion of
IFN-y in response to PPD was elevated in the samples from vaccinated individuals in
comparison to unvaccinated individuals (median SFC 106.5 and 24, P <0.0001, Fig. 1A).
The growth inhibition assay was performed to assess impact of BCG vaccination on ex
vivo mycobacterial growth. The assay was termed ‘growth inhibition’ as the immune
responses in the vaccinated group are expected to inhibit the growth of mycobacteria
compared to the naive group during the 4-days co-culture. Using cryopreserved PBMCs,
the assay showed enhanced mycobacterial growth inhibition in PBMCs from BCG-
vaccinated compared to BCG-naive individuals (median log CFU 2.027 and 2.334, P <
0.05, Fig. 1B). There was no statistically significant correlation between IFN-y ELISpot
response and mycobacterial growth (P = 0.121, Spearman r = -0.22, data shown in

Appendix 8A of this thesis).
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Figure 1. Immune response (A) and growth inhibition (B) following historical BCG
vaccination. Assessment was performed from 21 BCG-naive and 29 BCG-vaccinated
participants. (A) IFN-y production following stimulation with PPD was compared (Mann-
Whitney test). Numbers above each group represent median (range). SFC, spot forming
cells. (B) Growth inhibition was compared using BCG input ~ 100 CFU as immune target
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(unpaired t-test). Data are presented as total number of log CFUs per sample, which was
determined by use of a standard curve. Dots and squares represent individual data points,
and the central lines indicate the median response with inter-quartile range (IQR).

Drug titration curves and impact of historical BCG vaccination on drug-mediated
ex vivo growth inhibition. Drug concentrations were selected to achieve a concentration
range where we could observe a decrease in bacterial growth, but sufficient bacterial load
to identify any synergistic effect of vaccination in addition to the drug. Previous studies
have identified the minimum inhibitory concentration (MIC) of INH and RIF towards
BCG Pasteur to be 0.1 and 0.063-0.125 pg/ml, respectively?*. The drug concentration of
0.1 pg/ml was chosen as it closely depicts the MIC value of INH and RIF. Concentrations
were then selected above and below that to assess potential synergistic effects. As
expected, there were significant reductions of bacterial growth when BCG was co-
cultured with PBMC and 0.1 and 1 pg/ml of INH (P = 0.0001, Fig. 2A and 2B), as well
as 0.1 and 0.5 pg/ml of RIF (P =0.0053 and P = 0.0001, Fig. 2D and 2E) in both BCG-
naive and vaccinated groups. Findings in this study were consistent with previously

published results regarding the MIC and drug susceptibility of BCG Pasteur?*.
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Figure 2. Growth inhibition in the absence and presence of INH (A-C) and RIF (D-
E). Mycobacterial growth was assessed in titration curves. INH inhibited mycobacterial
growth in a dose-dependent manner in the naive and vaccinated groups (A and B), as well
as RIF (D and E). Data from both groups was compiled in dose-response box plots to
identify the BCG effect in addition to the INH- and RIF-mediated killing (C and F). Dots
and squares in the titration curves (A — B and D — E) represent individual data points from
the participants and the central lines indicate the median response with IQR. Each group
is represented in a single box plot with range in the dose-response analysis (C and F).

111



Samples size is indicated in the figure (for INH: n=29 BCG-vaccinated and n=21 BCG-
naive participants; for RIF: n=25 BCG-vaccinated and n=18 BCG-naive participants).
Statistical significances were tested using one-way ANOVA (A— B and D — E) and
unpaired t-test (C and F).

To determine if historical BCG vaccination enhanced the drug effect, data from each
BCG-naive and vaccinated group were plotted in dose response box plots to observe the
vaccine impact at various drug concentrations (Fig. 2C and 2F). BCG vaccination
significantly enhanced the ability of INH to control mycobacterial growth at the
concentration of 1 pg/ml (P < 0.05), with a similar trend at 0.01 pg/ml but not at 0.1
pg/ml (Fig. 2C). The effect size of growth inhibition at INH concentration of 1 pg/ml was
greater (0.8 log) compared to at the absence of drug (0.3 log). Meanwhile, BCG
vaccination did not enhance the control of mycobacterial growth at RIF concentrations of
0.1 and 0.5 pg/ml and the difference was only statistically significant at 0.01 pg/ml (Fig.
2F). The slope of the titration curve was steeper with RIF compared to INH even though
a lower maximum concentration of RIF was used (0.5 pg/ml). The log CFU values were
obtained by converting the recorded time to positivity (TTP) of the Bactec MGIT 960
used for quantification using a standard curve (see Supplementary Fig. S1). Negative log
CFU values indicate low growth of mycobacteria which were still detected using the

MGIT machine and extrapolated using the standard curve.

Cytokine release associated with ex vivo growth inhibition. ELISA assays were
performed using the MGIA supernatant to investigate cytokine productions (IFN-y, IP-
10, IL-10, TNF-a., IL-12p40, GM-CSF, IL-6 and IL-17) which may be associated with

ex vivo growth inhibition at all drug concentrations. A higher production of IP-10 was
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observed in the BCG-vaccinated group compared to the BCG-naive group when PBMC
were co-cultured with 1 pg/ml of INH (P < 0.05, Fig. 3A), with a similar non-significant
increase of IFN-y (P = 0.058). At this drug concentration, there was a statistically
significant inverse correlation between IFN-y production and ex vivo growth inhibition
(Spearman r = - 0.30, P < 0.05, Fig. 3B). Notably, this was where we observed a
significant difference in the MGIA assay. A significant increase of IP-10 was also
observed in the BCG-vaccinated group at INH concentration of 0.1 pg/ml (Fig. 3A).
Moreover, there was a significant positive correlation between IL-10 production and
higher growth of mycobacteria at 1 pg/ml INH (Spearman r = 0.33, P < 0.05, Fig. 3D),
although we did not see significant differences of IL-10 production between vaccination
groups at various INH concentrations (Fig. 3A). Other cytokines measured using co-
culture supernatants with INH are summarised in Supplementary Table S2. In general,
there appears to be higher cytokine productions in the historically BCG-vaccinated

participants when compared to the BCG-naive, in the presence and absence of drugs.

Similarly to INH, a higher production of IP-10 in the vaccinated group was also observed
during the co-culture with RIF at the concentration of 0.1 and 0.5 pg/ml (P < 0.05, Fig.
3E), compared to the BCG-naive group. There was a significant positive correlation
between IL-10 production and higher growth of mycobacteria at a RIF concentration of
0.1 pg/ml (Spearman r = 0.37, P < 0.05, Supplementary Table S2), with a similar trend
at the concentration of 0.01 pg/ml (Spearman r = 0.34, P = 0.087, Fig. 3H). Other
cytokines measured using co-culture supernatants with RIF are summarised in

Supplementary Table S2.
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Figure 3. Cytokine responses from co-culture with INH (A-D) and RIF (E-H). MGIA
supernatants were analysed for the released cytokines IFN-y, IP-10 and IL-10. For INH,
dark blue and dark green lines and symbols indicate BCG-naive and BCG-vaccinated
groups, respectively. For RIF, these were represented by dark brown (BCG-naive) and
dark red (BCG-vaccinated). Lines indicate mean response and shadings indicate range (A
and E). Comparison of responses between BCG-vaccinated and BCG-naive groups at
different drug concentrations were performed using unpaired ¢-test. Correlation between
mycobacterial growth at INH concentration of 1 pg/ml and the production of IFN-y (B),
IP-10 (C) and IL-10 (D) were assessed using Spearman’s correlation. Correlation between
mycobacterial growth at RIF concentration of 0.01 pg/ml (based on the significant
difference in the MGIA assay) and the production of IFN-y (F), IP-10 (G) and IL-10 (H)
were also assessed (Spearman’s). Note: for the correlations, non-responders were
excluded, defined as responses below the following cut-off of the ELISA assays: 7.5
pg/ml (IFN-y), 5 pg/ml (IP-10) and 3.5 pg/ml (IL-10). Refer to Supplementary Table S2
for comparison and correlation of other cytokines responses.

Intracellular Staining Flow Cytometry. Intracellular cytokine staining of BCG-
stimulated PBMCs followed by flow cytometry analysis was performed to detect the
ability of historical BCG vaccination to induce cytokine-secreting lymphocytes during
the co-culture with drug and BCG. ICS flow cytometry enabled the simultaneous
detection of CD4" and CD8" T-cells as well as CD3* CD4 CD8 DN T-cells and CD3"
CD4 CDS8 TN cells, and secretion of cytokines such as IFN-y, TNF-a and IL-2 in BCG-
stimulated PBMCs (see Supplementary Fig. S2 for gating strategy). The selected drug
concentration was 1 pg/ml of INH as the vaccine effect was most notable at this
concentration and a significant correlation with cytokine response, in particular with IFN-

v and IP-10, was observed.

In this experiment, a low dose input of BCG (~100 CFU) was used for the stimulation
over 4 days to mimic the condition of the ex vivo MGIA experiment. Historical BCG
vaccination was shown to result in an antigen-specific Th-1 response which was

detectable in the ICS assay upon stimulation with BCG bacteria (Fig. 4). There was a
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significantly higher frequency of BCG-specific CD4" T-cells expressing IL-2 in the
historically BCG-vaccinated group compared to the naive in the absence of drug (mean
frequency 0.160% and 0.011%, respectively, P < 0.01, Fig. 4B). Although statistical
significance was not arrived at, there was also slightly higher expressions of [IFN-y (mean
frequency 0.01% and 0.0075%) and TNF-a (mean frequency 0.0875% and 0.015%) in
the BCG-vaccinated group compared to the naive (Fig. 4A and 4C, respectively).
Cytokine expression of BCG-specific CD8" T-cells appeared to follow the same pattern,
despite the responses were lower compared to the CD4" T-cells and did not reach
significance (Fig. 4 D-E). The ICS panel used in this experiment allowed us to further
look at two other lymphocyte populations: double-negative CD3" CD4- CD8 T-cells,
which consist primarily of yd T-cells and CD4 CD8 TCR-af* T-cells, and triple-
negative CD3- CD4- CDS" cells which are primarily natural-killer cells?. In the absence
of drug, the frequencies of TN cells expressing IFN-y and TNF-a appeared to be higher
in the BCG-vaccinated group compared to the naive, although it did not reach significance
(Fig. 4 J-L), and no observed difference of the cytokine expression from DN T-cells (Fig.

4 G-I).
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Figure 4. Frequencies of Thl cytokine-expressing lymphocytes. Expressions were
measured from PBMCs after stimulation with BCG, with and without 1 pg/ml of INH,
for 4 days. The grey dot symbols represent stimulation with BCG only, while the black
squares represent BCG+INH. Comparisons were made between the naive (blue) and
historically BCG-vaccinated (red) groups. Data is displayed as bar graphs and error bars
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represent mean + standard deviation (SD). For this experiment, PBMCs from a different
cohort of participants were used, consisted of 16 naive and 34 historically BCG-
vaccinated participants, with a similar demographics profile and immune responses as the
previously described. The Mann-Whitney U test was used to determine significance. The
P value < 0.05 is considered statistically significant.

When the co-culture stimulation was performed in the presence of INH to investigate the
source of increased IFN-y production observed in the ELISA assay, a significantly higher
frequency of IFN-y* triple-negative cells was observed in the BCG-vaccinated group
compared to the naive (mean frequency 0.439% and 0.04%, respectively, P < 0.05, Fig.
4]), suggesting NK cells as a potential source of IFN-y which could be enhanced in the
presence of drugs. A trend of a higher frequency of TNF-o." TN cells was also observed
(mean frequency 1.4% and 0.388%, P = 0.069, Fig. 4L). There was no differential
cytokine expression from CD4*, CD8" and double-negative T-cells during the co-culture
with 1 pg/ml of INH, proposing the role of a T-cell independent mechanism on the
potential synergistic effect of historical BCG vaccination and drug-mediated growth

inhibition which has been observed in our ex vivo MGIA assay.

As the triple-negative CD3- CD4  CDS" cells identified in this study were thought to be
mostly NK cells, surface-staining flow cytometry was performed on unstimulated
PBMCs from the above cohort using markers for NK cells (CD3- CD56"). There was a
significant correlation between the frequency of CD3- CD4  CD8 cells and the frequency
of NK cells (P =0.0001, Fig. 5A). Moreover, a trend of inverse correlation was observed
between the frequency of NK cells and ex vivo mycobacterial growth in the absence of
drug (P =0.059, Spearman r=-0.27, Fig. 5B), suggesting a role for NK cells in the control

of mycobacterial growth. As the frequency of the triple-negative CD3- CD4" CD8 cells
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was also increased in the BCG-vaccinated group during co-culture with 1 pg/ml of INH,
evidence suggests that the triple-negative cells represent NK cells and they contribute to
the increased IFN-y production associated with the combined effect between historical

BCG-vaccination and ex vivo drug-mediated killing of INH.
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Figure 5. NK cells correlations. The frequency of CD3" CD4 CDS§" cells was correlated
with NK cells (CD3" CD56") (A) and the ex vivo mycobacterial growth was associated
with the NK cells frequency (Spearman’s correlation) (B). Surface-staining flow
cytometry was performed to characterise NK cells. PBMCs from 16 naive and 34
historically BCG-vaccinated participants were used.

Discussion

Participants with historical BCG vaccination in our study were shown to elicit stronger
IFN-y response towards PPD antigen as well as better control of mycobacterial growth ex
vivo. The average time since BCG vaccination was 25.4 years. Here, most of the BCG-
vaccinated participants were from the UK, where BCG vaccination is known to be 80%
protective®. Recent studies by Mangtani et al. provided evidence that protection from

BCG in the UK population could last at least up to 20 years?>-*6, which is consistent with
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the finding of our study. Several studies in other settings also reported detectable

protection following BCG vaccination for over than 20 years*’-?.

There was no significant correlation between IFN-y production and ex vivo control of
mycobacterial growth in our study cohort. This supports the notion that an IFN-y response
is only in part essential for control of mycobacterial growth. Recently, higher IFN-y has
been shown to correlate with lower risk of developing TB disease following BCG
vaccination®?, although some studies suggested otherwise?**!. In the Fletcher et al. study,
CD4 T-cell activation was shown to correlate with increased TB risk, suggesting an
interplay of immune pathways of risk and protection in the same individual®®. The IFN-
v based assay has been recommended by a WHO panel to be used in TB vaccine trials*
and our findings support the notion that a functional assay, which measures the
summative effect of immune response following vaccination, might be useful in addition

to the IFN-y-based assay.

In this study using human PBMC, INH and RIF as two front-line anti-TB drugs were
tested. Both drugs are used for drug-sensitive TB treatment and have been regarded as
key for success in current short-course chemotherapy. However, their effectiveness has
been challenged by the emergence of MDR-TB and the effort to improve current
treatment is indispensable. As BCG is a live, replicating mycobacteria, administration of
BCG at the time of treatment may lead to clearance of BCG, thereby preventing the
establishment of a vaccine-specific immune response. In this study, however, the impact
of historical BCG vaccination was investigated towards mycobacterial growth inhibition

in the presence of effective anti-mycobacterial drugs. This study serves as a proof-of-
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principle for testing and screening therapeutic TB vaccine candidates in combination with
drugs using the ex vivo MGIA system prior or in adjunct to in vivo animal or human

testing.

Historical BCG vaccination was shown to enhance the ability of PBMC to inhibit
mycobacterial growth in the absence of drug and to further enhance the efficacy of INH
at the concentration of 1 pg/ml. Interestingly, this concentration is close to the therapeutic
level of INH in the plasma during treatment in human, which ranges from 2 — 5 ug/mi133-4,
As the effect size of the growth inhibition was greater during the co-culture with 1 pg/ml
INH compared to the absence of drug, this is considered to reflect a specific combined
effect of historical BCG vaccination with INH. We did not observe any impact of
historical BCG vaccination at the higher concentration of RIF. Rifampicin has been
known to be very potent in vitro®, as demonstrated in our ex vivo system at the tested RIF
concentration (0.1 and 0.5 pg/ml) and reflected in the steeper dose-response curve
compared to INH. Therefore, as RIF was highly effective we could not observe any
impact of historical BCG vaccination on RIF efficacy, despite the increased cytokine

production observed in the ELISA assay.

The enhancement of the ex vivo INH killing effect with BCG vaccination is consistent
with a survival study in guinea-pigs conducted by Shang ef al (2012) in which the
vaccination was shown to improve the effectiveness of combined therapy and prolong
survival'®. In that study, prior administration of BCG in adjunct to therapy was superior
compared to therapy alone. An earlier study by Dhillon and Mitchison (1989) also

assessed the impact of previous BCG vaccination in animal models towards INH and
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RIF'2. The study used an intravenous infection model of TB and chemotherapy was
started soon after challenge. In the guinea-pig, BCG vaccination reduced the bacterial
count in the spleen after 20 days when administered in adjunct to INH. A similar trend
was also observed with RIF notably during the first 14 days of the experiment, although
the difference did not reach significance, comparable to our findings using the ex vivo

MGIA system.

With regard to INH, the drug is currently used as a prophylaxis treatment for individuals
with latent TB, given for 9 months with an efficacy ranging from 60 — 90% for prevention
of active TB*. A large observational prospective cohort study in Lima, Peru
demonstrated the synergistic effect between historical BCG vaccination and INH
prophylaxis, which was greater than each of the interventions alone in preventing active
TB in household contacts of TB patients’’. In the context of leprosy, historical BCG
vaccination is known to boost the efficacy of RIF prophylaxis therapy. While RIF
prophylaxis and historical BCG vaccination alone were shown to provide 58% and 57%
protection against leprosy, the combination of both provided 80% protection in the study
enrolling a large number of participants'®. Findings in these studies suggest that there
might be a beneficial effect of historical BCG vaccination on drug treatment which could
have been underappreciated. This is the first time the additive effect of
immunoprophylaxis by routine BCG vaccination and chemoprophylaxis with INH was
demonstrated using an ex vivo system and our results warrant further investigation in

future epidemiological studies.
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The mechanism of BCG-induced protection is thought to be via a CD4" Thl type
response, with evidence showing that BCG-specific IFN-y response measured with
ELISpot was associated with reduced TB disease risk over the early years of life.
Nevertheless, there is emerging evidence that other T-cell subsets (such as CD8" and yd
T-cells) and NK cells may play a role in BCG-induced immune protection®. The guinea-
pig study by Shang et al suggested a possible mechanism for BCG enhancement of TB
drug efficacy. In the animal study, combining BCG with drug therapy induced an increase
in activated CD4 T cells co-expressing CD45" and CT4" as measured in blood, which
was not observed in guinea-pigs receiving BCG alone'3. In our study, although the ex
vivo IFN-y ELISPOT was not associated with growth inhibition, we observed increased
IFN-y and IP-10 in the vaccinated group compared to the naive, measured by ELISA, in
the MGIA culture supernatant when PBMCs were co-cultured with INH. Moreover, IL-
10 was shown to enhance the growth of mycobacteria ex vivo in the presence of drugs,
although the impact appears to be independent from the vaccine effect. IFN-y promotes
macrophage activation by enhancing phagosomal maturation, inducing NO-dependent
apoptosis and modulating autophagy thus enhancing mycobacterial clearance®®. While
CD4 T-cells are known to be a major source of IFN-y; CD8 T-cells, NK cells, yo T-cells

and CD1-restricted T-cells also produce IFN-y during infection with mycobacteria®.

Flow-cytometry was used to identify the cellular source of IFN-y in MGIA supernatants
and the assay provided evidence in supporting NK cells as the likely source of the
cytokine. Recently, it was demonstrated that the production of IFN-y and TNF-a by NK
cells is functionally linked to their cytotoxic activities**. In this study, increased

frequencies of IFN-y" and TNF-a/" triple-negative CD3- CD4- CD8" cells were associated
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with the combined effect of BCG vaccination and INH. On the basis of our results, it is
alluded that historical BCG vaccination enhances an NK cell response which contributes
to ex vivo killing effect through the release of pro-inflammatory cytokines and cytotoxic

granules.

Findings of this study are consistent with, and provide an explanation to, a recently
published study by Jensen and colleagues (2017)*!, in which a similar ex vivo MGIA
system was used to assess protection from a TB vaccine candidate using a mouse model.
While their study demonstrated a correlation between IFN-y release and growth
inhibition, the cellular source was not found among the investigated vaccine-specific T-
cells, suggesting other cell populations such as the NK cells as a potential source. In a
human study conducted in South Africa by the Scriba group, administration of BCG
following isoniazid preventive therapy in latently-infected TB adults was associated with

long-lived NK cells responses*?

. Evidence from immunological studies following
immunisation with malaria and rabies vaccines have revealed the important role of NK
cells in protection from vaccine-preventable diseases through their activation by antigen-
specific CD4 T cell-derived IL-2*3#4 Moreover, a distinct subset of human NK cells
expressing HLA-DR are known to expand in response to IL-2 and might aid immune
responses to BCG*. In this study, an increased frequency of IL-2" CD4 T-cells was
observed in the historically-vaccinated participants upon stimulation with BCG,

suggesting that this cytokine could drive a BCG-specific enhancement of the NK cells

responsible for improved ex vivo killing effect in the presence of INH.
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In conclusion, this study has demonstrated the combined effect between historical BCG
vaccination and INH using an ex vivo system which support findings from previous
observational and animal studies. Therapeutic vaccination aims to administer vaccine
during TB treatment with the hope to improve treatment success and shorten duration of
treatment’, and although several therapeutic TB vaccine candidates are available in the
pipeline (reviewed in*®), more are needed. Therefore, the MGIA platform offers an ex
vivo assay that could help to identify and accelerate the development of candidate
therapeutic TB vaccines using human PBMC samples. The present human study has
highlighted the role of NK cells in the combined effect between vaccination and drug
treatment, suggesting that NK cells could be further explored as a target for a novel

therapeutic vaccine against TB.
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Supplementary Figure S1. Standard curve of BCG Pasteur Aeras used to convert
TTP to CFU. A titration experiment was conducted to establish the relationship between
logl0 CFU and MGIT time to positivity (TTP). Linear regression analysis was carried
out in GraphPad Prism. The resulting equation was used to calculate log10 CFU.
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Supplementary Figure S2. ICS flow cytometry gating strategy. Gating of singlet (A),
dump negative (live, CD14-, CD19-) (B), CD3" lymphocytes (C) and CD4", CD8" as well
as CD4 CDS8" T-cells (D) was performed in sequence for each sample. Furthermore, CD3~
CD4 CD8 lymphocytes (NK cells) was also gated (G). Cytokine gates were then set on
unstimulated tubes (E and H) and copied to stimulated tubes (F and I). Gating for the
following cytokines were set: IFN-y, TNF-a and IL-2, with E & F and H & I represent
examples for IL-2 and TNF-a, respectively.

Supplementary Tables

Supplementary Table S1. Median cytokine responses in negative and positive control
tubes of the ICS assay.

Gated cell population Negative Control Positive Control
(SEB-stimulated)
IFN-y IL-2 TNF-a | IFN-y IL-2 | TNF-a
CD4" T-cell 0.07% | 0.09% | 0.40% | 3.16% | 4.24% | 24.35%
CD8" T-cell 0.19% | 0.05% | 0.27% | 11.55% | 1.88% | 23.65%
CD3" CD4 CD8 (DN) T-cell | 0.63% | 1.47% | 0.80% | 0.20% | 0.09% | 1.05%
CD3" CD4 CD8& (TN) cell 0.12% | 0.10% | 0.85% | 2.10% | 1.80% | 4.68%

Supplementary Table S2. Summary of mean cytokine responses measured with
ELISA assays, assessed from MGIA supernatant samples from the co-culture with
INH and RIF. Responses between BCG-naive and BCG-vaccinated groups were
compared using unpaired ¢-test. Correlations were investigated using Spearman’s
correlation at certain drug concentrations (INH 1 pg/ml; RIF 0.01 and 0.1 pg/ml) based
on the MGIA data. For the correlations, non-responders were excluded, defined as
responses below the following cut-off of the ELISA assays: 7.5 pg/ml (IFN-y), 5 pg/ml
(IP-10), 3.5 pg/ml (IL-10), 20 pg/ml (TNF-a), 8 pg/ml (IL-12p40), 1 pg/ml (GM-CSF),
10 pg/ml (IL-6) and 0 pg/ml (IL-17). ND, not detected.
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Cytokines Mean Cytokine Response (pg/ml)
INH RIF
Without drug 0.01 pg/ml 0.1 pg/ml 1 pg/ml Without drug 0.01 pg/ml 0.1 pg/ml 0.5 pg/ml
Naive BCG Naive BCG Naive BCG Naive BCG Naive BCG Naive BCG Naive BCG Naive BCG
IFN-y 15.07 [ 2353 | 17.12 | 51.18 | 26.1 | 39.46 | 50.38 | 102.7 | 15.84 | 25.8 | 4449 [ 48.63 | 103.5 | 111.7 | 74.69 | 1254
p=0.177 p=0.141 p=0.289 p=0.058 p=0.163 p=0.815 p=0.809 p=0.191
Correlation r-0.30 r 0.051 r-0.021
with MGIA #p=0.049 p=0.813 p=0.896
IP-10 151.7 | 302.7 | 87.51 | 264.7 | 4445 | 2675 | 649 | 2702 | 151.7 | 302.7 | 149 | 368.6 | 33.01 | 245.8 | 38.86 | 300.5
p=0.151 p=0.064 *p=0.034 #p=0.031 p=0.151 p=0.195 #p=0.0055 #p=0.035
Correlation r-0.21 r-0.34 r-0.26
with MGIA p=0.343 p=0.180 p=0.258
IL-10 3531 | 62.44 | 4254 | 76.05 | 43.62 | 75.86 | 46.65 | 53.1 | 3531 | 62.44 | 37.83 | 493 | 37.18 | 62.66 | 51.75 | 69.38
p=0.184 p=0.310 p=0.236 p=0.772 p=0.184 p=0.676 p=0.284 p=0.615
Correlation r 0.33 r 0.34 r 0.37
with MGIA #p=0.033 p=0.087 #p=0.019
TNF-o. 1097 | 82.04 | 256 | 113.9 | 17.91 | 132.2 | 23.87 | 43.82 | 10.97 | 82.04 | 22.82 | 49.68 | 17.61 | 81.85 | 65.19 | 129.2
p=0.156 p=0.199 p=0.102 p=0.499 p=0.156 p=0.610 p=0.274 p=0.510
Correlation r-0.22 r 0.60 r0.53
with MGIA p=0.529 p=0.350 p=0.098
IL-12p40 | 5.588 | 47.71 | 33.56 | 111.4 | 763 | 120.9 | 30.42 | 32.98 | 5.588 | 47.71 | 22.35 | 33.07 | 81.68 | 92.55 | 42.45 [ 139.5
p=0.179 p=0.169 p=0.602 p=0.923 p=0.179 p=0.722 p=0.824 p=0.324
Correlation r-0.30 r0.64 r0.44
with MGIA p=0.407 p=0.139 p=0.075
GM-CSF | 0.024 | 45.11 0 | 4408 | 15.75 | 89.94 | 7.536 | 9.88 | 0.024 | 45.11 | 09781 | 8.111 | 5.658 | 35.87 | 4.117 | 57.44
p=0.126 p=0.139 p=0.241 p=0.803 p=0.126 p=0.427 p=0.311 p=0.331
Correlation r 0.080 r- r-0.058
with MGIA p=0.333 p=- p=0.933
IL-6 250.4 | 3353 | 289 [ 2274 | 2033 | 299.7 | 233.6 | 2384 | 250.4 | 3353 | 375.8 | 189.9 | 2775 | 264.1 | 272.1 | 267.1
p=0.324 p=0.558 p=0.274 p=0.954 p=0.324 p=0.139 p=0.886 p=0.965
Correlation r 0.021 r0.22 r 0.059
with MGIA p=0.911 p=0.424 p=0.759
IL-17 ND | ND ND | ND ND | ND ND | ND ND | ND ND | ND ND | ND ND | ND
p=- p=- p=- p=- p=- p=- p=- p=-
Correlation r- I- I-
with MGIA p=- p=- p=-
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Abstract

Tuberculosis (TB) is a major global health problem and there is a need for an improved
treatment. A strategy to combine vaccination with drug treatment, termed therapeutic
vaccination, is expected to provide benefit in shortening treatment duration and
augmenting treatment success rate. RUTI candidate vaccine has been specifically
developed as a therapeutic vaccine for TB. The vaccine is shown to reduce bacillary load
when administered after chemotherapy in murine and guinea pig models, and is also
immunogenic when given to healthy adults and individuals with latent TB. In the absence
of a validated correlate of vaccine-induced protection for TB vaccine testing, the
mycobacterial growth inhibition assay (MGIA) has been developed as a comprehensive

tool to evaluate vaccine potency ex vivo.

In this study, we investigated the potential of RUTI vaccine to control mycobacterial
growth ex vivo and demonstrated the capacity of MGIA to help the identification of
essential immune mechanisms. We found an association between the peak response of
vaccine-induced growth inhibition and a shift in monocyte phenotype following RUTI
vaccination in healthy mice. The vaccination significantly increased the frequency of
non-classical Ly6C™ monocytes in the spleen after two doses of RUTI. Furthermore,
mRNA expressions of Ly6C -related transcripts (Nrdal, Itgax, Pparg, Bcl2) were
upregulated at the RUTI peak response. This is the first time the impact of RUTT has been
assessed on monocyte phenotype. Given that non-classical Ly6C™ monocytes are
considered to play an anti-inflammatory role, our findings in conjunction with previous
studies have demonstrated that RUTI could induce a balanced immune response,

promoting an effective cell-mediated response whilst at the same time limiting an

138



excessive inflammation. On the other hand, the impact of RUTI on non-classical
monocytes could also reflect its impact on trained innate immunity which warrants further

investigation.

In summary, we have demonstrated a novel mechanism of action of the RUTI vaccine,
which suggests the importance of a balanced M1/M2 monocyte function in controlling
mycobacterial infection. The MGIA could be used as a screening tool for therapeutic TB
vaccine candidates and may aid the development of therapeutic vaccination regimens for

TB in the near future.

Keywords: RUTI, vaccine, tuberculosis, monocytes, mycobacteria, growth inhibition

assay
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Introduction

Tuberculosis (TB) remains a leading cause of death from infectious disease and is
responsible for an estimated annual 1.6 million deaths globally!. With the emergence of
drug-resistant TB, there is a dire need for new therapy and for shorter, more effective,
safer and better tolerated treatment regimens. Vaccination could help to achieve these
objectives. TB vaccines are regarded to be equally effective against drug-sensitive and
drug-resistant strains, due to the nature of drug-resistant mutations which are not
considered to change the immunological profile of the organism?. A strategy to combine
vaccination with drug treatment, termed therapeutic vaccination, is expected to improve
current treatments®. This concept was first introduced by Robert Koch upon the discovery
of TB bacilli and his initial attempts to administer tuberculin*. Currently several

therapeutic TB vaccines candidates are available in the vaccine pipeline.

The RUTI vaccine is among the few candidates currently in the clinical pipeline which
has been specifically developed as a therapeutic TB vaccine. The vaccine is composed of
purified cellular fragments of Mycobacterium tuberculosis (Mtb) bacilli in liposomes
cultured under stress (to mimic intra-granulomatous conditions) to induce latency
antigens which would typically be hidden from the immune system®. The immune
response to RUTI has been studied in animal models and clinical studies and is
characterised by a poly-antigenic response. Its main immunotherapeutic effect is thought
to be through induction of a T helper-1 (Thl) response, not only against growth-related
antigens but also structural antigens as shown in the murine model*®. RUTI vaccination

generated a poly-antigenic response in healthy volunteers (phase I study), as well as in
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HIV-positive and HIV-negative patients with latent TB after isoniazid treatment for 1

month in a phase II clinical trial”3.

The lack of an immune correlate of protection has been hampering the development of
novel TB vaccines, as lengthy and expensive clinical trials with protracted follow-up
periods are needed to demonstrate efficacy and proceed to licensure’. For a single vaccine
candidate, it generally takes at least a decade to reach efficacy trials from discovery®’. If
we are going to achieve the WHO target to eliminate TB by 2050, major progress is
required to overcome the painstakingly slow progress. Such an immune correlate could

also be used to help identify vaccine candidates with the greatest potential efficacy.

The mycobacterial growth inhibition assay (MGIA) has been developed as a simple and

10.11 " Ags an assay that

comprehensive tool to evaluate vaccine immunogenicity ex vivo
measures the summative vaccine-mediated host capacity to control mycobacterial
growth, the MGIA is proposed as a screening tool for TB vaccine candidates'?-'4. The
nature of the ex vivo assay does not require that the vaccine-mediated immune mechanism
which underlies growth control to be known in advance, while in turn the MGIA could
help to determine immune mechanisms of protection through investigation of the cellular
frequencies, phenotypes and cytokines that associate with enhanced growth inhibition!'>
17 Several variations of human and murine MGIAs have been described in the literature
(reviewed in'!). Here, we implemented the assay using direct co-culture of mouse

splenocytes with mycobacteria, based on recent optimisation work'?, to investigate the

potential of the RUTI vaccine to control mycobacterial growth ex vivo.

Monocytes are highly plastic and heterogeneous circulating cells, which are known to

change their functional phenotype in response to environmental stimulation'®!”. Two
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distinct subpopulations of mouse monocytes have been identified, commonly referred to
as Ly6C*and Ly6C monocytes®’. Ly6C" monocytes represent classical pro-inflammatory
and phagocytic monocytes which could subsequently differentiate into M1 macrophages,
while Ly6C™ monocytes are regarded as non-classical anti-inflammatory monocytes
which could differentiate into M2 macrophages'®. In addition to the induction of an
antigen-specific Th1 response, evidence suggests the potential importance of a balanced

M1/M2 monocyte function in controlling mycobacterial infection'®!

. In a previous
murine study, the RUTI vaccine was shown to reduce intragranulomatous infiltration and
decrease Tumour Necrosis Factor (TNF)-a. expression in Mth infected mice®. We
hypothesise that immunisation with RUTI will lead to improved control of mycobacterial

growth ex vivo and such observation will be used to gain insight into the mechanism of

immune protection.

In this study, we investigated the impact of RUTI vaccination in mice using the ex vivo
MGIA assay and found an association between peak response of vaccine-induced growth
inhibition and a shift in monocyte phenotype. Our study demonstrates the benefit of the
ex vivo MGIA to aid the identification of immune mechanisms of action for therapeutic
TB vaccine candidates. The MGIA could be used as a tool for screening such vaccine
candidates and might aid the development of therapeutic vaccine regimens for TB

patients.
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Materials and Methods

Animals

Six to seven week-old female C57B1/6 mice (Charles River, UK) acclimatised for at least
5 days were housed and handled in the Biological Services Facility (BSF) at London
School of Hygiene and Tropical Medicine (LSHTM), UK. Mice were provided standard
sterilised food and water ad libitum. Animals were housed in specific pathogen-free
individually vented cages with environmental enrichment, with equal day and light cycle,
at temperature between 19° — 23°C and relative humidity of 45 — 65%. Mice were
allocated to cages as groups of six. All animal work was carried out in accordance with
the Animals (Scientific Procedures) Act 1986 under a license granted by the UK Home
Office (PPL 70/8043), and approved locally by the LSHTM Animal Welfare and Ethics

Review Body.

Immunisation

Seven experimental groups were established, with six mice per group (Figure 1). Mice in
the treatment groups were vaccinated with RUTI, which is based on purified fragments
of Mtb in liposomes cultured under stress conditions, manufactured by Archivel Farma
(Badalona, Catalonia, Spain). Vaccination with RUTI (batch Al4, 204 pg) was
performed subcutaneously once or twice (three weeks apart), as has been described
previously®?2. Five groups of mice were vaccinated with RUTI at week 0, among which
three groups were boosted at week 3. Mice were sacrificed at week 1, 3, 4, 6 and 9 as the
designated time points of this experiment. Two groups of mice sacrificed at week 1 and

6 served as naive controls.
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Figure 1. Experimental design and vaccination schedule. As indicated in the figure,
orange arrows mean RUTI vaccination (dotted if boosting). The purple X represents
endpoint (mice sacrifice). Enzyme-linked immunospot assay and mycobacterial growth
inhibition assay were performed at each endpoint. In total, 42 mice were sacrificed at all
time points (6 mice per group).

Mycobacteria and culture conditions

Bacillus Calmette-Guérin (BCG) Pasteur strain was obtained from Aeras (Rockville, MD,
USA) as frozen aliquots. These were stored at -80°C until needed. Mycobacterial
suspensions for infection inoculum and BACTEC MGIT standards were prepared in
antibiotic-free media (described below). All work with cells pre-BCG infection and

involving BCG infected samples were performed in Biosafety Level (BSL) 2 laboratory.

Ex vivo Mycobacterial Growth Inhibition Assay (MGIA)

At the determined time points, spleens were removed aseptically from mice and single

splenocyte suspensions were prepared by homogenisation through 100 pum cell strainers
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followed by lysis of red blood cells and washing. Cells were adjusted to 5 x 10°
splenocytes per 300 pul in antibiotic-free media [RPMI-1640 (Sigma-Aldrich, Dorset, UK)
+ 10% heat-inactivated FBS (Labtech International Ltd, Uckfield, UK) + 2mM L-
Glutamine (Fisher Scientific, Loughborough, UK)]. Mycobacteria were diluted in a
sufficient volume for all samples in the same media to a concentration of 90 CFU per 300
ul. Aliquots of bacteria (300 ul) were added to the splenocytes, and the splenocytes-
mycobacteria co-culture (600 pl) was then incubated in 48-well plates (Sigma-Aldrich,

UK) at 37°C for 4 days.

After 4 days, splenocytes-mycobacteria mixtures were collected from the 48-well plates
by pipetting up and down three times before transferring to 2 ml screw cap tubes. The
tubes were centrifuged at 12,000 rpm in a bench top micro centrifuge and the supernatants
were removed (500 pl) while ensuring the pellets remain intact. Sterile tissue culture
grade water (500 pl) was added to the 48-well plates which were incubated at room
temperature for 5 minutes, followed by pipetting up and down for five times before
transferring to the 2 ml screw cap tubes with pellets. The pellets were dissolved by
pipetting, and lysates containing mycobacteria were transferred to Bactec MGIT tubes
supplemented with PANTA antibiotic and oleic acid-albumin-dextrose-catalase (OADC)
enrichment broth (all from Becton Dickinson (BD), Oxford, UK). The MGIT tubes were
incubated in a Bactec MGIT liquid culture system (BD) until registered positive. The
resulting time to positivity (TTP) was converted to bacterial numbers (logio CFU) using
a standard curve. The standard curve was obtained by a linear regression analysis of TTP
values from inoculated BCG in 10-fold dilutions against CFUs obtained from plating
aliquots of BCG onto 7H11 agar plates containing 10% OADC supplement (Yorlab,

York, UK) and 0.5% glycerol. Direct-to-MGIT controls were included at each time point,
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defined as 90 CFU BCG directly placed into Bactec MGIT system without any pre-
incubation (at day 0). To compare the growth inhibition between time points, logjo CFU
values were normalised using the direct-to-MGIT controls by subtracting or adding the

values based on the average TTP of direct-to-MGIT controls.

Interferon (IFN)-y ELISpot

To measure antigen-specific responses towards mycobacterial antigen following RUTI
vaccination over the time course, an IFN-y ELISpot assay was performed. Single cell
suspensions of mouse splenocytes were resuspended in RPMI-1640 media containing
10% heat-inactivated FBS and 2mM L-Glutamine. 96-well microtiter ELISpot plates
(MAIPS4510, Millipore, Watford, UK) were coated with 10 pg/ml rat anti-mouse I[FN-y
(clone AN18, Mabtech, Nacka Strand, Sweden). Free binding sites were blocked with the
above mentioned media. 2.5x10° of total splenocytes were added and incubated in
duplicate with 10 pg/ml Purified protein derivative (PPD) (Oxford Biosystem,
Oxfordshire, UK), RPMI media as a negative control, or phytohemaglutinin (PHA) (1
pg/ml, Sigma-Aldrich) and phorbol myristate acetate (PMA) (0.1 pg/ml, Sigma-Aldrich)
as a positive control. Cells were incubated overnight at 37°C with 5% CO,. IFN-y was
detected with 1 pg/ml biotin labelled rat anti-mouse antibody (clone R4-6A2, Mabtech)
and 1 pg/ml alkaline phosphatase-conjugated streptavidin (Mabtech). The enzyme
reaction was developed with BCIP/NBT substrate (5-Bromo-4-chloro-3-indolyl
phosphate/Nitro blue tetrazolium) (MP Biochemicals, UK) and stopped by washing the
plates with tap water when individual spots could be visually detected (up to 3 minutes).
Upon completion of the colour development stage, spots were quantified using an

automated plate reader with ELISpot 5.0 software. IFN-y-specific cells are expressed as
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the number of spot forming cells (SFC) per million splenocytes after non-specific

background was subtracted using negative control wells.

Flow Cytometry

Single splenocyte suspensions were fixed and red blood cells were lysed using PhosFlow
lyse-fix solution (Becton Dickinson, Oxford, UK) for 30 minutes at 4°C prior to freezing.
Fixed cells were then re-suspended in freezing media (FBS containing 10% DMSO) at
the concentration of 10° cells per ml and stored in a -40°C freezer from each time point.
Frozen cells were thawed by adding FACS buffer (PBS containing 5% FBS) and pipetting
up and down to encourage thawing. Cells were added to 10 ml of FACS buffer and
centrifuged for 10 minutes at 1800 rpm. Cells were re-suspended in FACS buffer

(concentration 107 cells/ml) and were left for 15 minutes on ice for rehydration.

Fc block (anti-mouse CD16/32, eBioscience, Loughborough, UK) was added to cells and
left for a further 10 minutes on ice prior to surface staining. Cells were aliquoted in FACS
tubes (100ul each, 10° cells) and stained with the following titrated antibody: 1.25 ul
CD3-APC/Cy7 (clone 17A2), 2.5 ul CD45R/B220-BV510 (clone RA3-6B2), 1.25 ul
CD11b-PerCP/Cy5.5 (clone M1/70), 2.5 ul Ly6G-BV711 (clone 1A8) and 5 ul Ly6C-
BV421 (clone HK1.4). All antibodies were purchased from Biolegend (via Fisher

Scientific).

Cells were incubated for 30 minutes at RT in the dark and washed prior to analysis.
Fluorescence minus one (FMO) controls were set using cells for each antibody and used
to guide gating. OneComp beads (eBioscience, Loughborough, UK) were used to

calculate compensation by staining with single antibodies as per manufacturer’s
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instruction. Cells were acquired on a BD LSR II flow cytometer. Data was analysed with

FlowJo software version 10.4 (Treestar Inc., USA).

Real-Time Quantitative PCR

To quantitatively analyse the mRNA expressions in splenocytes following RUTI
vaccination, real-time quantitative reverse transcriptase PCR (qRT-PCR) assays were
performed. 5x10° splenocytes were stimulated overnight with PPD (final concentration
10 pg/ml). Cells were pelleted, lysed in 200 pul RLT buffer containing 10 pl/ml (-
mercaptoethanol and stored in -40°C freezer from each time point. Cells were thawed and
RNA was extracted using the RNAeasy mini kit (Qiagen, Manchester, UK) according to
the manufacturer’s instructions. After a DNAse treatment with RNase-free DNAse set
(Qiagen, UK), total RNA concentration was determined by spectrophotometry with a
Nanodrop (Labtech International, Heathfield, UK). One microgram of each sample of
total RNA was reverse-transcribed into complementary DNA (cDNA) using Omniscript®
Reverse Transcription kit (Qiagen, UK) according to the manufacturer’s
recommendation, using oligo(dT) (Invitrogen, UK) to obtain cDNA. Each PCR was
carried out in a 20 pl volume in the presence of 10 pl of 2x QuantiTect SYBR Green PCR
Master Mix (Qiagen, UK), 1 pl of cDNA (or water as a negative control), MgCl, to a
final concentration of 2.5 mM and primers to a final concentration of 0.5 uM. PCR was
carried out for 10 minutes at 95°C denaturation, followed by 40 cycles at 95°C for 15
seconds and 60°C for 1 minute in Applied Biosystems 7500 (Applied Biosystems, CA,

USA).
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Analyses were performed for gene expressions of Nrd4al, Cebpb, Itgax, Pparg, Bcl2
(markers of Ly6C"), Ccr2, Sell, Ly6C2 (markers of Ly6C") and B-actin (housekeeping
gene). Primers used were listed in Table 1. mRNA expressions of B-actin was quantified
for every target sample to normalise for efficiency in cDNA synthesis and RNA loading.

A ratio based on the B-actin mRNA expression was obtained for each sample.

Table 1. Specific sets of primers of real-time PCR. F, forward primer; R, reverse primer.

Gene names Primer Sequences (5’ —3’) Nuclt?o.tlde Accession number
position

Ly6C-related
Nrdal (F) GCACAGCTTGGGTGTTGATG 1616-1635

(R) CAGACGTGACAGGCAGCTG 1802-1784 NM_010444.2
Cebpb (F) GCTGAGCGACGAGTACAAGA 767-786

(R) TGCTCCACCTTCTTCTGCAG 916-897 NM_001287738.1
Itgax (F) TTTGGGTGCCCATAGAGCTG 2994-3013 NM 021334.2

(R) ATACCTGAGGGTGGGAGACC 3059-3040 -
Pparg (F) TCTCTCCGTAATGGAAGACC 550-569

(R) GCATTATGAGACATCCCCAC 1023-1004 NM_001127330.2
Bcl2 (F) AGGATTGTGGCCTTCTTTGA 1837-1856

(R) CAGATGCCGGTTCAGGTACT 1956-1937 NM_005741.5
Ly6C*-related
Ccr2 (F) AGAGAGCTGCAGCAAAAAGG 2338-2357 NM 009915.2

(R) GGAAAGAGGCAGTTGCAAAG 2522-2503 -
Sell (F) TCAGACTCCTTGCGCATAG 1511-1529

(R) GTGGCTGTCACTCACAGATAG 1649-1629 NM_001164059.1
Ly6C2 (F) TGCCTCGGTCTTCCAAGTTC 416-435

(R) ACTTCTTATGCAGGGGCCAC 545-526 NM_001252058.1
Housekeeping gene
[B-actin (F) CATCCGTAAAGACCTCTATGCCAAC 973-997 NM 007393.5

(R) ATGGAGCCACCGATCCACA 1143-1125 -
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Statistical analysis

Statistical analysis was carried out using GraphPad Prism version 7 (GraphPad, La Jolla,
CA, USA). A p value of <0.05 was considered statistically significant. The specific tests

used for each analysis are described in the figure legends.

Results

RUTI vaccination did not induce antigen-specific IFN-y but did improve

mycobacterial growth inhibition in murine splenocytes

To assess the immune response to mycobacterial antigens from mice vaccinated with
RUTI, splenocytes were stimulated with PPD and the number of IFN-y-producing cells
was measured using the ELISpot assay (Figure 2, red line). We found a weak, non-
significant response at one week following the second vaccination with RUTI (week 4,
p=0.08). This response appeared to have decreased by week 6. Significant control of
mycobacterial growth was observed 1 week after the first vaccination and 3 weeks after
the second RUTTI vaccination (week 6) when compared to the baseline control (p<0.05,
Figure 2, blue line). A trend of reduction was still observed 6 weeks after the second

vaccination (week 9), although it did not reach significance (p=0.064).
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Figure 2. ELISpot (Red Line). IFN-y response in mice receiving vaccination with RUTI
was measured. Modest PPD antigen-specific responses were detected in splenocytes of
healthy C57BL/6 mice across time points. The splenocytes were stimulated overnight
with PPD, and the responses were detected using the IFN-y ELISpot assay. SFC, spot-
forming cells. Dark red line indicates mean response, and shading indicates range.
Statistical significance was tested using Mann-Whitney test. MGIA (Blue Line). RUTI
vaccination induced mycobacterial growth inhibition in murine splenocytes, performed
ex vivo in a 48-well plate. Dark blue line indicates mean mycobacterial growth, and
shading indicates range. One-way ANOVA was used to test for significance, followed by
t-test. *p < 0.05; **p <0.01.

In a separate experiment performed in rotating tubes instead of 48 well plates (Figure
S1A in Supplementary Material), RUTI-induced control of mycobacterial growth was
superior to BCG-induced control when both vaccines were given six weeks prior to
sacrifice (p<0.005, Figure S1B). Therefore, week 6 appeared to be the peak response of
RUTI in the ex vivo MGIA system. Growth control was also significant when compared

to an age-matched control group (p<0.05, Figure S2A in Supplementary Material).

RUTTI vaccination led to control of mycobacterial growth as measured by the MGIA,

despite a weak, non-significant antigen-specific IFN-y response. This was consistent with
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results of a separate experiment with RUTI and BCG, in which BCG induced IFN-y-
secreting cells whereas RUTI did not and yet cells from RUTI immunised mice were
better able to control mycobacterial growth than cells from BCG vaccinated mice (Figure
S1C and D in Supplementary Material). The lack of robust IFN-y response following two
doses of RUTI in healthy mice has been observed previously during potency testing for
batch release (Archivel Farma, personal communication). Then, four doses of RUTI were
required for induction of a detectable IFN-y response. Although IFN-y is associated with

control of TB infection in mice and reduces the risk of TB disease in humans?3-23

, some
studies suggested IFN-y alone was not sufficient?®?’. As the MGIA measures the
summative effect of immune responses from all cellular components, our data implied an

alternative mechanism by which growth inhibition could be enhanced ex vivo following

RUTI vaccination.

Shift of monocyte phenotype following RUTI vaccination in healthy mouse

splenocytes

In this experiment, we investigated the impact of RUTI vaccination on the population of
immune cells in the spleen using flow cytometry (Figure 3 and Figure S3 in
Supplementary Material). RUTI did not alter the percentages of monocytes/macrophages,
T-cells and B-cells in the spleen of healthy mice (p>0.05, Figure S3 A, C, D). We also
measured monocyte to lymphocyte (ML) ratio as a factor influencing mycobacterial
growth inhibition?®?°, defined as the percentage of monocytes/macrophages divided by
the percentage of T-cells and B-cells. We did not find a significant change of ML ratio

following RUTI vaccination across time (Figure S3B).
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Figure 3. The shift of Ly6C* and Ly6C- monocytes/macrophages populations
following RUTI vaccination in healthy mice. (A) Gating strategy for flow cytometric
analysis. Splenocytes from C57BL/6 mice were fixed, stained and data acquired as
described in Materials and Methods. Cell debris was gated out by use of FSC-SSC gate,
followed by gating on single cells (FSC-A and FSC-H). A sequential gating strategy was
then applied to determine the frequency of T-cells (CD3"), B cells (B220%),
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monocytes/macrophages (CD11b" Ly6G- ssc!®) and the phenotypes of the
monocytes/macrophages (Ly6C" or Ly6C") as a percentage of live cells. Plots shown are
from a sample of a C57BL/6 spleen. (B) The frequencies of Ly6C* and Ly6C
monocytes/macrophages were compared at each time point following RUTI vaccination.
Dark brown and dark purple lines represent mean percentages of Ly6C" and Ly6C
monocytes/macrophages, respectively and shading indicates range. Statistical
significance was tested using unpaired t-test, *p < 0.05; **p < 0.01; ***p < 0.005.

We then further characterised monocyte phenotype based on the Ly6C marker, and
observed a significant increase of Ly6C  monocytes/macrophages (non-classical) at
weeks 3, 6 and 9 following RUTI vaccination (p<0.05, Figure 3B). The peak increase of
Ly6C cells was observed at week 6, with the shift being evident compared to both
baseline and age-matched naive control at week 6 (Figure S2B in Supplementary
Material). The Ly6C* monocytes/macrophages (classical) population appeared to be
decreasing following vaccination, although there was an initial significant increase
observed at week 1 (p<0.05, Figure 3). The shift of Ly6C*/Ly6C" phenotype at week 6
was notably consistent with the peak response of the ex vivo mycobacterial growth
inhibition assay, in which enhanced inhibition was observed following two doses of RUTI
vaccination. We found no correlation between higher frequency of Ly6C
monocytes/macrophages and lower growth of mycobacteria across time points (p=0.247,

Spearman r = -0.20, data shown in Appendix 8B of this thesis).

Gene expression of Ly6C*- and Ly6C—- related markers induced by RUTI

vaccination

To confirm findings from the flow cytometry analysis described in the previous section,
we performed real-time qRT-PCR looking at transcripts associated with Ly6C*and Ly6C-

monocytes/macrophages. The selection of transcripts was based on a recent publication
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by Mildner et al. (2017) regarding genomic characterisation of murine monocytes?’. We
chose differentially expressed transcripts between the two monocyte subsets from several
gene clusters of monocyte development. Three transcripts, namely Nr4al, Itgax and
Pparg, were selected from a cluster which was strongly upregulated in Ly6C- compared
to Ly6C" monocytes. Cebpb was selected from a cluster that showed a gradual increase
of expression from Ly6C* to Ly6C™ monocytes. Bcl2 belongs to a cluster characterised
by transcripts associated with a progenitor phenotype of MDP (monocyte-macrophage
DC progenitor), which was highly expressed in Ly6C" monocytes. In addition, transcripts
associated with Ly6C* monocytes were selected from clusters involved in cell cycle (Sell

and Ly6C2) as well as maturation of Ly6C" monocytes (Ccr2).

The mRNA expressions of Ly6C -related transcripts, including Nr4al, Itgax, Pparg, Bcl2,
were significantly upregulated following the second RUTI vaccination at week 6 (p<0.05,
Figure 4A and C-E), with a trend of upregulation for Cebpb (p=0.136, Figure 4B). While
we did not observe a difference in expression of Ccr2, a Ly6C* -related gene, following
RUTT vaccination at the peak time point, we saw significant upregulations of Sell and
Ly6C2 at week 6 (p<0.05, Figure 4G-H). Quality control for the PCR assay was also

performed (Figure S4 in Supplementary Materials).
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Figure 4. mRNA expressions of Ly6C -related (A — E) and Ly6C" -related genes (F
— H) in mice following vaccination with RUTI at week 6 compared to the age-matched
naive control group. Data are expressed as ratio obtained after dividing every value by
the expression of B-actin in each sample and multiplying it by a factor (ranging from 10!
to 10%). The box plots show the minimum and maximum values (ends of the whiskers),
the median (band near the middle of the box) and interquartile ranges. Statistical
significance was tested using unpaired t-test, *p < 0.05; **p < 0.01; ***p < 0.005.
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Discussion

Vaccination with RUTI resulted in enhanced control of mycobacterial growth, notably at
three weeks following the second vaccination (week 6), which was considered as the peak
response of the vaccine observed in the ex vivo assay system. In addition, there was also
a significant reduction of mycobacterial growth at one week after the first vaccination.
There was no significant induction of antigen-specific IFN-y as measured by ELISpot or
ELISA. These observations were replicated in a separate experiment and support the
notion that the two assays measure different aspects of immunity following vaccination,
with the MGIA being reflective of the summative effect of host immune responses at the
point of tissue harvest, compared to the IFN-y-based assay which is an assessment of a

T-cell mediated recall response following vaccination.

In this context, we argue that the ex vivo assay is more capable of measuring the direct,
short-term effect of vaccination, while the IFN-y response is more representative of the
medium- to long-term protection conferred by vaccination. This was supported by a
recent finding of Fletcher ef al. in which PPD-specific IFN-y response was associated
with reduced risk of developing TB disease in BCG-vaccinated South African infants®>.
In testing therapeutic vaccine candidates, it might be more relevant to measure the direct
effect of vaccination, as it would represent the immediate and potentially synergistic
impact of a vaccine during TB chemotherapy. This was depicted in the ex vivo assay, in
which significant mycobacterial growth inhibition was observed at one week following
the first RUTI vaccination, when there was no apparent increase of IFN-y response at this

time point.
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The ex vivo MGIA was shown to be able to capture the impact of distinct aspects of
protective immunity as a part of a summative measurement of cellular immune responses.
In this experiment, we performed flow cytometry to characterise immune cells associated
with enhanced growth inhibition across time. RNA was also isolated to investigate gene
expression by RT-qPCR. The important finding in our present study was the impact of
RUTT vaccination in shifting the phenotype of Ly6C*/Ly6C- monocytes/macrophages in
the spleen of healthy mice. This was the first time the impact of RUTI on monocyte
phenotype has been assessed. In addition, while others have shown a lack of correlation
between antigen-specific IFN-y and mycobacterial growth inhibition, this is the first
demonstration of vaccine induced mycobacterial growth inhibition in the absence of
antigen-specific IFN-y. Our results suggest that the enhanced control of mycobacterial
growth ex vivo was associated with the increase of Ly6C™ monocytes (non-classical, anti-

inflammatory), which were both observed three weeks after the second vaccination with

RUTT (week 6).

We confirmed the flow cytometry finding by demonstrating the upregulation of
transcripts associated with Ly6C- cells at the peak time point (week 6), while the Ly6C*
gene transcript (Ccr2) remained unchanged. Among the significantly upregulated
transcripts in our study was Nr4al, which is obligatory for Ly6C" monocytes
development®®. Expression of Nrdal as a monocyte survival factor is regulated by
Cebpb?*3!, which was also elevated following RUTI vaccination. In addition, the
expressions of all other Ly6C-associated transcripts (Itgax, Pparg, Bcl2) were
significantly upregulated following vaccination in our study. As Ly6C  monocytes are
known to mature from Ly6C" 3233, the increased expression of some Ly6C" transcripts

(Sell and Ly6C2) at the peak time point was regarded as a consequence of transition from
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Ly6C* to Ly6C . Ly6C monocytes do not represent a distinct lineage and instead arise
from the conversion of Ly6C™ cells** and approximately 92% of expressed transcripts are
shared between the two monocyte subsets®>. Our results suggest that RUTI could enhance
Ly6C* cell frequency and induce maturation of Ly6C* to Ly6C- monocytes. This was
evidenced by our results in which an initial increase of Ly6C" monocytes was observed
at week 1 following the first RUTI vaccination, followed by the shift towards Ly6C and

the decrease of Ly6C" monocytes at the subsequent time points.

Ly6C monocytes secrete anti-inflammatory cytokine upon bacterial infection in vivo and
when recruited to tissue, are more likely to differentiate into M2 macrophages®?. This is
in contrast to Ly6C" monocytes, which are more likely to mature into pro-inflammatory
M1 macrophages*. In relation to our findings, the study by Guirado ef al.® demonstrated
a decrease of intragranulomatous infiltration in the lungs upon administration of RUTI in
infected mice after treatment. One of the notable findings in that study was a significant
decrease of TNF-a at the earliest time point after RUTI administration, measured by
mRNA expression in the lung. Among the producers of TNF-a during bacterial infection
are Ly6C" monocytes which will subsequently differentiate into M1 macrophages'8-°.
Although our experiment differs with the one previously performed by Guirado and
colleagues in several aspects (including the investigated target organ), the decrease of
TNF-a observed in the previous study could be associated with the impact of RUTI on

monocyte populations which has been discovered in our investigation.

RUTT is a poly-antigenic vaccine made from fragmented M¢b bacilli designed to induce
the host immune response against latency epitopes, which is grown under stress, purified

and delivered in liposomes. The part of RUTI formulation that could potentially influence
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monocyte phenotype remains to be further explored. Nevertheless, our study has revealed
an interesting mechanism of action of RUTI as a therapeutic vaccine for TB. As reviewed
by Prabowo and colleagues?’, it is essential to prevent the occurrence of an exacerbated
immune response for a successful therapeutic vaccination strategy in TB. This was
exemplified in a recent study, in which an excessive inflammation from the T-cell
compartment could also be deleterious in TB38, The fact that RUTI vaccination could
induce a shift towards an anti-inflammatory monocyte phenotype might be considered as
an advantage in this context and such approach should be further investigated in future

studies.

While this could imply that less inflammation might be beneficial for the ex vivo control
of mycobacterial growth following RUTI vaccination in healthy mice, our results should
be interpreted with prudence in relation to previous results of RUTI testing in in vivo
animal models. The observed trend of correlation between the frequency of Ly6C
monocytes/macrophages and growth of mycobacteria across time points hinted that this
was only one aspect contributing to the enhanced ex vivo growth control and other factors
might be playing roles. In a murine model infected with M¢bh, RUTI has been shown to
trigger a balanced Th1/Th2 response as well as Immunoglobulin (Ig)G1, IgG2a and IgG3
antibodies against 13 Mtb antigens, reflecting its broad immunogenicity*. In addition,
the vaccine was also shown to induce a Th3 response as a subset population of regulatory
T-cells*®. In another mouse study, RUTI administration following drug therapy in
infected mice stimulated stronger IFN-y secretion by CD4" and CD8" T-cells compared
to BCG against early secretory antigen target (ESAT)-6, Ag85B, and PPD and also
induced an immune response against structural antigens Ag16 kDa and Ag38 kDa®. While

immune responses in infected and drug-treated mice could be reasonably different in
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comparison to healthy mice as was done in our ex vivo study, the fact that RUTI did not
induce an exacerbated immune response in various animal studies could be linked to its
impact on Ly6C" monocytes which was discovered in our investigation. In the
experimental animals immunised with RUTI, no elevated IgE levels were observed*. In
this study, histology also revealed no eosinophilia, necrosis or granulomatous infiltration,
as well as allergic or hypersensitivity reactions. Taken together, these findings and
observations suggest that RUTI could induce a balanced immune response, promoting an
effective cell-mediated response whilst at the same time limiting an excessive
inflammation, which could be beneficial for its implementation as a therapeutic vaccine

for active TB patients undergoing treatment.

Intriguingly, a recent study by Joosten et al. demonstrated the protective effect of human
nonclassical CD14%™ monocytes in inhibiting mycobacterial growth following recent

Mtb exposure and BCG vaccination through the trained innate immunity mechanism*!.

8 our results could

As Ly6C- monocyte is the equivalent of CD144™ monocyte in mice!
also suggest an impact of RUTI on trained innate immunity which has not been
characterised before. BCG is known to induce trained immunity on human monocytes
and such ability has been attributed to the non-specific protective effect conferred by the
vaccine*>*3. A synthetic mycobacterial structure — muramyl tripeptide (MTP) — is also
considered to induce trained immunity*, and interestingly, both MTP and RUTI are

delivered in liposomes. Further studies are required to elucidate downstream and

upstream pathways related to the potential effect of RUTI on trained innate immunity.

In summary, we have demonstrated the benefit of the ex vivo MGIA assay to help

streamlining and identifying immune mechanisms of a therapeutic TB vaccine candidate.
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Our results could be complemented by further experiments, such as by using cells from
infected mice. Depleting specific population of monocytes and using genetically deficient
mice could also provide more insight on the mechanism of protection by Ly6C
monocytes in the ex vivo assay system. Future investigation of the novel immune
mechanism of RUTI observed in our study is also warranted in upcoming clinical trials
of the vaccine and could potentially accelerate the development of a therapeutic vaccine

regimen for TB patients in the near horizon.
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Figure S1. RUTI vaccination induced mycobacterial growth inhibition in murine splenocytes in comparison with BCG, performed
in rotating tubes. Groups of mice were immunised with BCG, RUTI or placebo/ saline (A). RUTI vaccination enhanced mycobacterial
growth inhibition which was superior to BCG (B). IFN-y responses in mice receiving vaccination with RUTI and BCG were assessed using
ELISpot and ELISA assays (C and D). Statistical significance was tested using t-test (B and D) and Mann-Whitney test (C). A p value <0.05

was considered statistically significant.
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Figure S2. (A) An additional naive group was set up at the peak time point (week 6). No difference in growth inhibition was observed
between the naive group at week 1 and week 6. The box plots show the minimum and maximum (ends of the whiskers), the median (band
near the middle of the box) and interquartile ranges. (B) The proportion of Ly6C" and Ly6C- monocytes/macrophages was not shifted in the
naive groups on week 1 and week 6, in contrast to the RUTI-vaccinated groups. Error bars represent the median +/- interquartile range.
Statistical significance was tested using t-test. A p value <0.05 was considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.005.
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Figure S3. The frequency of monocytes/macrophages (A), ML ratio (B) as well as the frequency of T cells (C) and B cells (D) were
determined in spleen using the gating strategy described in Figure 3. The frequencies of monocytes/macrophages (CD11b" Ly6G- ssc'®%), T
cells (CD3") and B cells (B220") were used to calculate the ML ratio. The ML ratio was obtained by dividing the percentage of
monocytes/macrophages by the sum of the percentages of T and B cells. Error bars represent the median +/- interquartile range. p values

were determined using ordinary ANOVA. A p value <0.05 was considered statistically significant.
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Figure S4. mRNA expressions of -actin was analysed for every target sample (A) to normalise for efficiency in cDNA synthesis and RNA
loading. A ratio based on the B-actin mRNA expression was obtained for each sample. Following qPCR, single peaks were present in the
melting curve analysis for every target gene (B — J).
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Abstract

Introduction: Understanding factors associated with varying protection from vaccination
with Bacillus Calmette-Guérin (BCG) is essential to develop a new vaccine against
tuberculosis (TB). Investigation of individual-level factors affecting mycobacterial-
specific immune responses could provide insights for vaccine developers to understand
what may confound their ability to observe a vaccine effect when testing candidates in
clinical trials. The mycobacterial growth inhibition assay (MGIA) has been developed as
a measure of vaccine immunogenicity ex vivo and may serve as a better correlate of

vaccine-induced protection.

Aims: To assess the impact of immune cell phenotype, cytomegalovirus (CMV)-specific
response and sex on ex vivo growth inhibition following historical BCG vaccination in a

cohort of healthy individuals (n=100).

Methods: Peripheral blood mononuclear cells (PBMC) cryopreserved at the time of
sample collection were thawed and incubated with live BCG for four days following
which inhibition of BCG growth was determined. Essential immune mechanisms were
investigated using ELISpot and ELISA to identify cytokine productions, as well as using
flow cytometry with surface staining and intracellular cytokine staining to characterise

immune cell phenotype and CMV-specific response.

Results: A higher frequency of cytokine-producing NK cells in peripheral blood was
associated with enhanced ex vivo mycobacterial growth inhibition following historical
BCG vaccination. We confirmed findings from previous studies regarding the role of T-

cell activation associated with a CMV-specific response as a risk factor for TB disease
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and our study is the first to show the association with ex vivo mycobacterial growth.
Interestingly, BCG-vaccinated females in our cohort controlled mycobacterial growth
better than males, which may provide an explanation to the higher number of TB cases in

males worldwide, in addition to the sociocultural factors.

Conclusion: The present study has displayed the value of MGIA in assessing changes in
the innate immune compartment as well as in adaptive immunity following BCG
vaccination. Individual-level factors influence capacity to control mycobacterial growth
and the MGIA tool could be used by vaccine developers to assess how their candidate

may perform in different populations.

Keywords: BCG, tuberculosis vaccine, growth inhibition assay, cytomegalovirus, sex,

NK cell
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Introduction

Tuberculosis (TB) is the number one cause of death from infectious disease worldwide
and it is currently estimated that a quarter of the world population is infected with
Mycobacterium tuberculosis (Mtb)'>. The introduction of Bacillus Calmette-Guérin
(BCG) vaccination and chemotherapy in the past century provided optimism to fight the
disease. Despite this, drug-resistant TB is now a major risk to global health security, and
BCG as the only licensed vaccine for TB is known to have variable efficacy against
contagious adult pulmonary TB?# BCG remains the most widely used vaccine
worldwide, mainly because it provides good protection against TB in children’. BCG has
been given to more than 4 billion individuals since its wide implementation in the 1970s
with favourable safety records®. Understanding factors associated with varying BCG
protection is essential to improve current vaccination practice as well as to develop new

vaccines against TB.

It has been proposed that the observed variation in BCG efficacy is attributed to
individual-level factors which influence host mycobacteria-specific immune responses®
8. In arecent systematic review, protection following BCG vaccination was shown to vary
according to the geographical latitudes in which the vaccine was given. Protection was
higher in trials further from the equator where exposure to environmental mycobacteria
is lower, and this protection gradually decreases in the latitudes closer to the equator?. In
some places with high exposure to environmental mycobacteria, BCG demonstrated
limited evidence of efficacy against adult pulmonary TB when tested in large clinical

trials”?. In the UK, a country where exposure to environmental mycobacteria is regarded

to be minimum (latitude > 40°), BCG is known to provide protection up to 80% against
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pulmonary TB'? and vaccination of school-aged children could protect until at least 20

years'!.

Another factor that may influence the mycobacteria-specific immune response is sex.
Globally, TB case rates are much higher in men than in women, as reflected by a global
male to female ratio (M:F) of 1.7 for case notifications in 2016'2. This difference is seen
in all regions of the world, including Europe, and in some countries such as Vietnam, the
M:F ratio is as high as 4.5'2. Males contribute to 65% of TB cases worldwide and although
it has been alluded that socioeconomic and cultural factors are contributing to the
observed sex bias, differences in the immune responses between the sexes also play a

I'Olel3’l4

. It is generally acknowledged that females exhibit more robust immune responses
towards infection and vaccination compared to males'”. In the context of susceptibility to
TB, differences in immune cells frequencies and functions have been thought to
contribute to higher TB rates in males'®. With regard to BCG vaccination, there is
currently limited evidence concerning the impact of sex on its protective effect against
pulmonary TB in adults, although some studies reported higher tuberculin skin test

response and larger BCG scar formation in males compared to females'”'8

. Analysis from
participants of clinical trials of a TB vaccine candidate in the UK showed that males
exhibited a higher baseline response of interferon-gamma (IFN-y)?. Interestingly, BCG is
also thought to provide a non-specific protective effect against unrelated pathogens, thus
contributing in reduction of overall cause of mortality, and this effect is more pronounced

in females rather than males'%-2!,

In addition, several other factors have been proposed to explain the variable efficacy of

BCQG, such as genetic differences between trial populations, variable virulence of the
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circulating Mtb strains as well differences between strains of the BCG vaccine itself,
although in the latter case findings between studies have shown equivocal results®?2.
Recently, Fletcher ef al. found that T-cell activation is an immune correlate of risk of TB
disease in BCG-vaccinated infants in a study enrolling a large cohort of infants?3. Chronic
exposure to antigen from persistent viral or bacterial infection is known to cause
continuous T-cell activation which could lead to dysfunction of antigen specific T-cells?*.
Further to the finding of the infant study, it was identified that cytomegalovirus (CMV)-
specific IFN-y responses were associated with T-cell activation and could have

contributed to increased risk of developing TB disease?.

The mycobacterial growth inhibition assay (MGIA) has been developed as a measure of
vaccine immunogenicity ex vivo. Following optimisation works in the past few years®-
28 the assay has gained attention for its potential ability to detect vaccine-mediated
inhibition of growth following BCG vaccination in adults and infants?>-3!. The assay
described in the present study involves direct co-culture of peripheral blood mononuclear
cells (PBMCs) with mycobacteria, and subsequent measurement of mycobacterial growth
inhibition as a functional assessment of vaccine response. Several studies have
demonstrated the ability of the MGIA to detect changes in the innate and adaptive
compartment following vaccination. The frequency of polyfunctional T-helper-1 cells
correlated with ex vivo inhibition of mycobacterial growth following BCG vaccination in
UK infants’°. The ratio of host monocyte to lymphocyte cells (ML ratio) is associated
with risk of TB disease***, and altering the ML ratio in vitro affects the control of
mycobacterial growth, with a higher ML ratio associated with higher growth of

mycobacteria®®. More recently, Joosten and colleagues (2018) found that the capacity to

control mycobacterial growth following recent Mtbh exposure and BCG vaccination is
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associated with nonclassical monocytes, and this observation is reflective of the trained
innate immune mechanism?'. In a study by Jensen et al., IFN-y was associated with
reduction of mycobacterial growth ex vivo following immunisation with a TB vaccine
candidate in mice3¢. However, in that study the source of IFN-y was not found among the
investigated vaccine-specific T-cells, suggesting potential contribution from other cells,

such as NK cells.

Characterisation of immune cell phenotype which contributes to protection following
BCG vaccination is crucial for augmenting vaccination strategies against TB. Moreover,
investigating individual-level factors affecting mycobacterial-specific immune responses
could provide insights for vaccine developers to understand what may confound their
ability to observe a vaccine effect when testing candidates in clinical trials. In this study,
the impacts of immune cell phenotype, CMV-specific response and sex on vaccine-
specific mycobacterial growth inhibition following historical BCG vaccination were
demonstrated in adult healthy volunteers. The findings further confirm evidences from
previous studies regarding the role of T-cell activation associated with a CMV-specific

response as a risk factor for TB disease?*?

using the ex vivo MGIA. The result presented
in this study suggest that BCG vaccinated females control mycobacterial growth better
than males, which is consistent with the observation of higher number of TB cases in
males worldwide. A higher frequency of cytokine-producing NK cells in peripheral blood
was also found to be associated with enhanced inhibition of mycobacterial growth ex vivo
following historical BCG vaccination. Collectively, our data indicate the that individual-
level factors influence capacity to control mycobacterial growth and that the MGIA tool

could be used by vaccine developers to assess how their candidate may perform in

different populations.
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Materials and Methods

Study participants and ethics statement

We recruited 100 healthy adult participants with (i) no history of BCG vaccination or (ii)
a history of BCG vaccination more than 6 months before study enrolment. Verbal
interviews were conducted to determine eligibility based on the absence of any major
chronic illness, current medication administration or symptoms of infection. Participants
were aged 18 to 80 years with no evidence of exposure or infection with TB. Participants
were excluded if they were suffering from any persistent medical condition or infection.
Written informed consent was obtained from all participants prior to enrolment in the
study. Individuals were recruited under protocols approved by the LSHTM Observational
Research Ethics Committee (ref 8762 and 10485). All procedures were conducted in
accordance with the Declaration of Helsinki, as agreed by the World Medical Association

General Assembly (Washington, 2002) and ICH Good Clinical Practice (GCP).

Blood sampling and PBMC:s isolation

Peripheral blood was collected at the amount of 50 ml and processed within 6 hours.
Blood samples were collected in tubes containing sodium heparin (Sigma-Aldrich,
Dorset, UK). Peripheral blood mononuclear cells were isolated from heparinised whole
blood by centrifugation over 15 ml LymphoPrep (Stemcell, Cambridge, UK) in a
LeucoSep tube (Greiner Bio-One, Stonehouse, UK) according to the manufacturer’s
instruction. PBMCs were cryopreserved in FBS (Labtech International Ltd, Uckfield,

UK) containing 10% DMSO (Sigma-Aldrich) and stored in -80 °C freezer using CoolCell
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containers (VWR International, Lutterworth, UK). PBMCs were transferred to a cryobox

after a minimum of an overnight in a CoolCell container.

IFN-y Enzyme-linked immunospot (ELISpot) assay

PBMCs were thawed and an ex vivo IFN-y ELISpot assay was performed to assess
antigen-specific response. The ELISpot assay was performed using a human IFN-y
ELISpot kit (capture mAb 1-D1K, Mabtech, Nacka Strand, Sweden). Duplicate wells
containing 3x10° PBMC were stimulated overnight for 18 hours with 20 pg/ml purified
protein derivative (PPD) (Oxford Biosystem, Oxfordshire, UK), Phytohemagglutinin
(PHA) (10 pg/ml, Sigma-Aldrich) as a positive control or media alone as a negative
control. IFN-y was detected with 1 pg/ml biotin labelled rat anti-mouse antibody (clone
7-B6-1, Mabtech) and 1 pg/ml alkaline phosphatase-conjugated streptavidin (Mabtech).
Results are reported as spot forming cells (SFC) per million PBMCs, calculated by
subtracting the mean of the unstimulated wells from the mean of antigen wells and
correcting for the numbers of PBMC in the wells. Spots were quantified using an

automated plate reader with ELISpot 5.0 software as well as checked manually.

EXx vivo Mycobacterial Growth Inhibition Assay

Cryopreserved PBMCs were thawed and rested for 2 hours at 37 °C in antibiotic-free
medium [RPMI-1640 (Sigma-Aldrich) + 10% pooled human AB serum (Sigma-Aldrich)
+ 2 mM L-Glutamine (Fisher Scientific, Loughborough, UK)] containing 10 U/ml

benzonase (Insight Biotechnology, Wembley, UK). After the rest, the cells were counted,
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washed and re-suspended in the above-mentioned medium without benzonase. The
percent viability of recovered cells was around 70 to 90% per vial. A 2-ml screw-cap tube
containing 3 x 10° PBMCs in 300 ul of medium was co-cultured with ~100 Colony
Forming Units (CFU) of BCG in 300 ul for 4 days (total volume 600 pul) on a 360° rotator
(VWR International, UK) at 37°C. BCG Pasteur Aeras strain was obtained from Aeras

(Rockville, MD, USA) and used as the immune target in the MGIA.

After 4 days, the 2-ml tubes were centrifuged at 12,000 rpm for 10 minutes. The MGIA
supernatants (500 pl) were transferred to other 2 ml tubes and frozen at -80 °C for further
analysis. The remaining cells were then lysed by addition of 400 pl of sterile tissue culture
grade water and vortexed 3 times with S5-minutes intervals. Lysate containing
mycobacteria was transferred to a Bactec MGIT tube supplemented with PANTA
antibiotics and oleic acid-albumin-dextrose-catalase (OADC) enrichment broth (all from
Becton Dickinson, Oxford, UK). The tube was placed in a Bactec MGIT 960 and
incubated until registered positive (measured as time to positivity [TTP]). Use of a
standard curve enables conversion of the TTP of a sample tube into bacterial numbers
(log CFU) (Supplementary Fig. S1). All work with cells pre-BCG infection and involving

BCG infected samples was done in Biosafety Level (BSL) 2 laboratory.

Enzyme-linked immunosorbent assay (ELISA)

MGIA supernatants were analysed to assess cytokine concentrations by ELISA. The
levels of following cytokines were measured: IFN-y, tumor necrosis factor alpha (TNF-
a), interleukin (IL)-12p40, IL-10, IL-17, IL-6, granulocyte-macrophage colony-

stimulating factor (GM-CSF), interferon-gamma-induced protein 10 (IP-10), perforin,
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granzyme, IL-32 and IL-22. The concentrations of IFN-y, IL-12p40 and IL-6 were
measured using BD OptiEIA kits (Becton Dickinson, UK), while TNF-a., GM-CSF, IP-
10, granzyme B, IL-32 and IL-22 DuoSet ELISA kits were obtained from R&D Systems
(Abingdon, UK), IL-10 ELISA MAX Standard and IL-17 ELISA MAX Deluxe from
BioLegend (London, UK), and perforin ELISA kit from Abcam (Cambridge, UK).

Assays were performed according to the manufacturers’ instruction.

Flow cytometric immune phenotyping

Cryopreserved PBMCs were thawed and upon 2 hours resting at 37 °C, cell surface flow
cytometry was performed. Cells were resuspended in FACS buffer (1% FBS in PBS with
0.02% sodium azide). Fc block (Becton Dickinson, UK) was added (2.5 pg per million
cells) and incubated for 10 minutes at room temperature prior to surface staining. Cells
were aliquoted in FACS tubes (100ul each, 1x10° cells) and stained with 1 ul/ml Live
Dead Blue Stain (Invitrogen), followed by staining with the following titrated antibody
for the lymphocyte panel: 2.5 ul CD3-AF700 (clone UCHTI1, Ebioscience,
Loughborough, UK), 1.25 ul CD4-APC/Cy7 (clone RPA-T4, BioLegend), 1.25 ul CD8-
Superbright645 (clone RPA-TS8, Ebioscience), 2.5 pul CDI19-FITC (clone HIB19,
BioLegend), 2.5 pl CD56-APC (clone HCD56, BioLegend), 2.5 pul CD16-BV510 (clone
3G8, BioLegend), 5 ul HLA-DR-PE (clone L.243, BioLegend), 5 ul LAG3-PE/Cy7 (clone

11C3C65, BioLegend) and 1.25 pul PD1-BV421 (clone EH12.2H7, BioLegend).

For the monocyte panel, the cells were stained with the following titrated antibodies: 2.5

ul CD3-AF700 (clone UCHTI1, Ebioscience), 2.5 ul CDI19-FITC (clone HIB19,
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BioLegend), 2.5 ul CD14-BV421 (clone HCD14, BioLegend), 2.5 ul CD16-BV510
(clone 3G8, BioLegend), 1.25 ul CD86-APC/Cy7 (clone IT2.2, BioLegend), 5 nl HLA-
DR-PE (clone L243, BioLegend), 5 pl CD206-APC (clone 15-2, BioLegend), 5 pl
CD163-BV605 (clone GHI/61, BioLegend), 2.5 pul CD64-APC/Cy7 (clone 10.1,
BioLegend) and 5 ul CD123-BV650 (clone 6H6, BioLegend). Cells were incubated for
30 minutes at RT in the dark, washed and fixed prior to analysis. Fluorescence minus one
(FMO) controls were set using cells for each antibody and used to guide gating. OneComp
beads (eBioscience) were used to calculate compensation by staining with single
antibodies as per manufacturer’s instruction. Cells were acquired on a BD LSR 1I flow

cytometer. Data was analysed with FlowJo software version 10.4 (Treestar Inc., USA).

Results are presented as percentages of cells after gating out of dead cells and doublets.
CD4" and CD8" T-cells were identified from CD3* CD19 cells, whereas CD56" NK cells
were identified from CD3- CD19 cells. CD56%™ CD16" and CD56"¢" CD16"- cells were
identified as cytotoxic and cytokine-producing NK cells, respectively (Supplementary
Fig. S2A, lymphocyte gating). Furthermore, CD4" and CD8" T-cells were gated for T-
cell activation markers: HLA-DR, LAG3 and PD1 using the FMO. Meanwhile, CD14"
monocytes were gated from CD3- CD19- cells, and CD14ieht CD16%- and CD144™
CD16" cells were identified as M1 and M2 monocytes, respectively (Supplementary Fig.
S2B, monocyte gating). In addition, CD86 and HLA-DR markers were used to confirm
M1 phenotype, while CD206 and CD163 markers were used to affirm M2 phenotype®’.
CD64" and CDI123* cells were also gated from CD14" monocytes as activated

monocytes’®.
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Intracellular cytokine staining (ICS) flow cytometry

PBMCs were thawed and rested for 2 hours in a 37°C incubator with 5% CO; after
addition of 10 U/ml of benzonase. PBMCs were then incubated alone (medium only) as
a negative control, with 5 pg/ml Staphylococcus enterotoxin B (SEB; Sigma, UK) as a
positive control, with ~100 CFU BCG (as per the MGIA protocol) and with 10 pg/ml
CMYV peptide pool (5 peptides, 2 pg/ml/peptides, ANASPEC, Fremont, CA, USA). The
CMV peptide pool used is the same as the previous study?’. The incubation with BCG
was performed for 4 days and the addition of SEB and CMV was performed on Day 3.
Two hours after the addition of SEB and CMV to the respective tubes, brefeldin A
(Sigma, UK) was added to all tubes which were then incubated for 18 hours at 37°C until

Day 4.

Following incubation, cells were washed with ICS FACS buffer (0.1% BSA in PBS, with
0.01% sodium azide) and stained with Vivid live/dead reagent (Invitrogen) for 10 minutes
at 4°C in the dark. Cells were then surface stained with anti-CD4-APC (BD Biosciences),
anti-CD19-efluor450 and anti-CD14-efluor450 (eBiosciences) for 30 minutes at 4°C in
the dark. After washing with ICS FACS buffer, cells were permeabilised with
Cytofix/Cytoperm reagent (BD Biosciences) at 4°C for 20 min, washed in Perm Wash
buffer (BD Biosciences) and stained with anti-CD3-Horizon-BV510, anti-IL-2-FITC,
anti-TNFa-PE-Cy7 (BD Biosciences), anti-CD8-PE (eBiosciences) and anti-IFNy-
PerCPCy5.5 (Biolegend) for 30 min at room temperature in the dark. Cells were finally
resuspended in 250 pL 1% paraformaldehyde (Sigma, UK) and filtered prior to

acquisition.
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Data was acquired using an LSRII flow cytometer (BD Biosciences) and FACSDiva
acquisition software (BD Biosciences). Compensation was performed using tubes of
OneComp eBeads (ThermoFisher, UK) individually stained with each fluorophor and
compensation matrices were calculated with FACSDiva. ICS flow cytometry data was
analysed using FlowJo software version 10.4 (TreeStar Inc., Ashland, OR, USA).
Samples were gated sequentially on singlet, live, CD14-CD19-, CD3* (lymphoid), CD4",
CD8" cells and negative control stimulation tubes were used to set cytokine gates (see
Supplementary Fig. S3, ICS gating). Median cytokine responses in negative control tubes,
as a percentage of the gated CD4" T-cell population, were as follows: IFN-y —0.07%; IL-
2 —0.09%; TNF-a — 0.40%. Median cytokine responses in positive control tubes (SEB-
stimulated) were as follows: IFN-y — 3.16%; IL-2 — 4.24%; TNF-a — 24.35%. Cytokine
responses analysed for all stimuli (BCG and CMV) were after subtraction of background

values measured in un-stimulated tubes.

Statistical analysis

To identify statistical significance of ex vivo growth inhibition (log CFU values) and
ELISA responses, students 7-test were used. Mann-Whitney U Test was performed to
identify significant differences of the ELISpot, cell surface flow cytometry and ICS
responses between groups. Spearman’s correlation coefficient was used to test for
correlations between growth inhibition and immune responses. A multiple comparison
correction was included (Bonferroni), as indicated in each figure legend. Statistical

analyses were performed in Graphad Prism 7 (GraphPad, La Jolla, CA, USA).
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Results

Demographics of enrolled participants

One hundred participants were enrolled in the study; 37 vaccine-naive volunteers with no
history of BCG vaccination and 63 volunteers previously-vaccinated with BCG (average
time since vaccination 29.4 years prior to enrolment). Table 1 summarises the
characteristics of the study participants. Almost 70% of the BCG-vaccinated participants

were from the UK.

Characteristic Total Participants : 100
Naive (n=237) BCG Vaccinated (n=63)

Female [no. (%)] 28 (75.7 %) 42 (66.7 %)
Median age [yr (range)] 31 39

(23-70) (24-80)
Average time since BCG - 29.4
vaccination [yr (range)] (10-58)
8‘1’2“[1;‘;-‘/ ?;)?]“gm 8 (21.6%) 44 (69.8 %)

Table 1. Characteristics of study participants.

Assessment of ex vivo growth inhibition and cytokine responses

The growth inhibition assay was performed to assess the impact of historical BCG
vaccination on ex vivo mycobacterial growth control. Using cryopreserved PBMCs,
enhanced growth inhibition in PBMCs from BCG-vaccinated individuals was observed
compared to vaccine-naive individuals (median log CFU 1.680 and 2.027, p<0.0001,
Figure 1A). There was no correlation between the age of participants and time since
vaccination with ex vivo mycobacterial growth (p>0.1, Spearman’s correlation, data

shown in Appendix 8C of this thesis). The IFN-y ELISpot assay was performed to
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measure the magnitude of the mycobacteria-specific response. The secretion of IFN-y in
response to PPD was elevated in samples from vaccinated individuals in comparison to
unvaccinated individuals (median SFC 109.5 and 48, p<0.0001, Figure 1B). There was a
significant inverse correlation between higher IFN-y ELISpot response and lower
mycobacterial growth (p=0.022, Spearman r = -0.23, Figure 1C), although the association
was not significant when the correlation was performed in the BCG-vaccinated group

only (p=0.836, Spearman r = 0.027, data shown in Appendix 8D of this thesis).

ELISA assays were performed using the MGIA supernatant to investigate cytokine
production which may be associated with ex vivo growth inhibition. Trends for higher
production of Thl-type cytokines (IFN-y, IP-10, TNF-a, IL-12) as well as GM-CSF
(p=0.0512) were observed in the BCG-vaccinated group compared to the vaccine-naive
group (Table 2). There was a statistically significant correlation between higher IL-10
production and higher mycobacterial growth (Spearman r = 0.37, p=0.0003, Table 2),
with a trend of higher TNF-a production with reduced mycobacterial growth (Spearman
r =-0.35, p=0.0558). Meanwhile, historical BCG-vaccination significantly increased the
frequency of IL-2" CD4 T-cells in the BCG-vaccinated group upon 4 days of stimulation
with BCG in the MGIA system (p=0.0077, Supplementary Figure S4). Similar trends
were observed with the frequencies of IFN-y* as well as TNF-a* CD4 T-cells, and to a
lesser extent with Thl-cytokine” CD8 T-cells (Supplementary Figure S4). There were no
significant correlations between the frequencies of BCG-specific CD4 and CDS8 T-cells
and mycobacterial growth, although the observed trends suggest that these cells may

contribute to control of growth (Supplementary Table S1).
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Figure 1. Growth inhibition and immune responses following historical BCG

vaccination. Assessment was performed from 37 BCG-naive and 63 BCG-vaccinated

participants. (A) Growth inhibition was compared using BCG input ~ 100 CFU as
immune target (unpaired t-test). Data is presented as total number of log CFUs per
sample, which was determined by use of a standard curve. (B) IFN-y production from
PBMC following stimulation with PPD was compared (Mann-Whitney test). Numbers
above each group represent median (range). SFC, spot forming cells. (C) The correlation
between ex vivo growth inhibition and PPD-specific IFN-y response was assessed
(Spearman’s correlation). A p value <0.05 was considered statistically significant. Dots
and squares represent individual data points, and the central lines indicate the median
response with inter-quartile range (IQR). ****p<0.0001.
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. . Correlation with ex vivo
Cytokine Comparison .
(pg/ml) " : mycobacterial growth
Naive BCG-vaccinated p-value r p-value
IFN-y 12.47 [8.245-16.69] 23.37[10.8-35.94] 0.1962 | -0.027 0.8432
IP-10 111.7 [55.42-168] 204.5[112.1-297] 0.1505 0.19 0.1158
TNF-a 37.97 [2.547-73.4] 97.98 [38.61-157.4] | 0.1471 -0.35 0.0558
IL-12 27.6 [3.033-52.17] 63.61 [20.83-106.4] | 0.2299 -0.23 0.3158
IL-10 52.55[31.07-74.03] | 59.99[36.56-83.41] | 0.6688 | 0.37*** 0.0003
GM-CSF | 7.729 [-1.688-17.15] | 88.54[26.19-150.9] | 0.0512 -0.37 0.1552
IL-6 356.7 [246.1-467.3] 315[236.5-393.4] 0.5293 0.071 0.5449
IL-17 0.00 [0.00-0.00] 0.1596 [0.00-0.4083] | 0.3291 -0.13 0.2141

Table 2. Summary of mean cytokine responses measured with ELISA assays,
assessed from MGIA supernatant samples after 4 days of co-culture. Comparisons were
made between naive and BCG-vaccinated groups (unpaired t-test), the values indicate
mean of concentration in pg/ml [95% CI]. Correlations were assessed with ex vivo
mycobacterial growth among responders (Spearman’s correlation). A p value <0.05 was
considered statistically significant (in bold), and after a multiple testing correction only
values with p <0.0063 were considered significant (underlined). n= 37 BCG-naive and
n=63 BCG-vaccinated participants. ***p<0.001.

Effects of the historical BCG vaccination on the frequencies of circulating leukocyte

subsets

Historical BCG vaccination did not influence the frequencies of circulating leukocytes in
T-cell, NK cell and monocyte compartments (Supplementary Table S2). However,
significant correlations were observed between the frequencies of NK cells and enhanced
control of mycobacterial growth ex vivo in the naive and BCG-vaccinated groups (p<0.05,
Spearman’s correlations, Table 3). In the BCG-vaccinated group, the higher frequency of
cytokine-producing NK cells was associated with reduced mycobacterial growth
(Spearman r = -0.41, p=0.015, Figure 2A). A higher production of perforin was observed
from the cells of BCG-vaccinated participants compared to naive (p=0.018, Figure 2B).
The production of perforin significantly correlated with enhanced growth inhibition

(Spearman r = -0.44, p=0.013, Figure 2C and Supplementary Table S3), and the
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association was still significant when the correlation was performed in the BCG-
vaccinated group only (Spearman r = -0.36, p=0.037, data shown in Appendix 8E of this
thesis). Correlations with other measured NK cells products and cytokines (granzyme,
IL-32, IL-22) did not reach significance (Supplementary Table S3). There was also a non-
significant trend of T-cell frequency in peripheral blood being protective against
mycobacterial growth in cells from BCG-vaccinated participants (Spearman r = -0.30,

p=0.087, Table 3).

Correlation with ex vivo mycobacterial growth
Leukocyte subsets All participants Naive BCG-vaccinated
r p-value r p-value r p-value
T-cells -0.068 | 0.6367 0.29 0.2708 -0.30 0.0866
CD4 T-cells -0.041 | 0.7764 0.17 0.5172 -0.091 0.6080
CD8 T-cells 0.24 0.0938 0.36 0.1714 0.093 0.6011
CD4/CD8 ratio -0.16 0.2718 -0.20 0.4579 -0.058 0.7448
NK cells -0.27 0.0593 | -0.71** 0.0028 -0.19 0.2833
Cytokine NK cell -0.26 0.0702 -0.47 0.0679 -0.41* 0.0147
Cytotoxic NK cell -0.25 0.0814 | -0.64** 0.0093 -0.19 0.2699
NK cell ratio -0.2 0.1602 -0.35 0.1866 -0.087 0.6241
Monocytes 0.12 0.4244 | -0.0088 0.9758 0.13 0.4638
ML ratio 0.064 | 0.6609 | -0.044 0.8714 0.083 0.6390
M1 monocytes -0.076 | 0.5993 -0.28 0.2867 -0.031 0.8610
M2 monocytes -0.16 0.2784 -0.16 0.5458 -0.12 0.4978
M1/M2 ratio 0.059 | 0.6831 -0.17 0.5283 0.15 0.3939
CD64" monocytes -0.063 | 0.6659 -0.29 0.2664 0.028 0.8759
CD123" monocytes -0.072 | 0.6169 -0.27 0.3025 0.015 0.9313
Suppressor monocytes 0.21 0.1414 0.31 0.2381 0.089 0.6149

Table 3. Correlation of immune cell frequencies in peripheral blood and ex vivo
mycobacterial growth inhibition. Assessment was performed from 16 BCG-naive and 34
BCG-vaccinated participants. Correlations were performed from a total of 50 participants,
as well as from each naive and BCG-vaccinated groups respectively (Spearman’s
correlation). A p value <0.05 was considered statistically significant (in bold), and after
a multiple testing correction only values with p <0.0031 were considered significant
(underlined). Note: The ML ratio was obtained by dividing the percentage of monocytes
by the sum of the percentages of T- and B-cells. The NK cell ratio was obtained by
dividing the percentage of cytokine-producing by cytotoxic NK cells. *p<0.05, **p<0.01.
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Figure 2. NK cells correlations. A higher frequency of cytokine-producing NK cells
(CD56ieht CD16%7) correlated with enhanced ex vivo mycobacterial growth inhibition
(Spearman’s correlation) (A). A perforin ELISA was performed from MGIA supernatants
and the response was compared between vaccination groups (unpaired t-test) (B). The
production of perforin was associated with enhanced ex vivo growth inhibition
(Spearman’s) (C). A p value <0.05 was considered statistically significant. *p<0.05,
**p<0.01.

Impacts of CMV-specific T-cell response and T-cell activation on ex vivo
mycobacterial growth inhibition

CMV-specific T-cells producing IFN-y" and TNF-a.*, notably in the CD8 compartment,
were significantly associated with frequency of T-cells expressing LAG3 and PD1
markers (p<0.05, Spearman’s correlations, Table 4 and Figure 3 A-D). Historical BCG-

vaccination did not appear to influence CMV-specific response nor T-cell activation
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between groups (Supplementary Table S2 and S4). Furthermore, T-cell activation was

shown to correlate with higher growth of mycobacteria ex vivo, particularly in the naive

group (Figure 3 and Supplementary Table S5). LAG3* CD4 T-cells were significantly

associated with growth of mycobacteria (p=0.047), with a similar trend for LAG3" CD8

T-cells (p=0.072) (Figure 3 F and I). There was no correlation between the CMV-specific

T-cell response and the frequency of BCG-specific cytokine® T-cells (p>0.05, Spearman’s

correlations, data shown in Appendix 8F of this thesis).

CMV-specific
cytokine* T-cells

Correlation with activated T-cells

HLA-DR* CD4 T-cells

LAG3" CD4 T-cells

PD1" CD4 T-cells

r p-value r p-value r p-value
IFN-y" CD4 T-cells 0.026 0.8748 -0.004 0.9805 0.20 0.2112
IL-2"CD4 T-cells -0.045 0.7823 -0.056 0.7310 -0.0082 | 0.9601
TNF-a* CD4 T-cells 0.054 0.7401 0.058 0.7239 0.091 0.5757
HLA-DR* CD8 T-cells | LAG3* CD8 T-cells | PD1" CD8 T-cells
IFN-y" CD8 T-cells 0.31 0.0552 0.39* 0.0140 0.44** | 0.0049
IL-2"CD8 T-cells -0.087 0.5917 0.0024 0.9885 -0.15 0.3609
TNF-a* CD8 T-cells 0.28 0.0799 0.35* 0.0281 0.33* 0.0375

Table 4. Correlation of CMV-specific T-cell responses and T-cell activation.
Associations were investigated from 3 different subsets of CMV-specific cytokine” T-

cells producing IFN-y*, IL-2* or TNF-a*, respectively. Three markers were used for T-
cell activation: HLA-DR, LAG3 and PDI. A p value <0.05 was considered statistically
significant (in bold), and after a multiple testing correction only values with p <0.0083
were considered significant (underlined) (Spearman’s correlation). n=50 participants,
consisted of 16 BCG-naive and n=34 BCG-vaccinated participants. *p<0.05, **p<0.01.
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Figure 3. CMV-specific responses were associated with higher CD8 T-cell activation,
expressing markers LAG3 (A-B) and PD1 (C-D) respectively. Activated CD4 and CD8
T-cells (E-J) were correlated with higher growth of mycobacteria, notably in the naive
groups (F, I). A p value <0.05 was considered statistically significant (Spearman’s
correlation). n=50 participants, consisted of 16 BCG-naive and 34 BCG-vaccinated
participants. *p<0.05, **p<0.01.
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Impact of sex on ex vivo mycobacterial growth inhibition and cytokine responses

In this study, it was demonstrated that sex was associated with several differences in

immune responses following historical BCG vaccination. First, BCG-vaccinated females

were shown to exhibit superior capacity to control mycobacterial growth when compared

to males (p=0.029, Figure 4B). In contrast, males appear to have a higher IFN-y response

from PPD-stimulated PBMCs as well as higher IP-10 production in the MGIA

supernatant, both in naive and BCG-vaccinated groups (Figure 4 C-F). Supplementary

Table S6 summarises the sex comparisons of all measured cytokines from the MGIA

supernatants.
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Figure 4. Sex impact on growth inhibition and immune responses following
historical BCG vaccination. Assessment was performed from 37 BCG-naive (A, C, E)
and 63 BCG-vaccinated participants (B, D, F). (A-B) Growth inhibition was compared
between sex and data was presented as total number of log CFUs per sample (unpaired t-
test). (C-D) IFN-y production from PBMC following stimulation with PPD was compared
(Mann-Whitney test). Numbers above each group represent median (range). SFC, spot
forming cells. (E-F) IP-10 was measured from MGIA supernatants using ELISA assay
(mean, unpaired t-test). Dots and squares represent individual data points, and the central
lines indicate the median response with IQR. *p<0.05.

Impact of sex on immune cells phenotype

In the BCG-vaccinated group, females had a higher frequency of cytokine-producing NK
cells (p=0.018, Figure 5A). There was also a higher CD4/CDS ratio in females compared
to males in the naive group (p=0.028, Figure 5B). Interestingly, there was a higher
frequency of monocytes in males in the BCG-vaccinated group (p=0.049, Figure 5C).
There was also a trend of higher ML ratio in BCG-vaccinated males compared to females
(p=0.08, Supplementary Table S7). In terms of T-cell activation, BCG-vaccinated
females exhibited a lower frequency of LAG3*CD8 T-cells (p=0.0297, Figure 5D). While
in the naive group, females also had lower frequencies of activated CD8 T-cells
expressing HLA-DR, LAG3 and PD1 (p<0.05, Supplementary Table S7). The lower
frequencies of activated T-cells in females may be a consequence of lower CMV-specific

CDS8 T-cells response (Figure SE and Supplementary Table S7).
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Figure 5. Comparison by sex of immune cells phenotype (A-C), T-cell activation (D)
and CMYV-specific T-cell response (E). Assessment was performed from 16 BCG-naive
and 34 BCG-vaccinated participants. The box plots show the minimum and maximum
values (ends of the whiskers), the median (band near the middle of the box) and
interquartile ranges. Blue and red colour represent males and females, respectively. A p
value <0.05 was considered statistically significant (Mann-Whitney). *p<0.05, **p<0.01,
*xE%p<0.0001.

Discussion

The present study reports that mycobacterial growth inhibition can be detected ex vivo
following historical BCG vaccination in adult healthy volunteers. In this study, the
average time since BCG vaccination was 29.4 years prior to enrolment. Our results are in
line with previous studies such as Fletcher et al.?’ which detected the impact of historical
BCG vaccination after more than 20 years using the same PBMC-based MGIA. Most

vaccinated individuals enrolled in our study are UK participants immunised with BCG
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during their school age (12-13 years old), which has been shown in a recent study by
Mangtani et al. to provide protection for over 20 years'!. A higher IFN-y response was
also observed in the BCG-vaccinated group compared to the naive group using the
ELISpot assay, reflecting the presence of BCG-specific memory cells. Moreover, there
was a significant correlation between IFN-y response and lower mycobacterial growth in
all cohort participants, although the association did not reach significance in the BCG-
vaccinated group only. Several published MGIA studies reported increased IFN-y

production following BCG vaccination?®-3%40

, and BCG-specific IFN-y response
measured with the ELISpot assay is known to be associated with reduced TB disease risk
following BCG vaccination in infants?*. The ELISpot assay measures all cells that secrete
IFN-y in response to antigen stimulation, including NK cells and yd T-cells in addition to
conventional T-cells. Focusing on the conventional T-cells response, in this study, we
did not observe a significant association between Thl-type cytokine-expressing T-cells
and ex vivo mycobacterial growth inhibition, although the data suggest that they may be
protective. This finding was in contrast with the study of Smith ez a/.3° which showed an
association between MGIA control capacity and the frequency of polyfunctional CD4 T-
cells when studying a small cohort of BCG-vaccinated infants, but was consistent with
the finding of Joosten et al.®' using the same PBMC-based MGIA, as well as with a study

by Kagina et al.*! which showed no association between polyfunctional T-cells and the

risk to develop TB disease following BCG vaccination.

We also observed higher Thl-type cytokines in the MGIA supernatants from BCG-
vaccinated participants compared to the naive, although statistical significance was not
arrived at. Interestingly, there was a strong significant correlation between IL-10

production and reduced control of mycobacterial growth. This observation replicates an
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earlier finding using PBMC from the MV A8S5A trial participants cohort, in which IL-10
was associated with reduced ex vivo growth inhibition, and was significantly predictive
of mycobacterial growth through inhibition of other pro-inflammatory cytokines*.
Addition of recombinant IL-10 to the ex vivo MGIA system has been shown previously
to promote mycobacterial growth*>#3. IL-10 is known to have immunosuppressive
activity by inhibiting T-cell proliferation and IFN-y production, leading to reduced
macrophage activation**. The capacity of individuals to produce IL-10 may need to be

considered when assessing TB vaccine effects in clinical trials.

In this study, the frequency of NK cells — in particular cytokine-producing NK cells — is
notably associated with enhanced ex vivo mycobacterial growth inhibition following
historical BCG vaccination. This may account for the correlation between IFN-y ELISpot
response and control of mycobacterial growth. The results again support a recent finding,
in which a greater frequency of putative cytokine-producing CD16° NK cells was
associated with reduced mycobacterial growth in the multiple regression analysis of
MVARSS5A correlate of risk study*>#3. Cytokine-producing NK cells are the main source
of NK-cell derived cytokines such as IFN-y, TNF-o. and GM-CSF*¢, which were modestly
increased in the MGIA supernatants of the BCG-vaccinated group in this study. Initially,
cytotoxicity and cytokine-producing functions of NK cells are often regarded as two
distinct functions with little synergy between them as a result of early association of the
two distinct subsets of NK populations*®*’. However, it was recently shown that IFN-y
and TNF-a synergistically enhance NK cell cytotoxicity through NF-kB-dependent up-
regulation of intracellular adhesion molecule-1 expression in target cells, hence rendering

the cells more sensitive to cytolysis activities*®. In the present study, BCG-vaccinated
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participants produced a higher level of perforin and the secretion of these lytic granules

was associated with enhanced growth inhibition.

Although considered a component of innate immune system, an emerging body of
evidence has revealed that NK cells can also behave in a memory-like manner following
infection or vaccination (reviewed in*%). NK cells isolated from pleural fluid express
the memory marker CD45RO and produce higher amounts of IFN-y and IL-22 in response
to stimulation with IL-12, IL-15 and BCG when compared with CD45RO" cells®'2. Even
though NK cells do not have antigen receptors generated by genetic rearrangement, they
possess receptors which allow direct antigenic contact, resulting in subsequent cellular
activation®®. Moreover, NK cells can also undergo secondary responses following
activation by cytokines, such as IL-12, IL-15 and IL-183%%4. This process will generate
antigen-specific NK cells, which lead to an enhanced response following re-exposure
with the same stimulus. In addition, work by Kleinnijenhuis et al. also unveil that BCG
vaccination promotes augmented secondary responses towards the same and unrelated
stimulus through the trained innate immunity mechanism>>. The growth inhibition assay
has recently been shown to be able to detect contribution from the trained innate immune
compartment, following Mtb exposure and BCG vaccination, by the role of nonclassical
monocytes®!'. Our present study has shown the additional contribution of NK cells to ex
vivo mycobacterial growth control, and in line with this, recent clinical trials also reported
that immune cells associated with protection from TB disease and after BCG vaccination

were not T-cells, but IFN-y—producing NK cells>®7.

Furthermore, it was demonstrated that a CMV-specific response may be associated with

T-cell activation, in particular in the CD8 compartment, and this activation is correlated
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with mycobacterial growth ex vivo. In HIV infection, T-cell activation has been
established as a risk factor for acquisition of infection as well as progression from
infection to disease’®®. In TB, evidence has emerged denoting the role of CMV and T-
cell activation on TB disease risk?>?*, and our study is the first the show such association
with ex vivo mycobacterial growth. In this study, we chose to measure CMV-specific T-
cell cytokine response with ICS flow cytometry rather than with serology, as evidence in
the literature showed that CMV-antibody levels do not correlate with the size of the T-
cell response against CMV and the ICS method is more sensitive for detection of CMV-
specific cytokine-producing T-cells®"-%2. The previous study by Muller ef al. reported that
CMV positive infants who developed TB disease had lower frequency of putative NK
cells and lower expression of genes associated with NK cells?®. In the present study, we
did not observe a significant correlation between the CMV-specific T-cell response and
NK-cell frequency (data shown in Appendix 8G of this thesis). However, CMV infection
is recognised to drive the expansion of NKG2C* NK cells®?, which do not respond well
to IL-12 and IL-18 stimulation discussed above, although they may still degranulate and
produce cytokine in response to direct contact stimulation®t®. Further studies are
required to better understand the interplay between CMV-specific responses, T-cell

activation and NK cells in the context of BCG vaccination.

Differences in TB disease notification rates between the sexes are well documented and
thought to be a result of biological factors, in addition to social factors'*166%, Therefore,
it is of interest that our study demonstrated a higher capacity of BCG-vaccinated females
to control mycobacterial growth ex vivo compared to males. In conjunction with this data,
we found that females had a higher frequency of cytokine-producing NK cells, and lower

frequency of activated T-cells as well CMV-specific response. In addition, females also
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had a lower monocyte frequency, with a trend of a lower ML ratio compared to males.
Altogether, these individual-level factors appear to contribute to the enhanced growth
inhibition in females following BCG vaccination. The only contrasting finding the was
the trend of higher IFN-y production in males compared to females, which has been

8,18,67

observed previously . A balanced immune response is required to protect against TB

disease and perhaps, in males, stronger immune responses may lead to detrimental

exaggerated inflammatory responses®.

Such a sex specific effect has also been observed with measles and smallpox vaccines,
where females are more protected than males following vaccination®’°, The
epidemiological observation that the sex bias in TB does not arise until puberty has
suggested the important role of sex hormones'®. Sex hormones have diverse effects on
many immune cell types, including T-cells, B-cells, neutrophils, dendritic cells,
macrophages and NK cells (reviewed in'®). In general, testosterone is considered to
downregulate the Th1 response, whereas estrogen is believed to enhance it'®. Males have
also been shown in a previous study to display a higher ML ratio compared to females>2.
Moreover, genetic or epigenetic differences between sex may play a role as well in the

observed sex-differential protective effect!”, aside from sex hormones.

In summary, we have demonstrated the impact of individual-level factors on ex vivo
mycobacterial growth inhibition in a cohort of healthy, adult volunteers. Our results
indicate that immune cell phenotype, cytomegalovirus-specific response and sex have
impacts on immunity following BCG vaccination. These ex vivo observations are
reflective of epidemiological data and published human studies, and such impacts may

need to be considered when testing TB vaccine candidates in trial populations.
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Importantly, researchers should consider routinely stratifying the trial population for
analysis by sex in clinical vaccine studies, as the impact of sex in infectious diseases is
common but often neglected’!. The MGIA assay offers an ex vivo testing platform for
assessment of a wide range of candidate TB vaccines, with the ability to reflect inter-
individual variation which may be important for vaccine effectiveness. This present study
has displayed the value of MGIA in assessing changes in the innate immune compartment
as well as the adaptive immunity following BCG vaccination. The ex vivo MGIA is
therefore an important additional tool for the TB vaccine community and should continue

to be assessed for its ability to act as a correlate of vaccine-induced protection.
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Supplementary Figure S1. Standard curve of BCG Pasteur Aeras used to convert
TTP to CFU. A titration experiment was conducted to establish the relationship between
logl0 CFU and MGIT time to positivity (TTP). Linear regression analysis was carried
out in GraphPad Prism. The resulting equation was used to calculate log10 CFU.
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Supplementary Figure S2. Cell surface flow cytometry gating strategies. (A)
Lymphocyte gating. For each sample, gating of singlet, live cells, CD19-, CD3" (T-cells)
and CD56" (NK cells) was performed in sequence. Subsequently, CD4 or CD8 T-cells as
well as CD56%™ CD16" or CD56¢ CD16"-NK cell were also gated. Furthermore, CD4
and CDS8 T-cells were gated for T-cell activation markers. Gates were set on FMO
controls and copied to the samples. Gating for the following markers were performed:
LAG3, HLA-DR and PD1, with above examples represent the latter two. (B) Monocyte
gating. Gating of singlet, live cells, CD3"CD19 and CD14" (monocytes) was performed
in sequence for each sample. Next, CD14%i¢ht CD16"- (M1) or CD14%™ CD16" (M2)
monocytes were gated. M1 was further defined by CD86 and HLA-DR markers, while
M2 was confirmed by CD206 and CD163 markers. CD64" and CDI123" activated
monocytes were also gated from CD14" monocytes using the FMO controls.
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Supplementary Figure S3. ICS flow cytometry gating strategy. Gating of singlet (A),
dump negative (live, CD14-, CD19-) (B), CD3" lymphocytes (C) and CD4", CD8" as well
as CD4" CD8" T-cells (D) was performed in sequence for each sample. Cytokine gates
were then set on unstimulated tubes (E) and copied to stimulated tubes (F). Gating for the
following cytokines were set: IFN-y, TNF-a and IL-2, with E & F represent an example
of IL-2.
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Supplementary Figure S4. Frequencies of Thl cytokine-expressing T-cells.
Expressions were measured from PBMCs after stimulation with ~100 CFU BCG for 4
days. Among CD4 and CD8 T-cells (A and B), comparisons were made between the naive
(blue) and historically BCG-vaccinated (red) groups. Data is displayed as bar graphs and
error bars represent mean + SD. The Mann-Whitney U test was used to determine
significance and p value <0.05 was considered statistically significant. n=16 naive and 34
historically BCG-vaccinated participants.
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Supplementary Tables

. Correlation with ex vivo mycobacterial growth

cﬁfk(i;l;zgf}c-lgils All participants Naive BCG-vaccinated

r p-value r p-value r p-value

IFN-y" CD4 T-cells -0.0055 [ 0.9703 [ 0.031 | 0.9098 | 0.005 0.9784
IL-2"CD4 T-cells -0.23 0.1196 | -0.25 [ 0.5000 | 0.038 0.8377
TNF-o" CD4 T-cells -0.2 0.1673 -0.21 0.4241 -0.14 0.4413
IFN-y" CD§ T-cells -0.16 0.2674 | -0.063 [ 0.8167 | -0.23 0.2030
IL-2"CDS8 T-cells 0.11 0.4658 0.64 0.0060 | 0.045 0.8058
TNF-o" CD8 T-cells -0.038 0.7964 | 0.071 [ 0.7940 | 0.079 0.6670

Table S1. Correlation of BCG-specific T-cell response and ex vivo mycobacterial growth.
Associations were assessed from total 50 participants, as well as from each naive and
BCG-vaccinated groups respectively (Spearman’s correlation). A p value <0.05 was

considered statistically significant (not corrected for multiple comparisons).

Leukocyte subsets

(% live cells) Naive BCG-vaccinated p-value
T-cells 67.84 [63.53-72.15] 66.12 [62.96-69.28] 0.7537
CD4 T-cells 43.76 [39.48-48.04] 44.69 [41.31-48.08] 0.7149
CDS8 T-cells 18.98 [16.02-21.94] 16.48 [14.49-18.46] 0.1396
CD4/CDS ratio 2.502 [2.066-2.939] 3.142 [2.596-3.688] 0.2428
NK cells 5.933 [4.176-7.691] 6.699 [5.122-8.277] 0.7970
Cytokine NK cell 0.765 [0.5785-0.9515] 0.6488 [0.5412-0.7565] 0.2202
Cytotoxic NK cell 3.99 [2.636-5.344] 4.905 [3.503-6.307] 0.8736
NK cell ratio 5.275 [3.899-6.65] 7.314 [5.395-9.233] 0.4154
Monocytes 8.541 [6.512-10.57] 7.571[6.47-8.672] 0.5468
ML ratio 0.1116 [0.08108-0.1422] | 0.09897[0.08217-0.1158] | 0.6175
M1 monocytes 3.489 [2.196-4.781] 3.192 [2.514-3.871] 0.8571
M2 monocytes 0.2256 [0.1648-0.2865] 0.2812 [0.2083-0.3541] 0.6616
M1/M2 ratio 18.7[10.38-27.01] 15.01 [11.46-18.55] 0.7812
CD64" monocytes 4.303 [2.515-6.092] 4.069 [3.183-4.955] 0.8774
CD123* monocytes 4.00 [2.457-5.543] 3.838 [3.015-4.661] 0.9221
Suppressor monocytes 0.2356 [0.1402-0.331] 0.1673 [0.1313-0.2034] 0.0888
Activated T-cells
HLA-DR" CD4 T-cells 7.381 [5.656-9.106] 7.291 [5.57-9.013] 0.4615
LAG3" CD4 T-cells 0.6619 [0.5543-0.7694] 0.6256 [0.5179-0.7332] 0.3450
PD1" CD4 T-cells 3.263 [2.712-3.813] 3.647 [3.066-4.228] 0.5399
HLA-DR" CD8 T-cells 6.043 [3.853-8.232] 6.135 [4.564-7.707] 0.6285
LAG3" CD8 T-cells 0.405 [0.2873-0.5227] 0.3726 [0.2959-0.4494] 0.5466
PD1" CD8 T-cells 2.643 [2.029-3.256] 2.985[2.34-3.631] 0.8094
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Table S2. Impact of historical BCG vaccination on immune cell frequencies.
Comparisons were made between naive and BCG-vaccinated groups (Mann-Whitney),
the values indicate mean of live cells percentage [95% CI]. Assessment was performed
from 16 BCG-naive and 34 BCG-vaccinated participants. A p value <0.05 was considered
statistically significant (not corrected for multiple comparisons).

. . Correlation with ex vivo

Cytokine Comparison .

(pg/ml) mycobacterial growth

pg Naive BCG-vaccinated p-value r p-value
Perforin 1421 [1177-1664] 1884 [1645-2124]* 0.0179 | -0.44** 0.0013
Granzyme | 33.63 [2.33-64.94] 60.11 [2.283-117.9] 0.5394 -0.023 0.8738
1L-32 26.75 [22.83-30.67] 28 [24.47-31.52] 0.6611 -0.073 0.6160
1L-22 0.00 [0.00-0.00] 7.607 [-7.357-22.57] | 0.4839 -0.064 0.6595

Table S3. Summary of mean NK cells cytokine responses measured with ELISA assays.
Comparisons were made between naive and BCG-vaccinated groups (unpaired t-test), the
values indicate mean of concentration in pg/ml [95% CI]. Correlations were assessed with
ex vivo mycobacterial growth (Spearman’s correlation). A p value <0.05 was considered
statistically significant. n=16 BCG-naive and n=34 BCG-vaccinated participants.
*p<0.05, **p<0.01.

CMV-specific
cytokine* T-cells Naive BCG-vaccinated p-value

(% live cells)
IFN-y" CD4 T-cells 0.6446 [0.3842-0.905] 1.319 [0.4458-2.191] 0.9829
IL-2"CD4 T-cells 1.009 [0.4506-1.568] 1.652 [0.8894-2.414] 0.7056
TNF-a* CD4 T-cells 3.255[2.164-4.346] 3.982 [2.344-5.62] 0.7812
IFN-y" CD8 T-cells 1.555 [0.8136-2.297] 2.744 [1.403-4.086] 0.7924
IL-2"CD8 T-cells 0.3308 [0.09425-0.5673] 0.6881 [0.3361-1.04] 0.4612
TNF-a* CD8 T-cells 2.934 [1.788-4.079] 4.924 [3.1-6.748] 0.2490

Table S4. CMV-specific T-cell responses. Comparisons were made between naive and
BCG-vaccinated groups (Mann-Whitney), the values indicate mean of live cells
percentage [95% CI]. A p value <0.05 was considered statistically significant (not
corrected for multiple comparisons). n=16 BCG-naive and n=34 BCG-vaccinated
participants.
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Correlation with ex vivo mycobacterial growth

Activated T-cells All participants Naive BCG-vaccinated

r p-value r p-value r p-value

HLA-DR" CD4 T-cells | -0.029 0.8399 0.35 0.1809 -0.14 0.4220
LAG3" CD4 T-cells -0.015 0.9165 0.51* 0.0466 -0.27 0.1274
PD1" CD4 T-cells -0.052 0.7197 0.15 0.5757 -0.053 0.7660
HLA-DR" CD8 T-cells 0.13 0.3748 0.3 0.2566 0.071 0.6902
LAG3" CD8 T-cells 0.18 0.2184 0.46 0.0721 0.075 0.6734
PD1" CD8 T-cells 0.025 0.8610 0.11 0.6817 [ 0.0069 | 0.9692

Table S5. Correlation of activated T-cells and ex vivo mycobacterial growth.
Associations were assessed from total 50 participants, as well as from each naive and
BCG-vaccinated groups respectively (Spearman’s correlation). A p value <0.05 was
considered statistically significant (not corrected for multiple comparisons). *p<0.05.
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C(ztg(;l;:;;e Naive-Male Naive-Female p-value BCG-vl\z}[:lcllenated ) BCG-I;I:;c;?eated ) p-value
IFN-y 10.39 [3.976-16.8] 13.14 [7.772-18.5] 0.5785 20.37 [8.289-32.46] 24.87 [6.65-43.09] 0.7392
IP-10 196.7 [37.72-355.6] 84.39 [26.68-142.1] 0.0825 291.7[108.4-474.9] 161 [53.55-268.4] 0.1849
TNF-a 35.07 [-5.432-75.57] | 38.91[-7.344-85.16] | 0.9265 107.3 [-9.475-224] 93.33 [22.35-164.3] 0.8268
IL-12 42.96 [-32.43-118.4] 67.7[-28.17-163.6] 0.7731 40.64 [-19.23-100.5] 75.1[16.97-133.2] 0.4523
IL-10 67.05 [29.53-104.6] 47.89 [21.21-74.57] 0.4454 62.27 [19.76-104.8] 58.84 [29.57-88.12] 0.8916
GM-CSF 15.2 [-12.24-42.65] 5.327 [-4.645-15.3] 0.3689 35.59 [-10.84-82.02] 115[23.92-206.1] 0.2330
IL-6 463.5[201.8-725.2] 322.3 [195.3-449.4] 0.2726 319.9 [177.2-462.7] 312.5[214.6-410.4] 0.9295
1L-17 0.00 [0.00-0.00] 0.00 [0.00-0.00] n/a 0.00 [0.00-0.00] 0.2394 [-0.1366-0.6154] | 0.3687

Table S6. Comparison by sex of mean cytokine responses measured with ELISA assays, assessed from MGIA supernatant samples after 4
days of co-culture. Assessment was performed from 37 BCG-naive (9 males, 28 females) and 63 BCG-vaccinated participants (21 males, 42
females). Comparisons were made between males and females in each group (unpaired t-test), the values indicate mean of concentration in
pg/ml [95% CI]. A p value <0.05 was considered statistically significant (not corrected for multiple comparisons).
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Leukocyte subsets

BCG-vaccinated —

BCG-vaccinated —

(% live cells) Naive — Male Naive — Female p-value Male Female p-value
T-cells 69.62 [62.53-76.71] 67.03 [60.91-73.14] 0.4922 65.44 [58.02-72.87] 66.3 [62.57-70.02] 0.4995
CD4 T-cells 39.78 [31.7-47.86] 45.57 [40.02-51.13] 0.1804 43.59 [35.39-51.79] 44.98 [41.01-48.96] 0.8427
CDS8 T-cells 24.18 [17.33-31.03]** 16.62 [14.06-19.18] 0.0087 16.56 [11.52-21.6] 16.46 [14.14-18.77] 0.9394
CD4/CD8 ratio 1.741 [1.018-2.465] 2.848 [2.397-3.299]* 0.0275 2.876 [1.944-3.808] 3.211 [2.543-3.879] 0.8027
NK cells 3.82410.2743-7.374] 6.892 [4.787-8.997] 0.1451 5.82 [0.7967-10.84] 6.927 [5.209-8.646] 0.4269
Cytokine NK cell 0.588 [0.1865-0.9895] 0.8455 [0.6135-1.077] 0.2051 0.4071 [0.2441-0.5702] 0.7115 [0.5903-0.8326]* 0.0183
Cytotoxic NK cell 2.55[-0.3777-5.478] 4.645 [3.005-6.284] 0.2674 4.183 [-0.4383-8.804] 5.092 [3.582-6.602] 0.3987
NK cell ratio 4.323 [1.705-6.942] 5.707 [3.86-7.554] 0.4409 8.197[1.091-15.3] 7.085 [5.127-9.044] 0.6410
Monocytes 6.652 [4.059-9.245] 9.4[6.597-12.2] 0.3773 9.204 [6.842-11.57]* 7.148 [5.883-8.413] 0.0494
ML ratio 0.083 [0.04796-0.118] 0.1246 [0.08207-0.1672] 0.3773 | 0.1187[0.08337-0.1541] | 0.09385[0.07418-0.1135] | 0.0824
M1 monocytes 2.772 [0.924-4.62] 3.815[1.967-5.663] 0.5833 3.539 [2.244-4.833] 3.103 [2.282-3.924] 0.5248
M2 monocytes 0.254 [0.01668-0.4913] 0.2127[0.1684-0.2571] 0.8926 0.2514[0.1121-0.3907] 0.2889 [0.2006-0.3772] 0.8270
M1/M2 ratio 15.57 [-2.966-34.11] 20.11 [9.089-31.14] 0.7427 16.83 [8.988-24.68] 14.53 [10.32-18.74] 0.4027
CD64" monocytes 3.082 [1.316-4.848] 4.858 [2.256-7.46] 0.6612 4.781 [3.108-6.455] 3.884 [2.819-4.95] 0.2941
CD123" monocytes 3.044 [1.272-4.816] 4.435 [2.197-6.672] 0.6612 4.393 [2.796-5.99] 3.694 [2.704-4.685] 0.3755
Suppressor monocytes 0.196 [0.1374-0.2546] 0.2536 [0.1095-0.3978] 0.8938 | 0.1921[0.03059-0.3537] 0.1609 [0.1295-0.1923] 0.8759
Activated T-cells
HLA-DR" CD4 T-cells 8.306 [3.852-12.76] 6.961 [4.842-9.08] 0.3773 8.776 [1.51-16.04] 6.907 [5.329-8.485] 0.7651
LAG3" CD4 T-cells 0.722[0.4286-1.015] 0.6345 [0.5068-0.7623] 0.4906 0.7814[0.3113-1.252] 0.5852 [0.4942-0.6762] 0.3517
PD1" CD4 T-cells 3.41 [2.022-4.798] 3.195 [2.495-3.896] 0.7624 3.981 [2.014-5.949] 3.561 [2.943-4.178] 0.6844
HLA-DR" CD8 T-cells 9.738 [2.882-16.59] 4.363 [3.161-5.564]** 0.0032 6.787 [3.03-10.54] 5.966 [4.119-7.813] 0.5312
LAG3" CD8 T-cells 0.58 [0.2923-0.8677] 0.3255 [0.2101-0.4408]* 0.0380 0.5314[0.2458-0.8171] 0.3315 [0.262-0.4009]* 0.0297
PD1" CD8 T-cells 4.058 [3.1-5.016] 1.999 [1.634-2.364]*** 0.0007 3.207 [1.808-4.606] 2.928 [2.157-3.699] 0.4027
CMV-specific cytokine' T-cells
IFN-y" CD4 T-cells 0.522 [-0.01317-1.057] 0.7213 [0.3524-1.09] 0.4351 2.831 [-0.7875-6.45] 0.789 [0.4012-1.177] 0.4554
IL-2"CD4 T-cells 0.674 [-0.004646-1.353] 1.219[0.3168-2.121] 0.5237 2.099 [0.03712-4.16] 1.496 [0.6306-2.36] 0.4890
TNF-o" CD4 T-cells 3.068 [1.063-5.073] 3.373 [1.688-5.057] 0.7242 5.836 [0.07525-11.6] 3.334[1.891-4.776] 0.4247
IFN-y" CD8 T-cells 2.282 [0.6636-3.9] 1.101 [0.2655-1.937] 0.1274 4.72 [0.4053-9.035] 2.053 [0.8223-3.284] 0.2581
IL-2" CD8 T-cells 0.222 [-0.02421-0.4682] | 0.3988 [0.0009476-0.7966] | 0.4584 0.9314[0.1728-1.69] 0.603 [0.1736-1.032] 0.2026
TNF-o" CD8 T-cells 4.192 [1.553-6.831] 2.148 [1.044-3.251] 0.1181 7.73 [1.209-14.25] 3.942 [2.501-5.383] 0.1618
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Table S7. Impact of sex on immune cell frequency, T-cell activation and CMV-specific T-cell response. Comparisons were made between
males and females in each group (Mann-Whitney), the values indicate mean of live cells percentage [95% CI]. Assessment was performed
from 16 BCG-naive (5 males, 11 females) and 34 BCG-vaccinated participants (7 males, 27 females). A p value <0.05 was considered
statistically significant. *p<0.05, **p<0.01, ****p<0.0001.
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Chapter — 5 Pilot Investigations and Preliminary

Methodology Development

5.1 Impact of BCG vaccination in mice on MGIA in the presence of TB drugs

5.1.1 Introduction

As described in Chapter 2, historical BCG vaccination in humans was shown to enhance
the ex vivo drug-mediated killing of INH, and this was reflective of previously published
in vivo human observational and animal studies. It was not attainable to access PBMC
from recently BCG immunised participants during this study. Therefore, it was of interest
to see if recent BCG vaccination in mice could enhance the efficacy of INH or RIF.
Moreover, PZA and EMB as additional first-line TB drugs were also tested ex vivo using
splenocyte samples of BCG-vaccinated mice. In this chapter, the impact of BCG-
vaccination on ex vivo drug-mediated killing in mouse splenocytes has been observed and

the related immune mechanisms were also explored by measuring cytokine production.

5.1.2 Materials and Methods

Animal procedure and vaccination

Female C57BI1/6 mice aged between 6-7 weeks were supplied commercially from Charles
River Laboratories, UK. Mice were kept in an individual cage in LSHTM Biological
Service Facility (BSF) supplied with bedding, nesting material and enrichment. A
maximum number of 6 mice per cage was applied. Autoclaved water and food pellets

were provided. Procedures were performed under a personal licence issued by United
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Kingdom Home Office under the Animals (Scientific Procedure) Act and under project
licence number 70/8043. In two separate experiments, 5-6 female C57Bl/6 mice aged 6-
7 weeks were vaccinated with BCG Pasteur Aeras and another 5-6 mice were injected
with saline. Mice were immunised subcutaneously in the skin fold lateral of the abdomen
with 4 x 10° CFU BCG in 100 ul of saline and left for 6 weeks to mount a sufficient

immune response prior to sacrifice.

Splenocytes harvesting from mice

Mice were sacrificed and spleens were dissected aseptically inside a sterile cabinet and
placed in 5 ml of antibiotic-free media (RPMI+10% FBS+L-Glutamine) in 15 ml falcon
tubes. Spleens were poured with the media into a 100 um nylon mesh cell strainer (BD)
in a small petri dish. Spleens were then mashed through the strainer using the plunger
from a 5 ml syringe. Using a Pasteur pipette, cells were transferred to 15 ml Falcon tubes
and were spun at 1500 rpm for 5 minutes. Supernatants were discarded by decanting and
pellets were loosened by tapping the bottom of the tube. Erythrocytes were lysed by
adding 3 ml of RBC lysis buffer (Sigma) for 2 minutes at room temperature. To dilute the
lysis buffer, up to 15 ml of media was added and the cells were pelleted again. Cells were

resuspended in 10 ml of media for counting.

Interferon-y ELISpot

Ex vivo ELISPOT assay was performed to measure IFN-y secretion from mouse
splenocytes. The assay was conducted in a 96-well plate coated with antibody to capture
the production of IFN-y. Mouse splenocytes were resuspended in media to yield the cell

concentration of 0.3 x 10° cells / 100 pl. Coating solution was prepared by adding anti-
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IFN-y antibody to carbonate-bicarbonate buffer (Sigma) to produce a final concentration
of 15 pg/ml. To each well, 50 ul of coating solution was added until the entire surface of
the well was covered. The plate was then incubated overnight at 4 °C on a flat surface.
After incubation, the plate was washed 5 times with sterile PBS (200 ul per well) and
blocked by adding 100 pl of media to each well. The plate was further incubated at 37 °C
for 2-5 hours. Without washing the plate, the blocking solution was flicked out and 100
ul of cell suspension was added to each well. Six wells were set up for each sample, with
a duplicate of wells stimulated with PHA as positive control, a duplicate of wells
stimulated with PPD to measure antigen-specific response, and a duplicate of wells added
with media as negative control. Mabtech kit (Nacka Strand, Sweden) was used and the

rest of the procedure was performed as described in Chapter 3.

Bacterial strain for vaccination and growth inhibition assay

BCG Pasteur Aeras, an early passage Pasteur strain, was used for vaccination as well as
for an immune target of the growth inhibition assay. BCG stocks were prepared and
distributed by Aeras for this project. BCG stocks were kept as aliquots at -70 °C. Each
stock was equivalent to 2 x 108 CFU/ml. Prior to usage, a stock was thawed and kept on
ice before being diluted with appropriate media to a desired concentration. The same BCG

stock was used throughout this project (including data presented in Chapter 2, 3 and 4).

Generation of a standard curve

An experiment had been conducted in our group to correlate the TTP data from the MGIT
to logio CFU of BCG Pasteur Aeras suspension using plate counting (Figure 1). In brief,

BCG stock was serially diluted 7 times (107'-107) in tubes containing 1.08 ml of 7H9
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broth. Duplicate MGIT tubes were set for each dilution and 500 pl of dilution was added
to the respective MGIT tubes. Each dilution was plated on 7H11 agar plates and incubated
for 1.5 - 2 weeks. Colonies were counted and plotted against the TTP values. The same
standard curve was used throughout this project (as has been described in Chapter 2, 3

and 4).

MGIT standard curve

3001
RZ =0.9953
o 200 -37.44 K
a ’,-.
Il: .’/
100 -
..
/.’”
0 .: L] T T L] L] 1
8 7 6 5 4 3 2 1
log10 CFU

Figure 1. Correlation between TTP and logio CFU as MGIT standard curve.

Determination of drug concentrations

Optimum drug concentration was determined based on a dilution in which there was a
decrease in bacterial growth, but sufficient bacterial load to identify synergistic effect of
vaccination in addition to the drugs. Different BCG strains have been shown to possess
different susceptibility towards anti-TB drugs'. In this mouse study we aimed to test four
first-line TB drugs: INH, RIF, PZA and EMB. Previous studies have identified the
minimum inhibitory concentration of INH and RIF towards BCG Pasteur to be 0.1 and

0.063-0.125 pg/ml respectively, with no previous data for PZA and EMB!. Thus, drug
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concentrations of 1; 0.1 and 0.01 pg/ml for all 4 drugs were chosen in this study. The
concentration of 0.01 pg/ml was introduced to identify whether the vaccine will enhance
the drugs effect when used at a lower concentration. For RIF, the concentration of 1 pg/ml
was replaced with 0.5 pg/ml in concordance to a preliminary titration experiment in which
the earlier concentration resulted in very minimum growth that is not detected by the
MGIT system. Drugs were diluted in sterile tissue culture grade water for INH, PZA and

EMB and in DMSO for RIF (final DMSO concentration in cell culture < 0.001%).

Ex vivo MGIA

Day 1: Mouse splenocytes were resuspended in antibiotic-free media (RPMI+10%
FBS+L-Glutamine) to be co-cultured with BCG and TB drugs ex vivo. Control tubes
containing no drugs were also established for each mouse. The co-culture was performed
in 2 ml screw cap tubes placed on a rotator in a CO» controlled incubator. For each tube,
300 ul of mouse splenocytes (5 x 10°) and 300 pl of BCG input (~100 CFU) as well as 6
pl of TB drug dilution (except for control) were added. The tubes were continuously spun
at 37 °C for 4 days. The tubes were labelled with sample ID, date and the added drug

concentration accordingly.

Day 4: After 4 days, the 2 ml tubes were removed from the incubator. MGIT tubes were
supplemented on the day of specimen inoculation. MGIT PANTA (Polymyxin B,
Amphotericin B, Nalidixic Acid, Trimethoprim, Azlocillin) was prepared by pouring 15
ml MGIT OADC (Oleic acid, Albumin, Dextrose and Catalase) supplement into a bottle
of lyophilized MGIT PANTA. To each respective MGIT tube, 0.8 ml of this enrichment
was added. MGIT tubes were labelled to match the 2 ml tubes and then supplemented.

The 2 ml tubes were centrifuged at 12,000 rpm for 10 minutes. The supernatants (500 pl)
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were transferred to other 2 ml tubes and frozen at -80 °C for further analysis. The
remaining cells were then lysed by the addition of 400 pl of sterile tissue culture grade
water and vortexed 3 times in 5 minutes intervals. 500 ul of sample was added to the
respective MGIT tubes. Tubes were placed in the MGIT machine and TTP values were

recorded.

ELISA

MGIA supernatants were analysed to assess cytokine concentrations by ELISA. The
levels of following cytokines were measured: IFN-y, TNF-a, IL-12p40, IL-10, IL-17, IL-
6, GM-CSF and IP-10. The concentrations of IFN-y, IL-12p40 and IL-6 were measured
using BD OptiEIA kits (Becton Dickinson, UK), while TNF-a, GM-CSF and IP-10
DuoSet ELISA kits were obtained from R&D Systems (Abingdon, UK), and IL-10
ELISA MAX Standard and IL-17 ELISA MAX Deluxe kits were sourced from

BioLegend (London, UK). Assays were performed as described by the manufacturers.

Statistical analysis

Statistical analyses were performed in Graphad Prism 7 (GraphPad, La Jolla, CA, USA).
To identify statistical significance of ex vivo growth inhibition (log CFU values) and
ELISA responses, one-way analysis of variance (ANOVA) and students 7-test were used.
Mann-Whitney U Test was performed to identify significant differences of the ELISpot
response between groups. Spearman’s correlation coefficient was used to test for

correlations between growth inhibition and immune responses.
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5.1.3 Results

Measurement of IFN-y ELISpot response and growth inhibition

To assess the impact of BCG vaccination on induction of antigen-specific cells in mice,
the ELISpot assay was performed to measure the production of IFN-y following
stimulation with PPD antigen. BCG vaccination significantly enhanced the production of
PPD antigen-specific IFN-y response in BCG-vaccinated mice compared to the naive
group (p<0.0001, Figure 2A). BCG-vaccinated mice also significantly controlled the

growth of mycobacteria when compared to saline-injected mice (p<0.05, Figure 2B).
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Figure 2. (A) Production of antigen-specific IFN-y response measured with ELISpot.
PPD antigen-specific cells were measured in mice splenocytes from BCG-vaccinated and
naive groups (Mann-Whitney test). Numbers above each group represent median (range).
(B) Ex vivo control of mycobacterial growth between naive and vaccinated mice.
Inhibition of growth was compared using splenocytes from naive (n=11) and vaccinated
mice (n=11, unpaired t-test). Data is displayed as median with IQR. Presented data is

pooled from two experiments.
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Drug titration curve and impact of BCG vaccination on drug-mediated growth inhibition

In addition to INH and RIF as tested in the human study, two additional drugs PZA and
EMB were also tested in the mouse experiment. This was possible due to the large number
of cells obtained from a mouse spleen, double the number that can be obtained from 50
ml of human blood. Due to the lack of previous data regarding the susceptibility of BCG
Pasteur Aeras towards PZA and EMB in the MGIT system, drug concentrations in the

range selected for INH were used.

There was a significant reduction in mycobacterial growth when BCG was co-cultured
with mouse splenocytes at an INH concentration of 0.1 and 1 pg/ml (Figure 3 A and B)
and RIF concentration of 0.1 and 0.5 pg/ml (Figure 4 A and B) in both saline-injected
and BCG-vaccinated mice. No significant reduction of bacterial growth was observed
with 0.01 pg/ml of INH and RIF. The slope of the titration curve was similar to the one
observed in the experiment with human PBMCs as described in Chapter 2, with the curve
of RIF being steeper compared to that of INH. In this explorative experiment with PZA
and EMB, no dose — response relationship was observed in any of the drug concentrations

tested (Figure 5 and 6).
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Figure 3. Growth inhibition in BCG-vaccinated and saline-injected mice, in the
absence and presence of INH. The ability of drug to inhibit mycobacterial growth was
assessed in a titration curve. INH inhibited mycobacterial growth in a dose-dependent
manner in the naive (A) and BCG-vaccinated (B) mice. Data from both groups was
compiled in a dose-response box plots to identify the vaccine effect in the presence of
drug (C). Dots and squares represent individual data point in the titration curves (A and
B) and data is displayed as median with IQR. Each group of is represented in a single box
plot with range in the dose-response analysis (C). Presented data is pooled from two
experiments. Statistical significances were tested using one-way ANOVA (A and B) and
unpaired t-test (C).
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Figure 4. Growth inhibition in BCG-vaccinated and saline-injected mice, in the
absence and presence of RIF. The ability of drug to inhibit mycobacterial growth was
assessed in a titration curve. RIF inhibited mycobacterial growth in a dose-dependent
manner in the naive (A) and BCG-vaccinated (B) mice. Data from both groups was
compiled in a dose-response box plots to identify the vaccine effect in the presence of
drug (C). Dots and squares represent individual data point in the titration curves (A and
B) and data is displayed as median with IQR. Each group of is represented in a single box
plot with range in the dose-response analysis (C). Presented data is pooled from two
experiments. Statistical significances were tested using one-way ANOVA (A and B) and
unpaired t-test (C).

To determine if BCG vaccination could enhance the drug effect, data from each naive and
vaccinated group were plotted in a dose response analysis to observe the vaccine impact
at various drug concentrations. BCG vaccination enhanced the ability of INH to control
mycobacterial growth at the concentration of 1 pg/ml (p<0.05) but the differences did not
reach significance at other drug concentrations (Figure 3C). Meanwhile, BCG vaccination

did not significantly influence control of mycobacterial growth at any RIF concentrations
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tested (Figure 4C). As there was no dose-response relationship observed between PZA
and EMB in the chosen concentrations, no vaccine impact towards PZA and EMB could

be assessed in this experiment (Figure 5C and 6C).
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Figure 5. Growth inhibition in BCG-vaccinated and saline-injected mice, in the
absence and presence of PZA. The ability of drug to inhibit mycobacterial growth was
assessed in a titration curve. Addition of PZA did not result in dose-dependent inhibition
of mycobacterial growth in both naive (A) and BCG-vaccinated (B) groups, as also shown
in the dose-response analysis (C). Dots and squares represent individual data point in the
titration curves (A and B) and data is displayed as median with IQR. Each group of is
represented in a single box plot with range in the dose-response analysis (C). Statistical
significances were tested using one-way ANOVA (A and B) and unpaired t-test (C).
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Figure 6. Growth inhibition in BCG-vaccinated and saline-injected mice, in the
absence and presence of EMB. The ability of drug to inhibit mycobacterial growth was
assessed in a titration curve. Addition of EMB did not result in dose-dependent inhibition
of mycobacterial growth in both naive (A) and BCG-vaccinated (B) groups, as also shown
in the dose-response analysis (C). Dots and squares represent individual data point in the
titration curves (A and B) and data is displayed as median with IQR. Each group of is
represented in a single box plot with range in the dose-response analysis (C). Statistical
significances were tested using one-way ANOVA (A and B) and unpaired t-test (C).

Cytokine production associated with ex vivo growth inhibition

ELISA assays were performed using the MGIA supernatant to investigate cytokine
production which may be associated with ex vivo growth inhibition at all drug
concentrations (INH and RIF). There was significantly higher IP-10 and TNF-a

production at INH concentration of 0.1 and 0.01 pg/ml, respectively (p<0.05, Figure 7),
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but this did not correspond with enhanced growth inhibition, which was observed at 1
pg/ml INH (Figure 3). There were also non-significant trends for higher production of IL-
6 in the BCG-vaccinated group compared to the vaccine-naive group when splenocytes
were co-cultured with INH (Figure 7), which was not observed in humans. With RIF, we
did not see any significantly enhanced cytokine production in the presence of drug (Figure
8), which could be due to the lack of impact of BCG towards ex vivo drug killing of RIF
in this experiment (Figure 4). Interestingly, in the absence of drug, there was a trend of
correlation between higher IL-10 production and higher growth of mycobacteria (p=0.09,
Figure 9A), as has been demonstrated in humans. We did not observe robust IFN-y
production in mice in the presence and absence of drugs (Figure 8 and 9), which was in
contrast to humans. At an INH concentration of 1 pg/ml, there was a significant
correlation between higher production of IL-6 and lower growth of mycobacteria
(Spearman r = -0.59, p=0.0059, Figure 9B). Notably, this was also where we observed a

significant difference in the MGIA assay with mouse splenocytes.
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Figure 7. Cytokine responses from co-culture with INH. MGIA supernatants were
analysed for the released cytokines IP-10, IFN-y, IL-10, GM-CSF, TNF-a, IL-6, IL-12
and IL-17. Comparison of responses between BCG-vaccinated and BCG-naive groups at
different drug concentrations were performed using unpaired #-test. A p value <0.05 is
considered statistically significant. Data is displayed as median with IQR.
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Figure 8. Cytokine responses from co-culture with RIF. MGIA supernatants were
analysed for the released cytokines IP-10, IFN-y, IL-10, GM-CSF, TNF-a, IL-6, IL-12
and IL-17. Comparison of responses between BCG-vaccinated and BCG-naive groups at
different drug concentrations were performed using unpaired #-test. A p value <0.05 is
considered statistically significant. Data is displayed as median with IQR.

235



Total Log CFU

Naive (11)
W Vaccinated (11)

A MGIA vs ELISAIL-10 B MGIA vs ELISA IL-6

INH 1 ug/mi
31 0
2+ - o
(&)
" o/ e
|
1 3
. =
r0.40 r-0.59
p=0.09 **p=0.0059
| ] *Spearman Correlation c
0 ™ T T T 1 o T T 1
0 100 200 300 400 500 0 50 100 150
Concentration (pg/ml) Concentration (pg/ml)

Figure 9. Correlation between cytokine productions and growth inhibition. The
production of IL-10 was associated with higher growth of mycobacteria in the absence of
drug (A) and the production of IL-6 was associated with lower mycobacterial growth at
INH concentration 1 pg/ml (B). Correlations between cytokine production and
mycobacterial growth were assessed using Spearman’s correlation. Dots and squares
represent individual data points.

5.1.4 Discussion

In the present study, a higher IFN-y response was observed in the BCG-vaccinated mice
compared to naive mice. BCG-vaccinated mice also demonstrated improved capacity to
control the growth of mycobacteria ex vivo. The magnitude of difference between
vaccinated and naive groups was higher in mice (~0.6 log) compared to historically BCG-
vaccinated humans, as described in Chapter 2 and 4. These results further supported our
findings from the human study, as BCG vaccination given at a determined time point in
mice (6 weeks prior to sacrifice) resulted in a similar enhanced killing with INH ex vivo,
but no notable effect on RIF. Our results were also consistent with an earlier murine study
by Marsay et al?, which found enhanced ex vivo growth inhibition using mouse
splenocytes following BCG vaccination in mice in the absence of drug. In our study, the

magnitude of mycobacterial growth difference was higher (0.6 log) compared to the
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Marsay study (0.2 log), as we adopted an optimised protocol based on the study of Zelmer
et al.’. The study by Marsay ef al. and Zelmer et al. also showed that the ex vivo growth
inhibition using BCG as immune target was correlated with an in vivo challenge
experiment in mice using Mtb Erdman?3. Moreover, the study by Marsay et al. also
demonstrated the protective effect of IFN-y towards ex vivo mycobacterial growth using
gene expression analysis?, similar to our finding using the ELISpot assay as well as

Zelmer et al. using the IFN-y knockout mice?.

This study, using spleen cells from BCG immunised mice, was performed in year one of
my PhD. The objective was to refine my laboratory techniques including the
microbiological and immunological assays required for this project and to ensure that the
author was proficient in all assays before handling samples from my human BCG cohort.
In addition, these experiments, although not conclusive, gave the author sufficient
confidence in the approach to proceed with analysis of human samples. Murine cell
viability was lower and the standard deviation within groups was significantly higher than
what can now be achieved with this assay using murine cells. As viability was low and
standard deviation was high, data from these experiments must be interpreted with

prudence.

In this study, cell viability from mouse splenocytes was relatively lower as the assay was
performed in rotating tubes rather than culture plates. It was later identified that
optimising assay conditions, including the use of culture plates instead of tubes, could
substantially increase viability of splenocytes (viability increase from 21% to 46% at day
4 of culture)*. This impacted our ability to observe significant growth inhibition and to
observe secretion of cytokine from splenocytes, as they are less robust than PBMC. The

author has since optimised the procedures to better preserve cell viability, including by
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the use of culture plates rather than rotating tubes in the 4 day MGIA culture, as was
performed in Chapter 3. Nevertheless, this study was the first to assess the impact of
recent BCG vaccination in mice towards ex vivo killing of first-line tuberculosis drugs
using the MGIA assay. It was found that BCG enhanced the capacity of INH to control
mycobacterial growth ex vivo at the concentration of 1 pg/ml, and this gave confidence
to proceed with our experiments using human PBMC. We did not find an impact of BCG
on RIF effect in mice, as RIF is the most active drug in the regimen and significantly
decrease the bacterial growth in the MGIA system’, therefore no additional impact of

BCG was observed on top of RIF.

With regard to PZA, we did not observe a drug effect using the ex vivo assay as BCG
Pasteur is known to be resistant towards this drug. This result was consistent with the
literature as most of the vaccine strains of Mycobacterium bovis BCG are resistant
towards PZA!. In the case of EMB, a higher dose is required in future studies as BCG
Pasteur maybe sensitive towards EMB if a higher concentration is used. Some BCG
vaccine strains are shown to be sensitive to 5 ug/ml of EMB!. Alternatively, it may be
preferable to use Mrb when assessing growth inhibition in the presence of TB drugs in
the future. This data was important in guiding our choice of INH and RIF only for the
human study. Our preliminary data also suggest that the assay can be implemented in a
murine model using splenocytes samples to assess vaccine impact on drug-mediated

killing of mycobacteria.

Data from our mouse experiment suggested that BCG vaccination may enhance the
killing effect of INH. A similar phenomenon has been observed by Dhillon and
Mitchison, in which BCG vaccination was shown to enhance the effect of INH and RIF

in guinea-pig®. More recently, Shang et al. also showed that BCG vaccination improved
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the effectiveness of combined therapy in prolonging survival following in vivo infection
with Mtb’. In the latter study, administration of BCG in adjunct to therapy was superior
compared to therapy alone. The combined therapy consisted of INH, RIF and PZA but
the author did not assess the impact of BCG towards individual drugs. The MGIA assay
could provide an advantage in this regard, as the ex vivo nature of the assay makes it
flexible to test various conditions of different drugs and vaccine combinations, hence

allowing an easier assessment of vaccine effect at an individual drug level.

Furthermore, the ex vivo MGIA assay could also help in identifying immune mechanisms
of vaccine-induced growth inhibition. The protective effect of IFN-y (ELIspot) and
negative effect of IL-10 were also demonstrated following BCG vaccination using the
murine assay. When measuring the MGIA supernatant for cytokine production using
ELISA, we noticed that the secretions of certain cytokines such as IFN-y and GM-CSF
were less robust in mice compared to humans. As elaborated above, this may be due to
the fact that after 4 days of culture, mouse splenocytes are less viable compared to human
PBMCs*. Indeed, the author explored this and did find lower assay variability when using
plates for splenocyte cell culture. Another possible explanation would be the different
kinetics between cytokines over 4 days of culture i.e. some cytokine responses might peak
at day 2 or 3 instead of day 4, and this has been observed by Tanner et al. using human
PBMCs®. In order to allow periodic cytokine assessment without disturbing the ex vivo
assay system, only a small amount of supernatant is allowed to be obtained in between
the 4 days culture and this would be possible using a highly-sensitive Multiplex assay
(Luminex) for cytokine measurement. For this project, cytokine assessment could only
be performed with ELISA which requires a large amount of supernatant and this can only

be collected at day 4.
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Interestingly, the data showed trends of higher IL-6 production in the BCG-vaccinated
mice at day 4 and this correlates with enhanced mycobacterial growth inhibition in the
presence of 1 pg/ml INH. IL-6 is a cytokine which has been previously associated with
trained innate immunity®!? and this observation in murine study is consistent with our
notion in the human studies discussed in the previous chapters. Unfortunately, it was not
possible to perform immune cell phenotyping with flow cytometry in this murine study
as the cells were not of sufficient viability, thus the cells which produce these cytokines
measured in the MGIA supernatant remain elusive. Nevertheless, this experiment has
demonstrated that the murine MGIA assay could be used to assess vaccine-mediated
killing of mycobacteria ex vivo in the presence of TB drugs. Our study described in this
section acts as a proof-of-principle that the MGIA assay can be used to screen different

vaccine and drug combinations in the mouse model.

5.2 Impact of RUTI vaccination in mice on MGIA in the presence of INH and RIF

5.2.1 Introduction

RUTTI is a leading therapeutic TB vaccine candidate which has been studied in various
animal models and in several clinical trials'!. In mice, the vaccine has been previously
shown to augment the efficacy of INH and RIF treatment following TB infection in
vivo'>!13. This study sought to investigate whether this finding could be recapitulated
using the ex vivo MGIA assay. The impact of RUTI vaccination on ex vivo mycobacterial
growth control in the absence of drug has been elaborated in Chapter 3. In this chapter, it
was found that RUTI vaccination also enhanced the ex vivo killing of INH and RIF using

mouse splenocyte samples, although the effect appears to be dependent on the age of the
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vaccinated mice. Again, this experiment was performed at an early stage in my PhD to
determine if it was possible to detect growth inhibition with a vaccine other than BCG.
The assay was performed in rotating tubes so cell viability was low and the standard
deviation within the group was high and data should be interpreted with care.
Nevertheless, our data suggested that the MGIA could be further developed as a screening
tool for therapeutic TB vaccine candidates using mouse splenocytes samples. The
developers of the RUTI vaccine were sufficiently interested in this data to allow us to

proceed with further experiments with RUTI as reported in Chapter 3 before.

5.2.2 Materials and Methods

Animal procedure and vaccination

In the first experiment, female C57Bl/6 mice aged between 6-7 weeks supplied
commercially from Charles River Laboratories (UK) were used. Twenty mice were
divided into four groups (five mice per group, Figure 10). Mice in two treatment groups
were injected subcutaneously with 204 pg of RUTI vaccine twice in a three-week interval
(week 0 and week 3). Two different batches of RUTI (A12 and A14) were tested. Mice
in another treatment group were injected with 4 x 10> CFU BCG at week 0 and saline at
week 3. The last group of mice were injected with saline at weeks 0 and 3. All mice in

this experiment were sacrificed six weeks after commencing the study.
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Figure 10. Experiment design of first RUTI experiment. Two different batches of
RUTT vaccine were tested (A12 and A14).

For the second experiment, female C57Bl/6 mice aged between 13-14 weeks (Charles
River, UK) were used. Eighteen mice were divided into three groups (six mice per group,
Figure 11). Mice in the RUTI-treated group were injected subcutaneously with 204 pg of
RUTI A14 twice in a three-week interval (week 0 and week 3). Mice in the BCG-treated
group were injected with 4 x 10° CFU BCG at week 0 and saline at week 3. The mice in
the control group were injected with saline at weeks 0 and 3. All mice in this experiment

were also sacrificed six weeks after commencing the study.
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Figure 11. Experiment design of second RUTI experiment. RUTI vaccine (batch A14)
was tested in comparison to BCG.

Splenocytes harvesting, ex vivo growth inhibition assay and statistical analysis

Upon mice sacrificed in both experiments, the subsequent procedures were conducted as
described in section 5.1.2. Spleens were processed to obtain single cell suspensions and
5x10° splenocytes were used as the cellular input for the ex vivo MGIA assay. BCG
Pasteur Aeras (~100 CFU) was used as the immune target, and INH was added in the
following concentrations 0.01, 0.1 or 1 pg/ml. For RIF, the tested concentration was 0.01,
0.1, 0.25 or 0.5 pg/ml. Statistical analysis was performed in Graphad Prism 7. To identify
statistical significance of ex vivo growth inhibition (log CFU values), students #-test were

used and a p value <0.05 was considered significant.
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5.2.3 Results

Impact of RUTI vaccination on mycobacterial growth inhibition in the absence of drug

In the first experiment, vaccination with RUTI reduced the growth of mycobacteria ex
vivo compared to the saline-injected mice (p<0.01 and p=0.06 for RUTI batch A12 and
Al4 respectively, Figure 12A). An enhanced growth inhibition appeared to be also
observed with BCG, although it did not reach significance. The reduction of
mycobacterial growth conferred by RUTI was superior compared to BCG. There was no
statistically significant difference of growth inhibition between two RUTI batches tested

(p>0.1, Figure 12A).

Mycobacterial growth inhibition following RUTI vaccination was also compared in the
second experiment. Vaccination with RUTI significantly reduced the growth of
mycobacteria ex vivo compared to the saline-injected mice (p<0.005, Figure 12B). A
similar non-significant reduction of growth was also observed with BCG. The growth
reduction in the RUTI-vaccinated group was superior compared to the BCG (p<0.005,
Figure 12B). The magnitude of difference was lesser for both RUTI and BCG in the

second experiment, in which older mice were used.
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Figure 12. Ex vivo control of mycobacterial growth between RUTI-vaccinated
groups in the absence of drug. In the first experiment, two different batches of RUTI
vaccine were tested (A). In the second experiment, older mice were used and only RUTI
batch A14 was tested (B). Significant difference between treatment groups was observed
(p<0.05, one-way ANOVA). Unpaired t-test was used for pairwise comparison and p
value <0.05 was considered statistically significant. Each symbols represents individual
data point. Data is displayed as median with IQR.

Impact of RUTI vaccination on drug-mediated growth inhibition (first experiment)

A dose-dependent decrease of bacterial load was observed in the ex vivo system at the
INH concentration of 0.1 and 1 pg/ml, but not at 0.01 pg/ml (Figure 13A). This was
consistent with the previously known MIC of INH towards BCG Pasteur. In the presence
of drugs, there was a significant reduction of bacterial growth when RUTI-vaccinated
splenocytes were co-cultured with all concentration of INH compared to saline-injected
naive control (p<0.05, Figure 13 B-D). Difference in RUTI batches tested (A12 and A14)
did not result in a significant difference in the ability of mycobacterial growth control in
the presence of INH (p>0.1). BCG vaccination provided a similar beneficial effect in the
presence of INH compared to RUTI, although the magnitude of difference was lower and

did not reach significance in this experiment with only 5 mice per group.
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A similar dose-dependent decrease of bacterial load with RIF was observed, and the curve

was steeper compared to INH (Figure 14A). This was also consistent with the previously

known MIC of RIF towards BCG Pasteur. In the presence of drugs, there were significant

reductions of bacterial growth when RUTI-vaccinated splenocytes were co-cultured with

all concentrations of RIF compared to control (p<0.05, Figure 14 B-D). Vaccination with

RUTI A14 displayed a similar trend with RUTI A12, although at the RIF concentration

0.01 pg/ml RUTI A14 was less able to control mycobacterial growth ex vivo compared

to RUTI A12 (p<0.05, Figure 14B).
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Figure 13. Ex vivo control of mycobacterial growth following RUTI vaccination in
the presence of INH. Vaccine effects were assessed in a dose-response curve (A).
Differences between drug concentrations were described in separate graphs, with INH
0.01 pg/ ml (B), INH 0.1 pg/ ml (C) and INH 1 pg/ ml (D), respectively. Refer to Figure
12A for similar graph in the absence of drugs. Each symbols represents individual data
point in the graphs (B-D) and each group of data in a same condition is represented in a
single symbol in the dose-response curve (A). Data is displayed as median with IQR.
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Figure 14. Ex vivo control mycobacterial growth following RUTI vaccination in the
presence of RIF. Vaccine effects were assessed in a dose-response curve (A).
Differences between drug concentrations were described in separate graphs, with RIF
0.01 pg/ ml (B), RIF 0.1 pg/ ml (C) and RIF 0.5 pg/ ml (D), respectively. Refer to Figure
12A for similar graph in the absence of drugs. Each symbols represents individual data
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point in the graphs (B-D) and each group of data in a same condition is represented in a
single symbol in the dose-response curve (A). Data is displayed as median with IQR.

Impact of RUTI vaccination on drug-mediated growth inhibition (second experiment)

In this repeat experiment, older mice were used due to a technical consideration. A dose-
dependent decrease of bacterial load was observed in the presence of INH (Figure 15A).
There was a significant reduction of bacterial growth when RUTI-vaccinated splenocytes
were co-cultured with INH concentration 0.01 pg/ml compared to saline-injected naive
control (p<0.001, Figure 15B). In this experiment, we observed different trends of growth
inhibition at higher INH concentrations compared to the previous experiment, despite the
similar mycobacterial input and other experiment conditions. At INH concentration 0.1
pg/ml, the RUTI effect appeared to diminish compared to control (Figure 15C), while a
reversed effect of increased mycobacterial growth was observed at the highest INH
concentration (p<0.05, Figure 15D). BCG vaccination provided trends of beneficial
effect towards increased control of mycobacteria growth in the presence of INH, being

significant at the concentration of 1 pg/ml (p<0.005, Figure 15D).
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Figure 15. Ex vivo control of mycobacterial growth following RUTI vaccination in
the presence of INH. Vaccine effects were assessed in a dose-response curve (A).
Differences between drug concentrations were described in separate graphs, with INH
0.01 pg/ml (B), INH 0.1 pg/ml (C) and INH 1 pg/ml (D), respectively. Refer to Figure
12B for a similar graph in the absence of drugs. Each symbols represents individual data
point in the graphs (B-D) and each group of data in a same condition is represented in a
single symbol in the dose-response curve (A). Data is displayed as median with IQR.

In the presence of RIF, a dose-dependent decrease of bacterial load was also observed
(Figure 16A). There was a significant reduction of bacterial growth when RUTI-
vaccinated splenocytes were co-cultured with RIF concentration of 0.01 pg/ml compared
to control (p<0.001, Figure 16B). We also observed different trends of growth inhibition
at higher RIF concentrations compared to our first experiment. At RIF concentration of

0.1 pg/ml, the RUTI effect appeared to diminish (Figure 16C), while a reversed effect of
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increased mycobacterial growth was also observed at the highest RIF concentration

(p<0.05, Figure 16D). BCG vaccination did not provide statistically significant impact

towards control of mycobacteria growth in the presence of RIF (Figure 16).
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Figure 16. Ex vivo control mycobacterial growth following RUTI vaccination in the
presence of RIF. Vaccine effects were assessed in a dose-response curve (A).
Differences between drug concentrations were described in separate graphs, with RIF
0.01 pg/ml (B), RIF 0.1 pg/ml (C) and RIF 0.25 pg/ml (D), respectively. Refer to Figure
12B for a similar graph in the absence of drugs. Each symbols represents individual data
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single symbol in the dose-response curve (A). Data is displayed as median with IQR.
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5.2.4 Discussion

Vaccination with RUTI resulted in enhanced control of mycobacterial growth ex vivo
compared to both naive and BCG-vaccinated mice in the absence of drug. This
observation replicates findings from the in vivo challenge experiment with RUTI, in
which the vaccine was given in untreated infected mice and was shown to reduce bacillary
load in both lung and spleen'®. The impact of RUTI on mycobacterial growth control was
better than BCG in the ex vivo mouse study, while in the in vivo challenge experiment,
BCG appeared to provide a slightly better protection than the candidate vaccine'*. This
might be due to the fact that in the in vivo study, RUTI was given in infected mice. In the
context of the MGIA assay, the vaccine was given in healthy mice to be challenged with
mycobacteria ex vivo. Giving RUTI in healthy mice might help the identification of
essential immune mechanisms prior to its administration in infected mice. This has been
demonstrated in Chapter 3 of this thesis, in which such an approach has unraveled a
valuable immune mechanism which was not identified before during in vivo testing in
infected mice. When tested in a survival study in guinea pigs, both RUTI and BCG
improved survival in M¢b infected animal up to 50 weeks, in which 60-80% of the
vaccinated animals survived, while only less than 20% of the unvaccinated animals
survived at week 50'“. In the ex vivo MGIA experiment, there was mostly no significant

difference between the two RUTI batches tested.

In the presence of drugs, RUTI vaccination in C57Bl/6 mice aged 6-7 weeks resulted in
enhanced capacity of INH and RIF to control mycobacterial growth ex vivo at all tested
drug concentrations. The benefit of RUTI vaccination when administered after
chemotherapy in vivo in Mtb-infected C57Bl/6 mice aged 6-7 weeks have been

demonstrated previously, in which the vaccine reduced bacillary load in lung and spleen
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further than what was conferred by the chemotherapy alone!>!3. However, when the
impact of RUTI was tested in the presence of drugs ex vivo in older mice (strain C57B1/6
aged 13-14 weeks), we saw different observations at higher drug concentrations, in which
vaccination with RUTI resulted in a reversed effect in promoting mycobacterial growth
at the highest INH and RIF concentrations. Given the very similar conditions of these two
experiments, except the mouse age, it was speculated that the reverse effect in the latter
experiment could be due to a reduced capacity of the older mice to mount sufficient
immunity against mycobacterial infection. This was also supported by the fact that the
magnitude of mycobacterial growth reduction in the absence of drug was lower in the
older mice. Alternatively, as this experiment was performed at an early stage in my PhD,
while the author was still optimising the techniques, it is probable that low cell viability
confounded results and led to higher standard deviation within the groups and between
experiments and this data should therefore be interpreted with discretion. Several in vivo
studies have demonstrated the impaired capacity of older mice to develop effective
immune responses against TB!>-!7, and in future experiments it would be important to

explore if this impact of mouse age on MGIA was real.

Nevertheless, it was encouraging to observe in this study that the MGIA assay was able
to assess the effects of a therapeutic vaccine towards ex vivo mycobacterial growth control
and this supported our further studies with the RUTI vaccine. With BCG, we have
demonstrated consistent results of the ex vivo assay using mouse and human samples.
Implementation of the ex vivo assay using PBMCs from participants vaccinated with
investigational vaccine candidates in clinical trials could be pursued to assess the
association with clinical protection during treatment. The RUTI clinical trial in MDR-TB

patients receiving chemotherapy which is currently ongoing (NCT02711735) would
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provide an opportunity for this purpose. In summary, the MGIA assay has been shown to
able to assess a therapeutic effect on mycobacterial growth control and may be useful for
the screening of immune therapeutic compounds in both a pre-clinical and clinical

samples.

5.3 Optimisation of the murine and human MGIA assays
5.3.1 Introduction

Several optimisations attempts were performed during the course of this project with the
murine MGIA utilising splenocyte samples and the PBMC-based human MGIA. The
main purposes of the optimisation efforts are to minimise variability and maximise the
discriminant ability of the MGIA assays. Optimisation measures included determination
of optimum cell number and bacterial input to be used in the assay. Identification of
optimum bacterial input is crucial as too high bacterial input can overwhelm the vaccine
effect'8. Moreover, the impact of different culture method (rotating tubes vs 48-well plate)

as well as culture medium (for human PBMC) were also investigated.

5.3.2 Materials and Methods

Initially, the murine MGIA assay as described in section 5.1.2 was performed with the
following varying conditions: different bacterial inputs were chosen that represented the
TTP value of 7.5 or 8.5 days using the standard curve (equal to approximately 500 CFU
or 100 CFU, respectively). Moreover, different cellular numbers of splenocytes to be used

as an input for the ex vivo MGIA assay were also investigated (1, 3 or 5 million,
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respectively). Subsequently, a head-to-head comparison between culture method in
rotating tubes or 48-well plate was performed in the RUTI time course study, leading to
an optimised protocol as described in Chapter 3. Similar optimisation efforts were also
performed for human PBMC, with the following varying conditions: cellular input 1
million vs 3 million and culture medium containing 10% FBS vs 10% pooled human AB
serum. Furthermore, a comparison between cultures in rotating tubes and 48-well plate
was also performed for PBMC. This has led to an optimised protocol as described in

Chapter 2 and 4.

5.3.3 Results and Discussion

With regard to mycobacterial input, the CFU input equivalent to TTP 8.5 days was shown
to be superior in distinguishing mycobacterial growth control between naive and
vaccinated mice groups (Figure 17). Subsequent comparison had also been performed in
this project to identify optimum cellular input, with higher cellular concentration resulting
in less variability and better differences between the two groups (Figure 18). This study
further showed a better magnitude of difference between naive and vaccinated group with
less variability when the culture was performed in 48-well plate instead of rotating tubes
for mouse splenocytes (Figure 19). These findings have led us to implement the following
optimised conditions for the murine MGIA utilising mouse splenocytes: culture
performed in a 48-well plate, with cellular input 5 million splenocytes and BCG target

TTP 8.5 days (~ 100 CFU), as described in Chapter 3.
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Figure 19. Comparison of different culture method in rotating tubes (A) or 48-well
plate (B) to identify optimum condition for investigation of vaccine effect in mice.
The box plots show the minimum and maximum values (ends of the whiskers), the median
(band near the middle of the box) and interquartile ranges.

For the human PBMC-based MGIA, an INH titration experiment was initially performed

in different experiment conditions to better identify the impact of vaccine on top of the

drug. When two different culture media were compared, it was found there was less

256



growth of mycobacteria during PBMC co-culture with media containing 10% FBS
compared to 10% pooled human AB serum, and this effect was more notable when 1
million cellular PBMC input was used (Figure 20A). With 3 million cellular input, less
variability within group was observed and the effect of FBS on reducing mycobacterial
growth was also less notable (Figure 20B). The use of pooled human AB serum is
considered to represent a more natural environment for human PBMC compared to FBS?.
It was found that a higher growth of mycobacteria with BCG input TTP 7.5 days (Figure
21) and the author decided to use input TTP 8.5 days in order not to overwhelm the
vaccine effect. In contrast to our finding with mouse splenocytes, a better magnitude of
difference between naive and vaccinated groups was observed when PBMC was cultured
in rotating tubes instead of 48-well plate (Figure 22). These findings have led the author
to implement the following optimised conditions for the PBMC-based MGIA: culture
performed in rotating tubes, with cellular input 3 million PBMC and BCG target TTP 8.5

days (~ 100 CFU), as described in Chapter 2 and Chapter 4.
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Chapter — 6 General Discussion and Conclusion

6.1 Overall Discussion and Key Findings

A major problem in tuberculosis control is the long duration of drug treatment, both in
the context of active and latent TB!. Moreover, the effectiveness of current treatment is
challenged by drug-resistant TB, which although only contributes to a lesser proportion
of cases compared to drug-sensitive TB, is difficult to cure and requires prolonged and

more expensive treatment?3

. Therapeutic vaccination as an approach has been proposed
to enhance efficacy and reduce duration of treatment, and several candidates have been
developed and are currently progressing through the TB vaccine pipeline*. The lack of
correlates of protection has hampered the development of novel TB vaccines, as it will
take at least a decade from discovery before the efficacy of a vaccine can be demonstrated
in advanced phase 3 clinical trials®>. Moreover, there is currently inadequate funding for
TB vaccine research as well as limited field trial sites with sufficient capacity to conduct
robust TB vaccine trials®. Therefore, vaccine candidates need to be screened at an early

stage in order to narrow down which candidates should be prioritised for more advanced

animal studies and clinical trials.

The MGIA as a functional assay has been developed to directly measure the ability of
heterogeneous populations of host lymphocytes and other immune cells to inhibit the
growth of mycobacteria ex vivo. The use of a validated and robust surrogate of vaccine-
induced protection could reduce the number or even replace the need of animal challenge
experiments and accelerate vaccine development by potentially shortening clinical trials.

The growth inhibition assay could be used to gain insight into the immune pathways
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essential for the control of mycobacterial growth. This could help provide a better
understanding of the TB immune control, as well as directing future design of more

effective vaccines.

In the present PhD project described in this thesis, an optimised human PBMC-based
MGIA as well as murine MGIA using splenocyte samples were implemented to
investigate the potential of MGIA as a tool for screening therapeutic TB vaccines. The
first objective of this thesis was to establish a human cohort of healthy, previously BCG
immunised and BCG naive individuals in order to assess the impact of historical BCG
vaccination on mycobacterial growth inhibition in the absence and presence of drugs.
During the course of this project, a total 100 participants was enrolled, of which samples
from 50 participants were used to investigate the impact of BCG vaccination on two major
first-line TB drugs (INH and RIF), as discussed in Chapter 2. In this chapter, historical
BCG vaccination was shown to enhance the ability of INH (but not RIF) to inhibit the
growth of mycobacteria ex vivo. This finding reflects human epidemiological data and
published animal studies, and therefore demonstrates the capacity of the MGIA as a
potential screening tool for therapeutic TB vaccines. Importantly, the presence of drugs
did not interfere with our ability to measure immune mediated mycobacterial growth
inhibition. In addition, potential immune mechanisms were also identified. With regard
to the combined effect between BCG vaccination and INH, increased IFN-y and IP-10 in
the MGIA supernatants were observed in participants with superior growth control.
Interestingly, the source of IFN-y did not appear to be from CD4 or CD8 T-cells, but
rather from NK cells. This is consistent with emerging evidences from clinical studies

denoting the essential protective role of NK cells in TB infection and vaccination’.
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The role of NK cells was further characterised in Chapter 4, in which growth inhibition
was assessed in the absence of drug with the cohort of 100 participants. Enhanced ex vivo
mycobacterial growth control was attributed to the cytokine-producing NK cells, and an
association was also observed between the production of perforin in MGIA supernatants
and inhibition of growth. NK cells have lately been discovered to be able to act in a
memory-like manner®, which could be under the direction of T-cells (Figure 23). In
addition, NK cells are a component of the innate system in which the trained immunity

phenomenon has been observed!®.

Furthermore, several other immune cell phenotypes and cytokines were demonstrated to
be correlated with mycobacterial growth control, such as activated T-cells, monocyte
frequency and IL-10 production. CMV-specific responses were associated with T-cell
activation and these were associated with increased mycobacterial growth ex vivo in our
cohort. These findings have emphasised the value of the MGIA as a summative measure
of host immune responses which could serve as a better correlate of protection (Figure
23), rather than just measuring one cytokine such as IFN-y. Intriguingly, we found that
BCG-vaccinated females responded better than males when assessed using the ex vivo
MGIA assay in the cohort of 100 participants. This is the first time such a large cohort
has been examined using MGIA with sufficient statistical power to assess the impact of
sex. As globally, males are more affected by TB when compared to females and immune
differences are thought to play a role, our findings suggest that females might be better
protected from BCG vaccination. Further in this regard, investigating individual-level
factors affecting mycobacterial-specific immune responses could help vaccine developers
to understand what may influence their ability to observe a vaccine effect when testing

candidates in clinical trials.
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Figure 23. Illustration of the contribution of immune cells from various
compartments on the ex vivo mycobacterial growth inhibition assay system (adapted
with modification from'").

Our finding in historically BCG-vaccinated humans is also supported by the mouse
model, in which recent BCG vaccination is shown to enhance the ex vivo efficacy of INH,
as discussed in Chapter 5. In this context, the murine MGIA assay could be implemented
as well to screen therapeutic TB vaccine candidates in pre-clinical testing stage. In the
same chapter, the impact of RUTI in enhancing the ex vivo efficacy of INH and RIF has
also been demonstrated in one of the experiments, although we could not fully replicate
this result in a repeat experiment. Regardless of this issue, we observed a consistent
impact of RUTI vaccine in both experiments in the absence of drug and decided to

proceed with further experiments using an optimised protocol (culture performed in 48-
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well plate instead of rotating tubes for mouse splenocytes). In Chapter 3, a time course
experiment was performed to characterise the kinetic of the immune response to RUTTI in
the murine MGIA assay in the absence of drug. A peak vaccine response measured by
growth inhibition was observed at week 6 after two doses of RUTI. Compellingly, the
results also showed a shift of monocyte phenotype in the spleen in this experiment and

such shift concurred with the peak response of RUTTI in the MGIA assay.

In this study, RUTI vaccination was shown to induce nonclassical Ly6C- monocytes in
the spleen of healthy mice, characterised using flow cytometry and further confirmed
using qPCR. Most evidence in the literature propose the role of Ly6C monocytes as anti-
inflammatory and the fact that their increase is associated with enhanced ex vivo growth
control has further supported the importance of a balanced immune response in the
context of mycobacterial containment'2. On the other hand, the finding by Joosten et al.'3
regarding the role of nonclassical monocytes in trained innate immunity should also be
taken into consideration when interpreting the RUTI data as this might represent a novel
mechanism of action by the vaccine. Altogether, the present investigations in humans and
mice using the ex vivo MGIA assays have demonstrated its benefit in identifying immune

mechanisms following immunisation with TB vaccines.

6.2 Strengths and Limitations of the Research Presented

During the course of this PhD project, 100 healthy adult volunteers were enrolled and this
sample size gives sufficient statistical power to assess the impact of historical BCG
vaccination and sex on mycobacterial growth inhibition. Moreover, this study was

conducted in the UK, enrolling mostly UK BCG-vaccinated participants, where BCG is
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known to provide a high level of protection. With this study characteristic, we were able
to demonstrate the impact of individual-level factors on ex vivo mycobacterial growth
inhibition. Our study is also the first to demonstrate the impact of vaccination on top of
drug treatment using the ex vivo MGIA assay and this serves as an important proof-of-
principle to implement the MGIA as a screening tool for therapeutic TB vaccines. With
regard to the mouse study, the author was privileged to be able to test the RUTI vaccine

in my project as a promising therapeutic TB vaccine candidate.

For this project, the LSHTM blood donation system for research purposes was utilised,
in which only 50 ml of blood could be taken from each participant in accordance to the
ethical permission given to this study. With the amount of PBMCs isolated from the
restricted volume of blood, this study can only test two major first-line TB drugs with
several different concentrations as well as without drug. Stored PBMC samples from
participants of this study have all been used for early optimisation work, MGIA, ELISpot
and cell surface as well as ICS flow cytometry. In addition, there was also a budget
consideration which could only allow us to perform the MGIA assay with drugs in 50
participants. For this project, cytokine production can only be measured from the MGIA
supernatant by ELISA, in which a large volume of sample is required and this can only
be done at day 4 in order not to disturb the MGIA culture system. Moreover, the MGIA
system is very sensitive to contamination and requires intensive training in order to master
the technique. In addition, some of the results presented in this study were only reaching
non-significant trends, albeit close to statistical significance. In future studies,
significance may be achieved with larger sample size or further optimised assay with less

variability.
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In relation to the murine MGIA assay, it was found that cell viability was a notable issue
as mouse splenocytes are less robust compared to human PBMCs during the 4 day culture.
This issue has been addressed in this study, by switching culture conditions in 48-well
plates instead of rotating tubes, where we subsequently observed more consistent results
with less variability in the optimised conditions. Finally, in the future it would be
important to compare the control of Mth growth alongside the control of BCG growth.
We could not do that in this study as we wished to process a large number of samples
with a wide range of immune assays and did not have the ability to perform many of these

immune assays in the BSL3 laboratory.

6.3 Conclusion

In conclusion, this thesis has demonstrated that immunisation with therapeutic
tuberculosis vaccines can enhance the ability of immune cells to control the growth of
mycobacteria, in the absence and in the presence of TB drugs, and this effect can be
measured ex vivo with the growth inhibition assay. Specifically, it has been shown that
BCG vaccination in humans and mice, and RUTI vaccination in mice could enhance ex
vivo control of mycobacterial growth. Further, the growth inhibition assay can be used to
gain insight into the immune pathways important for the mycobacterial growth control.
Indeed, although more work is needed, MGIA has the potential to be further implemented
in pre-clinical and clinical vaccine testing, as an endeavour to accelerate the development

of therapeutic tuberculosis vaccines.
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6.4 Future Directions

The thesis described above has extended our understanding of immune mechanisms as
well as the value of the ex vivo MGIA assay in testing therapeutic TB vaccine candidates.
Nevertheless, the findings raise further questions which will need to be addressed in
future studies. Using the human cohort, the impact of historical BCG vaccination towards
ex vivo drug-mediated killing of INH and RIF has been demonstrated. While the
effectiveness of these two drugs are unequivocally challenged by MDR-TB, it will be
important in the future to investigate the impact of BCG and other therapeutic vaccines
towards second-line TB drugs, which are less effective than the first-line drugs. Given
the current treatment success rate of MDR-TB ranging only around 50% in many service
conditions worldwide, there is certainly a room for improvement by introducing

therapeutic vaccination in order to maximise benefit for patients in the clinical setting.

Various cellular components, as well as cytokines, and their role in the MGIA have been
demonstrated in this study. In particular, IL-10 has been shown to be an influential
immunoregulatory cytokine in the MGIA, which is in line with previous studies. It will
be interesting to characterise which cells are the major producers of this cytokine and to
further demonstrate its importance by the use of splenocytes from IL-10 knockout mice.
Unfortunately, due to time and capital constraints, this could not be achieved in this
project. Furthermore and importantly, our study has highlighted the role of NK cells for
ex vivo control of mycobacterial growth in the presence and absence of drug. Therefore,
NK cells could be further explored as a target for a novel therapeutic vaccine against TB.
In this regard, the exact mechanism of NK cell protection following BCG vaccination on

ex vivo mycobacterial growth remains to be further elucidated. It may be that its role is
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through antigen-specific memory-like response of NK cells, or through the trained innate

immunity mechanism.

The observed impact of sex following BCG vaccination in our cohort of 100 participants
warrants further investigation in larger epidemiological studies. To our knowledge, no
study has identified a differential protection between sex following BCG vaccination
against adult pulmonary TB, despite the abundance of TB cases in males worldwide.
Nevertheless, the non-specific protective effect of BCG on overall mortality and reduced
incidence of respiratory infections — not related to TB — is more pronounced in young
females compared to males'#'6. In this context, it is speculated that the notable BCG-
induced enhanced growth inhibition in females could be more reflective of the non-
specific protective effect conferred by the vaccine, which has been linked to the trained
innate immune mechanism'3!”. Therefore, it will be fascinating in the future to investigate
downstream and upstream pathways related to this mechanism, such as by looking at
DNA methylation. A recent study did not find an association between in vitro addition of
sex hormones and BCG-induced trained innate immunity on adult monocytes'®. However,
considering the results of the our present study, it will be worth looking at such impact
on another cell population in which trained innate immunity has been described'?, that is

the NK cells.

The importance of trained innate immunity mechanism may also be attributed to impact
of RUTI in driving nonclassical monocytes in mice. Nonetheless, our ex vivo data still
needs to be confirmed by in vivo studies with Mtb to better demonstrate the impact of
RUTT on trained innate immunity. In our study, splenocyte samples were used in the

murine MGIA as it is considered to be the most practical tissue to use. Development of
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MGIA with mouse lung cells is currently underway in our group (Hannah Painter,
personal communication), as an attempt to better reflect the natural infection site of the
mycobacteria. Furthermore, studies are required to better understand the interplay
between CMV -specific response, T-cell activation and NK cells in the context of BCG
vaccination, in which the mouse model could serve as a platform for mechanistic

exploration.

272



References

10.

11.

12.

13.

14.

15.

Schon T, Lerm M, Stendahl O. Shortening the 'short-course' therapy- insights into host
immunity may contribute to new treatment strategies for tuberculosis. J Intern Med
2013; 273(4): 368-82.

Maeurer M, Schito M, Zumla A. Totally-drug-resistant tuberculosis: hype versus hope.
Lancet Respir Med 2014; 2(4): 256-7.

Millard J, Ugarte-Gil C, Moore DA. Multidrug resistant tuberculosis. BMJ 2015; 350:
h882.

Groschel M1, Prabowo SA, Cardona P-J, Stanford JL, Werf TSvd. Therapeutic vaccines
for tuberculosis—A systematic review. Vaccine 2014; 32(26): 3162-8.

Fletcher HA, Dockrell HM. Human biomarkers: can they help us to develop a new
tuberculosis vaccine? Future Microbiol 2016; 11: 781-7.

Kaufmann SH, Evans TG, Hanekom WA. Tuberculosis vaccines: Time for a global
strategy. Sci Transl Med 2015; 7(276): 2761s8.

Suliman S, Geldenhuys H, Johnson JL, et al. Bacillus Calmette-Guerin (BCG)
Revaccination of Adults with Latent Mycobacterium tuberculosis Infection Induces
Long-Lived BCG-Reactive NK Cell Responses. J Immunol 2016; 197(4): 1100-10.

Roy Chowdhury R, Vallania F, Yang Q, et al. A multi-cohort study of the immune
factors associated with M. tuberculosis infection outcomes. Nature 2018; s41586: 018-
0439-x.

Choreno Parra JA, Martinez Zuniga N, Jimenez Zamudio LA, Jimenez Alvarez LA,
Salinas Lara C, Zuniga J. Memory of Natural Killer Cells: A New Chance against
Mycobacterium tuberculosis? Front Immunol 2017; 8: 967.

Kleinnijenhuis J, Quintin J, Preijers F, et al. BCG-induced trained immunity in NK
cells: Role for non-specific protection to infection. Clin Immunol 2014; 155(2): 213-9.

Bhatt K, Verma S, Ellner JJ, Salgame P. Quest for correlates of protection against
tuberculosis. Clin Vaccine Immunol 2015; 22(3): 258-66.

Orme IM, Robinson RT, Cooper AM. The balance between protective and pathogenic
immune responses in the TB-infected lung. Nat Immunol 2015; 16(1): 57-63.

Joosten SA, van Meijgaarden KE, Arend SM, et al. Mycobacterial growth inhibition is
associated with trained innate immunity. J Clin Invest 2018; 128(5): 1837-51.

Stensballe LG, Nante E, Jensen IP, et al. Acute lower respiratory tract infections and
respiratory syncytial virus in infants in Guinea-Bissau: a beneficial effect of BCG
vaccination for girls community based case-control study. Vaccine 2005; 23(10): 1251-
7.

Roth A, Sodemann M, Jensen H, et al. Tuberculin reaction, BCG scar, and lower female
mortality. Epidemiology 2006; 17(5): 562-8.

273



16.

17.

18.

Biering-Sorensen S, Jensen KJ, Monterio I, Ravn H, Aaby P, Benn CS. Rapid
Protective Effects of Early BCG on Neonatal Mortality Among Low Birth Weight
Boys: Observations From Randomized Trials. J Infect Dis 2018; 217(5): 759-66.

Netea MG, Joosten LA, Latz E, et al. Trained immunity: A program of innate immune
memory in health and disease. Science 2016; 352(6284): aaf1098.

de Bree C, Janssen R, Aaby P, et al. The impact of sex hormones on BCG-induced
trained immunity. J Leukoc Biol 2018; 104(3): 573-8.

274



APPENDIX 1. Ethical approval 1 for human study

London School of Hygiene & Tropical Medicine LONDON
Keppel Street, London WC1E 7HT SCHOOLof
United Kingdom HYGIENE
Switchboard: +44 (0)20 7636 8636 &TROPICAL
www.lshtm.ac.uk MEDICINE

Observational / Interventions Research Ethics Committee

Satria Probowo
LSHTM

30 January 2015
Dear Satria
Study Title: Assessment of Therapeutic Tuberculosis Vaccine Strategies Using In Vitro Mycobacterial Growth Inhibition Assay In Human Blood

LSHTM Ethics Ref: 8762

Thank you for responding to the Observational Committee's request for further information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

Conditions of the favourable opinion
Approval is dependent on local ethical approval having been received, where relevant.
Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Document Type File Name Date Version
Investigator CV Curriculum Vitae - Satria A. Prabowo.pdf 23/10/2014 1
Information Sheet Blood collection for research.doc 23/10/2014 1
Information Sheet Consent form extra questions.doc 23/10/2014 1
Investigator CV CV HFletcher Sept2014.doc 24/10/2014 1
Investigator CV CV HFletcher Sept2014.doc 24/10/2014 1
Information Sheet Blood collection for research 18/12/2014 1
Information Sheet Consent form extra questions 18/12/2014 1
Information Sheet Specific Information Sheet 18/12/2014 1
Covering Letter Covering Letter 18/12/2014 1
Covering Letter Covering Letter 8762 _rev210115 21/01/2015 1
Protocol / Proposal Study Protocol 8762 _rev210115 21/01/2015 1

After ethical review

The Chief Investigator (CI) or delegate is responsible for informing the ethics committee of any subsequent changes to the application. These must be submitted to the Committee for review
using an Amendment form. Amendments must not be initiated before receipt of written favourable opinion from the committee.

The Cl or delegate is also required to notify the ethics committee of any protocol violations and/or Suspected Unexpected Serious Adverse Reactions (SUSARs) which occur during the project
by submitting a Serious Adverse Event form.

At the end of the study, the CI or delegate must notify the committee using an End of Study form.
All aforementioned forms are available on the ethics online applications website and can only be submitted to the committee via the website at: http://leo.Ishtm.ac.uk
Additional information is available at: www.Ishtm.ac.uk/ethics

Yours sincerely,

Professor John DH Porter
Chair

ethics@lshtm.ac.uk
'www Ishtm.ac.uk/ethics

Improving health worldwide
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APPENDIX 2. Ethical approval 2 for human study

London School of Hygiene & Tropical Medicine LONDON

Keppel Street, London WC1E 7HT SCHOOLof
United Kingdom HYGIENE
Switchboard: +44 (0)20 7636 8636 &TROPICAL
www.Ishtm.ac.uk MEDICINE

Observational / Interventions Research Ethics Committee

Mr Satria Arief Prabowo
LSHTM

14 April 2016
Dear Satria
Study Title: Investigation of Therapeutic Vaccination Strategies for Tuberculosis Using an Ex-vivo Mycobacterial Growth Inhibition Assay

LSHTM Ethics Ref: 10485

Thank you for responding to the Observational Committee’s request for further information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

Conditions of the favourable opinion
Approval is dependent on local ethical approval having been received, where relevant.
Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Document Type File Name Date Version
Investigator CV/ Curriculum Vitae - Satria A. Prabowo 25/11/2015 1.0
Investigator CV/ CV HFletcher Sept2014 25/11/2015 1.0
Protocol / Proposal Study Protocol 10485 23/12/2015 1.0
Information Sheet Information Sheet and Consent Form 11/04/2016 2.0
Information Sheet Previous Information Sheet and Consent Form (8762) 11/04/2016 1.0
Covering Letter Covering Letter 10485 11/04/2016 1.0

After ethical review

The Chief Investigator (CI) or delegate is responsible for informing the ethics committee of any subsequent changes to the application. These must be submitted to the Committee for review
using an Amendment form. Amendments must not be initiated before receipt of written favourable opinion from the committee.

The Cl or delegate is also required to notify the ethics committee of any protocol violations and/or Suspected Unexpected Serious Adverse Reactions (SUSARs) which occur during the project
by submitting a Serious Adverse Event form.

Atthe end of the study, the Cl or delegate must notify the committee using an End of Study form.

All aforementioned forms are available on the ethics online applications website and can only be submitted to the committee via the website at: http://leo.Ishtm.ac.uk
Additional information is available at: www.lshtm.ac.uk/ethics

Yours sincerely,

Professor John DH Porter
Chair

ethics@lshtm.ac.uk
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APPENDIX 3. Information sheet for study participants
LONDON
SCHOOL¢of
HYGIENE

Collection of Normal Human Blood for Research Use

The Faculty of Infectious and Tropical Diseases conducts epidemiological and laboratory research on a
number of important human pathogens. The research aims to give us a better understanding of the
epidemiology and pathogenesis of certain infectious diseases and to assist in the development of new
vaccines and drugs or diagnostic tests. As part of this research, there is a continuing need to obtain
samples of human blood, from people who have not been exposed to or infected with the pathogen of
interest. On occasion, it also very helpful to obtain blood from people who know they save been exposed
to certain pathogens (such as malaria, leishmaniasis, tuberculosis etc). These samples either act as
negative and positive controls for comparison with samples taken from infected or immune individuals
or are used to develop and validate new techniques prior to commencing new projects in disease endemic
areas. For some types of work, samples obtained from the Blood Transfusion Service are sufficient. But
for other projects, freshly obtained samples are needed and it is helpful if the researcher can obtain repeat
samples from the same donors (for example where tissue-typing data is required).

The staff and students of LSHTM represent a potentially invaluable resource for this research. Although
many staff and students are entirely based in the UK or Europe, others come to the School from a wide
variety of different backgrounds and may have been exposed to a variety of different pathogens. The
School’s Research Ethics Committee has therefore agreed that all incoming staff and research students
will be asked whether they would like to volunteer to take part in these research projects.

Volunteers will be asked to fill out a simple form indicating their country of origin and other countries
where they have lived. This information will be held on a confidential database. An anonymised version
of the database (where names have been replaced by code numbers) will be available to individual
researchers in order to identify potential blood donors for their particular project. Volunteers will then
be contacted, given details of the project and asked whether they would like to take part. If they agree,
they will sign a consent form and a blood sample — of between 1 and 100mls depending on the project
— will be collected by a clinician or qualified phlebotomist.

It is unlikely that any of the data collected will have any direct clinical relevance to the donor, but if this
is the case it will be made clear on the consent form and any relevant data will be fed back to the donors.
Any donor who wishes to see the results of any tests performed on his/her blood will be allowed to do
so. By agreeing to go on the register of potential donors, volunteers do not commit themselves to take
part in any particular project and may withdraw their name from the list at any time. There are no direct
benefits to joining the register (donors will not be paid or receive any other benefit in kind) and no record
will be kept of those who decide not to join. Blood samples will not be screened for evidence of current
viral infections (such as HIV, hepatitis viruses etc) but people who know they have been exposed or
infected are requested not to volunteer.

For more information on the blood donor scheme and a consent form, please contact Ms Carolynne
Stanley, Faculty of Infectious and Tropical Diseases (carolyn.stanley(@lshtm.ac.uk).
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APPENDIX 4. Consent form for study participants

Collection of normal human LONDON
SCHOOLof
blood for research use: HYGIENE
&TROPICAL Ny
Consent Form MEDICINE
Name:
Date of birth:
Department \ Unit:

Keppel Street or Tavistock Place

Office\room no:

Work telephone number:

Email address:

Are you: Staff YES\NO
Student YES\NO

If student: when are you due to complete

your studies?

Are you a regular blood donor in:

The UK YES\NO

Elsewhere YES\NO

Have you had a Tetanus inoculation? YES\NO

Have you had a Rabies vaccination? YES\NO

Have you been BCG-vaccinated? YES\NO

Do you still have a visible scar from this YES\NO\NA

BCG vaccination?

Country of origin

Have you lived in any countries apart from | YES\NO

your country of origin and the UK?

If YES, please list the countries and the
dates when you lived there

Blood group if known.
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Have you ever visited a malarious zone? YES\NO

Have you ever had malaria? YES\NO

Have you had a Hep B vaccination? YES\NO

I would like my name to be added to the register of potential blood donors for research
projects within LSHTM.

I understand that I may be asked to donate blood as part of a research project conducted by
LSHTM staff or research students. I will be free to take part, or refuse to take part, in any of
these projects.

All projects will have received ethical approval from the LSHTM Research Ethics Committee
and individual informed consent will be required for each project.

Blood will be collected only by clinically qualified staff or a qualified phlebotomist whose
name is held on a register of phlebotomists.

I will be entitled to see all data arising from the use of my blood, on request.

My blood will not be screened for HIV, Hepatitis B, Hepatitis C or any other persistent virus
infection unless this it is specifically stated on the consent form for the project(s) for which I
volunteer.

I am not aware that I suffer from any persistent medical condition or infection which affects my
suitability to be a blood donor.

I understand that, in order to maintain confidentiality, information arising from research
projects will be kept on an anonymised database and that individual researchers will not
normally be aware of my identity. The database containing my name will be securely
maintained and will not be made available to researchers.

Name (in capitals)
Signature
Date
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APPENDIX 5. Material transfer agreement for RUTI vaccine study

CONFIDENTIAL

Materials Transfer Agreement
effective as of 19th February 2015

This Agreement is made and entered into between

ARCHIVEL FARMA, S.L.
¢/ Fogars de Tordera, 61
Badalona CP 08816
Spain

(“ARCHIVEL”")
and

LONDON SCHOOL OF HYGIENE AND TROPICAL MEDICINE
Keppe! Street

London WC1E 7HT

United Kingdom

(“RECIPIENT")

Background

RECIPIENT has requested that ARCHIVEL supply certain BIOLOGICAL MATERIALS
that are identified in the Request for BIOLOGICAL MATERIALS ("Request"). The Re-
quest is attached hereto as Annex A (as may be updated from time to time by mutual
agreement of the Parties), and which shall be deemed as an integral part of the Agree-
ment.

The BIOLOGICAL MATERIALS requested are considered by ARCHIVEL to be highly
valuable, confidential and proprietary biological materials and/or products of ARCHIVEL
research development as well as license rights belonging to ARCHIVEL.

ARCHIVEL is willing to provide RECIPIENT with the requested quantities-of the BIO-
LOGICAL MATERIALS specified in the Request upon the following terms:

1. Definitions.

(a) "BIOLOGICAL MATERIALS" means all materials transferred by ARCHIVEL to RE-
CIPIENT hereunder, and any replicates, progeny and derivatives of the BIOLOGI-
CAL MATERIALS, as described in Annex A.

Date: 19 February 2015 Page 1 of 8
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CONFIDENTIAL

(b) “RECIPIENT Materials” means alfi materials provided by RECIPIENT but not neces-
sarily covered by RECIPIENT’s industrial and intellectual property rights.

(¢) “Joint Materials” means all materials incorporating all or a portion of any BIOLOGI-
CAL MATERIALS and all or a portion of any RECIPIENT Materials.

(d) "Authorized Use" shall mean use in strict accordance with the Development Plan set
forth in the Annex B attached.

2. Title to BIOLOGICAL MATERIALS. ARCHIVEL shall retain all title and interest in
and to the BIOLOGICAL MATERIALS. RECIPIENT shall not imply or represent to
any person that it is the owner of the BIOLOGICAL MATERIALS.

3. Delivery of BIOLOGICAL MATERIALS. ARCHIVEL shall have the requested BIO-
LOGICAL MATERIALS deliveredﬂ to RECIPIENT as set forth in Annex A, but in no
event prior to the execution of this Agreement.

4. Use of BIOLOGICAL MATERIALS. As of the date that this Agreement is executed
by ARCHIVEL, ARCHIVEL grants RECIPIENT a non-exclusive, royalty free, limited
to the territory of United Kingdom, license to the use the BIOLOGICAL MATERIALS
solely for the Authorized Use for research and development purposes and not for
any other purpose, which other purpose include but is not limited to, any direct or in-
direct use for patent applications, commercial use or profit making purposes or any
other purpose which final aim is commercial such as consultation, provision of ser-
vices, production, sale or sponsored researches. To avoid any doubt, this research
and development license exciudes the right to sublicense or subcontract without the
prior explicit written approval of ARCHIVEL. RECIPIENT shall not use the BIOLOG-
ICAL MATERIALS in humans or in contact with any cells or other materials to be in-
fused into humans. RECIPIENT shall use the BIOLOGICAL MATERIALS in compli-
ance with all applicable national, federal, state and local laws and regulations. RE-
CIPIENT shall not transfer the BIOLOGICAL MATERIALS or any information related
to those materials to any person who is not an employee of the RECIPIENT who
have a "need to know" for the purpose of conducting the Development Plan or a
third person assigned to perform certain or all parts of the Development Plan in ac-
cordance with a legally binding agreement with RECIPIENT which agreement pro-
tects and maintains all of ARCHIVEL'’s rights under this Agreement, nor use the Bl-
OLOGICAL MATERIALS in development that is subject to consulting or ficensing
obligations to another corporation or a government agency, unless prior written per-
mission is obtained from ARCHIVEL.

5. Reports and publications. RECIPIENT shall keep ARCHIVEL on a monthly basis in-
formed of the progress of the Development Plan and, no later than thirty (30) busi-
ness days after the conclusion of the Development Plan as set forth under this
Agreement, RECIPIENT shall promptly provide ARCHIVEL a written report summa-
rizing the results, data and information arising out of performance of the Develop-
ment Plan and of the Authorized Use of the BIOLOGICAL MATERIALS. Neither par-
ty shall publish or disclose the terms and conditions of this Agreement without the
prior written consent of the other party.

Date: 19 February 2015 Page 2 of 8
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RECIPIENT shall not publish or present any scientific information relating to any as-
pect of the BIOLOGICAL MATERIALS, including, but not limited to, the development
or manufacture of the BIOLOGICAL MATERIALS, without providing ARCHIVEL the
opportunity for prior review. RECIPIENT shall provide to ARCHIVEL at least (i) forty
five (45) calendar days prior to each submission for publication of any detailed pro-
posed publication such as manuscripts or other articles and (if) forty five (45) days
prior to each submission of publication of any proposed limited publication such as
abstracts, posters or revised submissions, relating to any aspect of the BIOLOGI-
CAL MATERIALS and RECIPIENT shall not proceed with such publication or
presentation (a) to the extent ARCHIVEL demonstrates that ARCHIVEL’s Confiden-
tiat Information would be disclosed and (b) until ARCHIVEL has had the opportunity
to secure any necessary patent protection for a period of no more than ninety (90)
days from RECIPIENT's notice. In addition hereto RECIPIENT shall otherwise com-
ply with alt reasonable requests from ARCHIVEL for modifications and/or deletions
in order to protect the confidential nature of non-patentable information.

RECIPIENT shall offer ARCHIVEL the opportunity to participate as co-author.

6. Inventions.

" (a) All rights, title and interest in ARCHIVEL patents or patent applications, including but
not limited to patents or patent applications licensed by ARCHIVEL, of or related to
the BIOLOGICAL MATERIALS as well as in which does not involve the use of any
RECIPIENT Materials are and shall be exclusively ARCHIVEL's. in the event that
use of the BIOLOGICAL MATERIALS or the Joint Materials results in any ideas,
concepts, discoveries, inventions, developments, know-how, applications, tech-
niques, methodologies, modifications, innovations, improvements, documentation,
information and any other intellectual and industrial property rights (whether or not
any of the foregoing are patentable under applicable faw) or an invention or discov-
ery involving a new use, methodology, process, improvement or enhancement (“In-
vention”) of the BIOLOGICAL MATERIALS that are conceived, developed, created
or obtained by RECIPIENT while executing the Development Plan, which invention
does not involve the use of any RECIPIENT Materials, RECIPIENT shall disclose
such Invention to ARCHIVEL, and RECIPIENT hereby assigns all right and title to
such Invention to ARCHIVEL. ARCHIVEL shall be responsible for all costs of obtain-
ing patent coverage. ARCHIVEL shall have the right to commercially exploit such In-
ventions.

REGIPIENT shall not attempt to reverse engineer, develop, disassemble, manipu-
late, replicate or otherwise perform analyses directed or intended at learning the
methodology, components, formulae, processes or other information pertaining to
the make-up or production of the BIOLOGICAL MATERIALS or at purifying, cloning
or generating additional material from the BIOLOGICAL MATERIALS, unless ex-
pressly authorized in writing by ARCHIVEL. If so authorized, RECIPIENT shall fur-
nish copies of any such analyses to. ARCHIVEL and RECIPIENT shall make no use
thereof except as previously agreed in writing by ARCHIVEL. If no further agreement
is reached by the Parties as to the BIOLOGICAL MATERIALS, RECIPIENT shall at
ARCHIVEL's request either furnish all copies of such analyses to ARCHIVEL or de-
stroy all copies thereof.

(b) RECIPIENT shall remain the sole and exclusive owner of ail rights, title and interest
in and to patents or patent applications of or related to the RECIPIENT Materials. In
the event RECIPIENT develops any Invention in relation to Development Plan which
Invention does not involve the use of any, BIOLOGICAL MATERIALS provided by

Date: 18 February 2015 Page 3 of 8

282



CONFIDENTIAL

ARCHIVEL, such Invention shall e solely owned by RECIPIENT. RECIPIENT shali
be responsible for obtaining patent coverage, if it so desires, and shall bear all costs
in this respect.

(c) Any Invention made arising from the Authorized Use, other than the Inventions the
ownership of which is described in subsections (a) and (b) hereof, shall be owned by
ARCHIVEL. ARCHIVEL shall have the right to commercially exploit such Inventions.

(d) Notwithstanding the foregoing, composition of matter inventions or discoveries (a)
related to a vaccine use of the BIOLOGICAL MATERIALS and (b) that are modifica-
tions to the nucleic acid or amino acid sequence of the BIOLOGICAL MATERIALS
shall be subject to 6.a.

Notwithstanding the foregoing each party shall maintain all rights and title to any patent
or patent application granted or submitted before the date of this Agreement and per-
taining to that party.

In case the Parties are interested in research and development activities in which the
BIOLOGICAL MATERIAL is to be combined, coupled, joint, or used as an adjuvant or
co-adjuvant with RECIPIENT Materials in any form or matter, totally or partially, the par-
ties will engage in good faith negotiations -to enter into a separate agreement to be
agreed between the parties for the purposes of regulating such matters.

7. No Conflicts. RECIPIENT represents that it is duthorized to enter into this Agree-
ment and that no other contract or ather obligation conflicts with the obligations to be
assumed by RECIPIENT under this Agreement.

8. Disclaimer. The BIOLOGICAL MATERIALS are provided to RECIPIENT without
warranty of merchantability or fitness for a particular purpose or any other warranty, ex-
press or implied or any warranty that the BIOLOGICAL MATERIALS will not infringe or
violate any patent or other proprietary right of any third party. ARCHIVEL shall not be li-
able for any use of the BIOLOGICAL MATERIALS by RECIPIENT, or for any loss,
claim, damage or liability, of any kind or nature, which may arise from or in connection
with this Agreement or from the use, handling or storage of the BIOLOGICAL MATERI-
ALS. No indemnification for any loss, claim, damage or liability is intended or shall be
provided by ARCHIVEL under this Agreement.

9. "Confidential Information” shall mean any proprietary information that is specifically
designated as such and that is disclosed by either party to the other in any form in con-
nection with this Agreement. For the term of this Agreement and five (5) years from the
date of expiration or termination, each party (a) shall treat as confidential all Confidential
Information provided by the other party, (b) shall not use such Confidential Information
except as expressly permitted under the terms of this Agreement, or as otherwise au-
thorized in writing by the disclosing party, (c) shall implement reasonable procedures to
prohibit the disclosure, unauthorized duplication, misuse or removal of such Confidential
Information, and (d) shall not disclosg such Confidential Information to any third party.
Without limiting the foregoing, each of the parties shall use at least the same procedures
and degree of care to prevent the disclosure of Confidential Information as it uses to
prevent the disclosure of its own confidential information of like importance, and shall in
any event use no less than reasonable procedures and a reasonable degree of care.

Both parties agree to disclose Confidential Information only to its employees who have a
"need to know" for the purpose of conducting of the Development Plan under each party
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respective continuous supervision and control and who are bound by similar confidenti-
ality obligations as contained herein.

Exceptions. Notwithstanding the above, neither party shall have liability to the other with

regard to any Confidential Information that:

(a) was generally known and available to the public domain at the time it was disclosed,
or becomes generally known and available to the public domain through no fault of
the receiver;

(b) was known to the receiver at the time of disclosure as shown by the written records
in existence at the time of disclosure

(c) is disclosed with the prior written approval of the disclosing party;

(d) becomes known to the receiving party from a source other than the disclosing party
without breach of this Agreement by the receiving party and in @ manner which is
otherwise not in violation of the disclosing party's rights; or

(e) is disclosed by Law or pursuant to the order or requirement of a court’s decision, ar-
bitration award, administrative agency, or other governmental or administrative
body; provided, that the receiving party shall provide reasonable advance notice to
enable the disclosing party to seek a protective order or otherwise prevent or limit
such disclosure.

10. Term and Termination. This Agreement shall be effective as of the date of execution
of this Agreement and shall terminate 24 months thereafter. This Agreement may be
earlier terminated by either party upon a material breach of this agreement by the other
party and upon thirty (30) days' written notice. All unused BIOLOGICAL MATERIALS
shall be returned to ARCHIVEL or destroyed, at the sole option of ARCHIVEL, within ten
(10) days following termination of this Agreement. Termination shall not affect any
rights of any party under paragraphs 5 through 10 above.

11. Assignability. The rights and obligations of RECIPIENT under this Agreement shall
not be assignable without the prior written consent of ARCHIVEL. ARCHIVEL may as-
sign this Agreement, partially or in its entirety, without the prior written consent of RE-
CIPIENT provided that ARCHIVEL serves notice of the identity of the assignee.

12. No Implied License. No right or license, title or interest is granted to RECIPIENT
hereunder by implication, estoppel, or otherwise to any know-how, patent or other indus-
trial or intellectual property right owned or controlled by ARCHIVEL. Except as otherwise
stated herein, nothing in the Agreement shall constitute or create an obligation for any
party to enter into any subsequent agreement, business arrangement or otherwise.
Nothing in this Agreement is intended or shall be deemed, for financial, tax, legal or oth-
er purposes, to constitute a partnership, agency, joint venture or employer-employee re-
lationship between the parties.

13. Applicable Law. This Agreement and the rights of the parties shall be governed by
and interpreted in accordance with the laws of the Kingdom of Spain in force from time
to time. In the event of actual or threatened disclosure or transfer of the BIOLOGICAL
MATERIALS by RECIPIENT to a third party without the prior written consent of AR~
CHIVEL, ARCHIVEL is likely to suffer irreparable harm, and shall be entitled to specific
performance of the obligations of RECIPIENT under this Agreement, with or without
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bond, at the discretion of ARCHIVEL, as well as all necessary injunctive relief against
unauthorized disclosure or transfer.

14. Competent Jurisdiction. The Pariies agree that any discrepancy in connection with
the interpretation, performance, and execution of this Agreement will be subject to the
exclusive jurisdiction of the courts of competent jurisdiction located in the city of Barce-

lona (Spain).

15. Amendments. No modification of this Agreement shall be effective unless the modi-
fication is in writing and signed by the authorized representatives of both parties.

IN WITNESS WHEREOF, duly authorized representatives of each party have executed
this Agreement as of the date first above written.

ARCHIVEL FARMA, S.L.. LONDON SCHOOL OF HYGIENE
AND TROPICAL MEDICINE:

Date: X 1-51-“;_}”{ o1 Date: 19 February 2015

Olga Rué Flarés Chris Andrews’
CEO Research Operations Manager

LONDON &%
SCHOO o (G
HYGIENE @™

STROPICAL %ﬁ@;ﬁ

MEDICINE

Date: 19 February 2015 Page 6 of 8
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ANNEX A

Request for ARCHIVEL BIOLOGICAL MATERIALS

This Request must be completed and signed by an authorized representative of RECIP-
IENT and will be subject to the express approval in writing of ARCHIVEL.

Biological Material Requested:

RUTI® vaccine developed by ARCHIVEL under good manufacturing practice consisted
of fragmented Mycobacterium tuberculosis cells (FMtbC) would be requested. The
200ug dose of RUTI® vaccine composed of détoxified and liposomed FMtbC cultured
under stress condition would be used. There will be two different formulations tested in
the form of an older and a newer batch. In total, 120 vials comprising of 60 vials for each
batch would be required. Twenty vials will be administered in each experiment and we
aim to conduct the experiment three times.

ARCHIVEL shall have the requested BIOLOGICAL MATERIALS delivered to RECIPI-
ENT no later than 90 days after this Materials Transfer Agreement has been signed at
the RECIPIENT’s premises located at London School of Hygiene and Tropical Medicine.
If there is any delay, ARCHIVEL shall inform the RECIPIENT at least one month in ad-
vance. ARCHIVEL shall assume the costs of handling and transportation from AR-
CHIVEL's premises to the RECIPIENT's premises.

f the BIOLOGICAL MATERIALS have been delivered to RECIPIENT prior to the execu-
tion of this Materials Transfer Agreement, the provisions of the Materials Transfer
Agreement shall apply retroactively from the actual date of receipt of BIOLOGICAL MA-
TERIALS by RECIPIENT.

ARCHIVEL FARMA, S.L. LONDON SCHOOL OF HYGIENE
AND TROPICAL MEDICINE

o lg T{":G\u \{ R t\' Date: {4 (OZ(IS

Chris Andrews
Research Operations Manager

Olga Rué Claf6s
CEO

LONDON
SCHOQLY
(IYGIENE @
CLRGMCAL N3
MEDICINE

Date: 19 February 2015 Page 7 of 8
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" ANNEX B

Development Plan

The BIOLOGICAL MATERIALS requested will be used for:

RUTI® vaccine will be tested in a head-to-head comparison with Bacille Calmette—
Gue'rin (BCG) vaccine in the proposed study. Using mouse model, four groups of ani-
mals each consisted of ten C57BL/6 mice will be used. The mice in two treatment
groups will be injected subcutaneously with 200ug RUTI® vaccine twice in three weeks
interval (week 0 and week 3). Two different batches of RUTI® will be tested in the two
different groups. Mice in another treatment group will be injected with 1 x 10° CFU BCG
at week 0 and phosphate buffered saline (PBS) at week 3. Last group of mice acts as
control and will be injected with PBS at week 0 and 3. Six week after the commencing of
the study, all mice will be sacrificed and splenocytes will be obtained for mycobacterial
growth inhibition assay as an endpoint of the study. The experiment will be repeated at
least 1 time to confirm initial findings. In the laboratory, samples will be combined with
anti-mycobacterial drugs such as isoniazid, rifampicin, pyrazinamide, and ethambuthol.
The aim of this study is to identify optimum vaccine and drug combinations for the de-
velopment of therapeutic vaccination strategies in tuberculosis (TB). The obtained result
of this study is expected to act as a proof-of-principle in supporting the development of
an in-vitro assay as a rapid screening tool for assessing therapeutic TB vaccine candi-
dates. Such tool is currently needed to prioritize which candidate should be tested in a
larger clinical trial considering limited study sites and funding.

[Clarification Note: this Development Plan will not include the combination of the BIO-
LOGICAL MATERIAL with RECIPIENT Materials as any such combination in any form
will be the subject matter of a separate agreement fo be agreed between the parties]

ARCHIVEL FARMA, S.L. LONDON SCHOOL OF HYGIENE
AND TROPICAL MEDICINE

pate: U8 fuwawy 1o} Date: 14 (o2[1S

!

Olga Rué Clards Chris Andrews
CEO Research Operations Manager

LONDON
SCHOOLY
HYGIENE
STROPICAL ¥
MEDICINE

Date: 19 Febrﬁary 2015 Page 8 of 8
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APPENDIX 6. Conference papers

L. Keystone Symposia: New Approaches to Vaccines for Human and Veterinary
Tropical Diseases, Cape Town, South Africa, 22 — 26 May 2016.

The impact of immunotherapeutic tuberculosis vaccination towards drugs control of
mycobacterial growth ex-vivo

Satria Arief Prabowo', Andrea Zelmer', Lisa Stockdale', Merce Amat 2, Pere-Joan
Cardona®?, Helen Fletcher!

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

2 Archivel Farma SL, Barcelona, Spain

3 Unitat de Tuberculosi Experimental, Health Sciences Research Institute “Germans Trias
1 Pujol” Foundation (IGTP), Barcelona, Spain

Background: Current effort to effectively control tuberculosis (TB) is hindered by
lengthy treatment and the emergence of drug resistance. Combining vaccination with drug
therapy will enhance host immune response and improve the effectiveness of current
treatment. Identification of optimum regimens is needed. Mycobacterial growth
inhibition assay (MGIA) is a functional assay that measures the summative ability of host
immune cells to inhibit the growth of mycobacteria ex-vivo. Recent evidence suggests
that the assay might be a better correlate of protection following vaccination.

Methods: The ability of BCG and RUTI®, a therapeutic TB vaccine candidate, to enhance
drug killing of isoniazid (INH) and rifampicin (RIF) were assessed. Splenocytes of
vaccinated mouse (n=6) and PBMC of historically BCG-vaccinated human (n=20) were
co-cultured ex-vivo for 4 days with drugs and Mycobacterium bovis BCG as an immune
target.

Results: Vaccination with RUTI® in mouse resulted in significant decrease of bacterial
load ex-vivo in the presence of INH and RIF compared to naive (p<0.05, 2 log magnitude),
with a similar trend with BCG but to a lesser extend. Historical vaccination with BCG in
human also exerted enhanced control of drugs killing ex-vivo (p<0.05, 0.5-1 log
magnitude). Ex-vivo control of mycobacterial growth was not correlated with IFN-gamma
response in human (p>0.05).

Conclusion: This study provided evidence regarding the benefit of therapeutic TB
vaccination in enhancing drug efficacy. Ex-vivo MGIA could potentially be applied to
identify optimum regimen in early phase clinical trials. Immune mechanisms responsible
for enhanced ex-vivo growth control warrant further investigation.
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II. 47" Union World Conference on Lung Health, International Union Against
Tuberculosis and Lung Diseases, Liverpool, United Kingdom, 26-29 October
2016.

The impact of previous BCG vaccination in enhancing the effectiveness of tuberculosis
drugs to control mycobacterial growth ex-vivo

Satria Arief Prabowo!, Andrea Zelmer!, Lisa Stockdale', Steven Smith!, Karin Seifert!,
Helen Fletcher!

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

Background: Current effort to effectively control tuberculosis (TB) is hindered by
lengthy treatment and the emergence of drug resistance. Combining vaccination with drug
therapy will enhance host immune response and improve the effectiveness of current
treatment. Bacillus Calmette—Guerin (BCG) remains the only licensed TB vaccine to
date. Several pre-clinical animal studies have suggested the benefit of BCG vaccination
in adjunct to current treatment. A proof-of-principle study using human samples as well
as identification of optimum regimens are needed before such concept can be further
advanced. Mycobacterial growth inhibition assay (MGIA) is a functional assay that
measures the summative ability of host immune cells to inhibit the growth of
mycobacteria ex-vivo. There is a recent interest as the assay has been shown to better
reflect epidemiological data in distinguishing protection and might be a better correlate
of protection following TB vaccination.

Methods: We developed an ex-vivo MGIA to assess the ability of isoniazid (INH) and
rifampicin (RIF) to inhibit the growth of mycobacteria using peripheral blood
mononuclear cell (PBMC) from historically BCG-vaccinated and naive volunteers (n=20,
respectively). PBMCs were co-cultured for 4 days with Mycobacterium bovis BCG as an
immune target in the presence of drugs.

Results: BCG-vaccinated participants were superiorly capable of inhibiting
mycobacterial growth ex-vivo compared to the naive (p< 0.005). The average time since
BCG vaccination in this study was 23.8 years. There was a trend towards lesser inhibition
of growth in BCG-vaccinated participants originated from regions closer to the equator.
BCG vaccination enhanced the ability of INH to control mycobacterial growth at the drug
concentrations of 0.01 and 1 ug/ml (p< 0.05). In the presence of RIF, improved drug
killing by vaccination was observed at the concentration of 0.01 ug/ml (p< 0.005). Ex-
vivo control of mycobacterial growth was not correlated with IFN-gamma response
measured with ELISpot (p>0.5).
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Conclusions: This study provided evidences regarding the benefit of BCG in enhancing
drugs effectiveness ex-vivo. Immune mechanisms responsible for such enhanced drug
killing remains to be elucidated. Implementation of the assay to screen optimum
combinations of drugs and TB vaccine candidates in early phase clinical trials worth
further consideration.

The author receives a PhD scholarship from the Indonesian Endowment Fund for
Education (LPDP).

III. 35%™ Annual Meeting of European Society for Paediatric Infectious Diseases
(ESPID), Madrid, Spain, 23 — 27 May 2017.

The impact of previous BCG vaccination in enhancing the effectiveness of tuberculosis
drugs to control mycobacterial growth ex-vivo

Satria Arief Prabowo'?, Andrea Zelmer'?, Lisa Stockdale!?, Steven Smith'?, Karin
Seifert!, Helen Fletcher!?

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

2 Tuberculosis Centre, London School of Hygiene & Tropical Medicine, London, United
Kingdom

Background: Current effort to effectively control tuberculosis (TB) is hindered by
lengthy treatment and the emergence of drug resistance. Combining vaccination with drug
therapy will enhance host immune responses and improve the effectiveness of current
treatment. Several pre-clinical animal studies suggest the benefit of Bacillus Calmette—
Guerin (BCG) vaccination in adjunct to treatment. A proof-of-principle study is needed
to identify optimum regimens prior to clinical investigation in children and adults.

Methods: We implemented an ex-vivo mycobacterial growth inhibition assay (MGIA) to
assess the ability of isoniazid (INH) and rifampicin (RIF) in inhibiting the growth of
mycobacteria when co-cultured with peripheral blood mononuclear cells (PBMCs).
PBMCs were obtained from historically BCG-vaccinated and naive participants (n=100),
and were co-cultured for 4 days with Mycobacterium bovis BCG as an immune target.

Results: BCG-vaccinated participants were superiorly capable of inhibiting
mycobacterial growth ex-vivo compared to the naive (p< 0.0001). BCG-vaccinated
females were better abler to control mycobacterial growth than males (p< 0.05), which
could explain the epidemiological abundance of TB cases in male worldwide. BCG
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vaccination enhanced the ability of INH to control mycobacterial growth at the drug
concentrations of 0.01 and 1 ug/ml (p< 0.05), and RIF at the concentration of 0.01 ug/ml
(p< 0.005). BCG-induced inhibition of mycobacterial growth was associated with
increased [IFN-y and IP-10 production in the presence of drugs (p< 0.05), with correlations
observed towards the increase of TNF-a and GM-CSF and the reduction of IL-10 in the
absence of drugs (p< 0.05).

Conclusions: This study provided preliminary evidences regarding the benefit of BCG
in enhancing TB drug effectiveness ex-vivo. Clinical studies are warranted in children and
adults to further elucidate the benefit of BCG in adjunct to TB treatment.

IV. Cell-Weizmann Institute of Science Symposium: Next Generation
Immunology, Rehovot, Israel, 11 — 14 February 2018.

Historical BCG vaccination combined with drug treatment enhances inhibition of
mycobacterial growth ex vivo in human peripheral blood cells

Satria Arief Prabowo'?, Andrea Zelmer'?, Lisa Stockdale!?, Steven Smith'?, Karin
Seifert!, Helen Fletcher!?

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

2 Tuberculosis Centre, London School of Hygiene & Tropical Medicine, London, United
Kingdom

Current effort to effectively control tuberculosis (TB) is hindered by lengthy treatment.
Combining vaccination with drug therapy will enhance host immune responses and
improve the effectiveness of current treatment. Mycobacterial growth inhibition assay
(MGIA) is a functional assay which measures the summative ability of host immune cells
to inhibit the growth of mycobacteria ex-vivo. The impact of historical Bacille Calmette-
Guerin (BCG) vaccination towards the ex-vivo drugs killing of isoniazid (INH) and
rifampicin (RIF) were assessed (n=100). BCG vaccination enhanced the ability of INH
and RIF to control mycobacterial growth (p<0.05). BCG-induced inhibition of
mycobacterial growth was associated with increased IFN-y and IP-10 production in the
presence of drugs (p< 0.05). This study provides evidence regarding the benefit of BCG
vaccination in enhancing effectiveness of TB drugs ex-vivo. Implementation of the MGIA
assay to screen optimum combinations of drugs and TB vaccine candidates in early phase
clinical trials worth further consideration.
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V. 5% Global Forum on Tuberculosis Vaccines, New Delhi, India, 20 — 23
February 2018.

Historical BCG vaccination combined with drug treatment enhances inhibition of

mycobacterial growth ex vivo in human peripheral blood cells

Satria Arief Prabowo'?, Andrea Zelmer'?, Lisa Stockdale!?, Steven Smith'?, Karin
Seifert!, Helen Fletcher!?

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

2 Tuberculosis Centre, London School of Hygiene & Tropical Medicine, London, United
Kingdom

Background: Current effort to effectively control tuberculosis (TB) is hindered by
lengthy treatment and the emergence of drug resistance. Combining vaccination with drug
therapy will enhance host immune responses and improve the effectiveness of current
treatment. Several pre-clinical animal studies suggest the benefit of Bacillus Calmette—
Guérin (BCG) vaccination in adjunct to treatment. A proof-of-principle study is needed
to identify optimum regimens. Mycobacterial growth inhibition assay (MGIA) is a
functional assay that measures the summative ability of host immune cells to inhibit the
growth of mycobacteria ex-vivo.

Methods: We implemented an ex-vivo MGIA to assess the ability of isoniazid (INH) and
rifampicin (RIF) to inhibit the growth of mycobacteria using peripheral blood
mononuclear cell (PBMC) from historically BCG-vaccinated and naive volunteers
(n=100). The average time since BCG vaccination was 23.8 years. PBMCs were co-
cultured for 4 days with Mycobacterium bovis BCG as an immune target.

Results: BCG-vaccinated participants were superiorly capable of inhibiting
mycobacterial growth ex-vivo compared to the naive (p< 0.0001). BCG-vaccinated
females were better able to control mycobacterial growth than males (p< 0.05). BCG
vaccination enhanced the ability of INH to control mycobacterial growth at the drug
concentrations of 0.01 and 1 ug/ml (p< 0.05), and RIF at the concentration of 0.01 ug/ml
(p< 0.005). BCG-induced inhibition of mycobacterial growth was associated with
increased IFN-y and IP-10 production in the presence of drugs (p< 0.05).

Discussion and Conclusion: This study provides evidence regarding the benefit of BCG
vaccination in enhancing effectiveness of TB drugs ex-vivo. Clinical studies might be
warranted to further elucidate the benefit of BCG in adjunct to treatment. Implementation
of the MGIA assay to screen optimum combinations of drugs and TB vaccine candidates
in early phase clinical trials worth further consideration.

Key words: growth inhibition, BCG, therapeutic vaccine, MGIA

Conflict of interest: none
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VI. 62" Acid Fast Club Summer Meeting, Jenner Institute, University of Oxford,
Oxford, United Kingdom, 5 — 6 July 2018.

Historical BCG vaccination combined with drug treatment enhances inhibition of

mycobacterial growth ex vivo in human peripheral blood cells

Satria Arief Prabowo'?, Andrea Zelmer'?, Lisa Stockdale!?, Steven Smith'?, Karin
Seifert!, Helen Fletcher!?

! Department of Immunology and Infection, London School of Hygiene & Tropical
Medicine, London, United Kingdom

2 Tuberculosis Centre, London School of Hygiene & Tropical Medicine, London, United
Kingdom

Vaccination and chemotherapy remain the main strategies to control tuberculosis (TB),
while combination of both could provide a greater therapeutic value. We implemented an
ex vivo mycobacterial growth inhibition assay (MGIA) to measure vaccine-induced
inhibition following historical BCG vaccination in human volunteers towards the drug
effect of isoniazid (INH) and rifampicin (RIF). BCG vaccination enhanced the ability of
INH to control mycobacterial growth ex vivo by increased IFN-y and IP-10 production.
A higher frequency of IFN-y* and TNF-o© CD3- CD4 CD8 cells was observed,
suggesting the role of Natural Killer (NK) cells. Our ex vivo data are consistent and
support findings from previous observational and animal studies.
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Glibenclamide Reduces Primary
Human Monocyte Functions Against
Tuberculosis Infection by Enhancing
M2 Polarization

Chidchamai Kewcharoenwong ', Satria A. Prabowo **, Gregory J. Bancroft>*,
Helen A. Fletcher®* and Ganjana Lertmemongkolchai™#*

' Mekong Health Science Research Institute, Khon Kaen, Thailand, ¢ Faculty of Associated Medical Sciences, The Centre for
Research and Development of Medical Diagnostic Laboratories, Khon Kaen University, Khon Kaen, Thailand, * Department of
Immunology and Infection, Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine,
London, United Kingdom, * Tuberculosis Centre, London School of Hygiene and Tropical Medicine, London, United Kingdom

Tuberculosis (TB) is a global public health problem, which is caused by Mycobacterium
tuberculosis (Mtb). Type 2 diabetes mellitus (T2DM) is one of the leading predisposing
factors for development of TB after HIV/AIDS. Glibenclamide is a widely used
anti-diabetic drug in low and middle-income countries where the incidence of TB
is very high. In a human macrophage cell line, glibenclamide, a K*ATP-channel
blocker, promoted alternative activation of macrophages by enhancing expression
of the M2 marker CD206 during M2 polarization. M2 macrophages are considered
poorly microbicidal and associated with TB susceptibility. Here, we investigated the
effect of glibenclamide on M1 and M2 phenotypes of primary human monocytes and
further determined whether specific drug treatment for T2DM individuals influences the
antibacterial function of monocytes in response to mycobacterial infection. We found
that glibenclamide significantly reduced M1 (HLA-DR* and CD86™) surface markers
and TNF-a production on primary human monocytes against mycobacterial infection.
In contrast, M2 (CD163* and CD206") surface markers and IL-10 production were
enhanced by pretreatment with glibenclamide. Additionally, reduction of bactericidal
activity also occurred when primary human monocytes from T2DM individuals who
were being treated with glibenclamide were infected with Mtb in vitro, consistent with
the cytokine responses. We conclude that glibenclamide reduces M1 and promotes
M2 polarization leading to impaired bactericidal ability of primary human monocytes of
T2DM individuals in response to Mtb and may lead to increased susceptibility of T2DM
individuals to TB and other bacterial infectious diseases.

Keywords: glibenclamide, Mycobacterium tuberculosis, monocyte, diabetes mellitus, M2 polarization, anti-
diabetic drug

INTRODUCTION

Tuberculosis (TB) is a global public health problem, which is the leading cause of death due to
a single infectious agent, Mycobacterium tuberculosis (Mtb). In 2016, TB resulted in 1.3 million
deaths and 6.3 million new cases, and it is estimated that about one-quarter of the human
population is latently infected (1, 2). In many tropical countries, such as Thailand, TB is an
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important cause of death and primarily a disease of the lung,
which serves as a port of entry and a site of disease manifestation.
Type 2 diabetes mellitus (T2DM) is an important risk factor for
development of TB (3). A global overview focusing specifically
on Asian countries with a high TB-DM burden indicates a
TB prevalence 1.8-9.5 times higher among DM patients when
compared to the general population (4). The predictive factors
for TB among those with DM are HIV co-infection, age (older
than 45), overweight, poor glycemic control, and being male
(5, 6). However, this underlying immunological mechanisms are
still poorly understood. Given the lack of an effective vaccine to
protect adults against TB in the tropics, the problems of antibiotic
resistance and the predictions that the global burden of T2DM
could reach almost 600 million people in the next 20 years (7),
understanding the mechanisms by which diabetes predisposes to
this infection is essential. Glibenclamide rINN (glyburide USAN,
sulfonylurea group) is a widely commonly used anti-diabetic
drug in low and middle-income countries where the incidence
of TB is high (1). The drug acts by binding to and inhibiting the
ATP-sensitive potassium channel (Katp) inhibitory regulatory
subunit sulfonylurea receptor 1 (SURI1) in pancreatic beta
cells, then increases the plasma insulin concentrations (8). This
drug lowers blood glucose concentrations by about 20% and
HbAlc by 1-2% (9). However, glibenclamide has the side effects
such as hypoglycemia and reduced immune functions through
inhibition of inflammasome (8) and Atp binding cassette
transporter (10). Our previous study showed that glibenclamide
has potent and wide-ranging effects on cell mediated immune
responses including reduced neutrophil pro-inflammatory
cytokine production, migration, and killing in response to
another intracellular bacteria, Burkholderia pseudomallei
(11,12).

Monocytes and macrophages are the primary target of
Mtb, and their innate capacity to control Mtb defines the
early progression of the infection (13). In peripheral blood,
monocyte numbers expand during active TB disease (14).
In vitro study on diabetic cells found reduced level of Mtb
phagocytosis possibly due to alteration in diabetic monocytes and
complement system (15). Monocytes can differentiate into M1
or M2 macrophages with pro- or anti-inflammatory functional
phenotypes, respectively (16). An M1 phenotype is associated
with the up-regulation of MHC-II molecules (such as HLA-
DR) (17) and a co-stimulatory receptor, CD86 and the ability to
produce pro-inflammatory cytokines such as TNF-a and IL-1§
(16,18, 19). Alternatively, the M2 phenotype can be characterized
by the upregulation of the scavenger receptors, CD163 and
the mannose receptor, CD206, as well as the ability to release
anti-inflammatory cytokines, such as IL-10 (16, 20). Generally,
M1 macrophages are considered part of the common host
response against intracellular bacteria and involved in killing of
mycobacteria, while M2 macrophages are associated with tissue
repair and bacterial persistence (13, 21). The polarization state
of monocytes is likely important for maintenance of a balanced
inflammatory response in TB disease. In a human macrophage
cell line, glibenclamide promoted alternative activation of
macrophages by enhancing the expression of the M2 marker
CD206 during M2 polarization (22). However, to date, there is
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no information as to how glibenclamide affects primary human
monocyte phenotype and function in response to mycobacterial
infection. Here, we demonstrated the effect of glibanclamide on
M1 and M2 phenotypes of primary human monocytes against
BCG and Mtb in vitro and also investigated whether drug
treatment for T2DM individuals influences cytokine production
and killing activity by monocytes in response to mycobacterial
infection. We conclude that glibenclamide reduces M1 markers
and enhances M2 markers on primary human monocytes,
which leads to reduced killing activity against Mtb. Our
findings suggest that treatment with glibenclamide impairs the
anti-bacterial defense functions of human monocytes in DM
individuals.

MATERIALS AND METHODS

Participants

We collected whole blood from 10 healthy individuals at
LSHTM, UK and 41 diabetic, and 15 healthy control Thai
individuals enrolled at Yang Lum Health Promoting Hospital,
Ubon Ratchathani, Thailand. All individuals had no signs of
acute infectious disease in the 3 months prior to enrollment.
We classified diabetic individuals according to drug treatment,
divided into three groups: (1) glibenclamide alone or both
glibenclamide and metformin, (2) glipizide alone, and (3)
metformin alone. Diabetic individuals from each group exhibited
impaired glycemic control based on HbAlc levels (>6.5%).
Exclusion criteria for both healthy and diabetic volunteers
included impaired renal function, defined by a serum creatinine
level of >2.2 mg/dl.

Ethics Statement

This study was carried out in accordance with the
recommendations of UK and Thailand guidelines for human
research and the protocol was approved by LSHTM Research
Ethics Committee and Nakhon Phanom Hospital Ethical
Review Committee for Human Research. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

Microorganisms

Stocks of Mtb H37Rv or Mycobacterium bovis Bacille Calmette-
Guerin (BCG) Pasteur-Aeras were cultured in 7H9-OADC-
Tween-Glycerol for 14 days. Bacterial growth was assessed by
measuring the optical density at 600nm and the number of
viable bacteria (colony-forming units) in inocula determined
by retrospective plating of serial ten-fold dilutions on 7HI11
agar, and then frozen at —80°C. Live Mtb was handled
under Advisory Committee on Dangerous Pathogens (UK) bio-
containment level 3 conditions at LSHTM and Khon Kaen
University.

Monocyte Isolation

We isolated human peripheral blood mononuclear cells (PBMCs)
from heparinized venous blood by Ficoll-Paque centrifugation.
PBMC suspensions at 107 cells/ml were plated 300 jl in each
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respective well of a 48-well plate and incubated for 2 h. The non-
adherent cells were removed by repeated pipetting and washed
with 10% FBS in RPMI 1640 culture medium for three times.
Fresh medium was added to the adherent cells. The resulting
cell preparation was confirmed to consist of >95% monocytes by
Giemsa staining and microscopy.

Monocyte Stimulation and Cytokine

Measurement

Unless stated otherwise, purified monocytes at a concentration
2.5 x 10° cells/ml in RPMI 1640 culture medium were pretreated
with 50 uM glibenclamide (Sigma) [comparable to the peak
human plasma concentration achieved following a 20 mg oral
dose (23)] for 30 min and then infected with live Mtb or BCG
at 10% or 10° CFU per well or activated with 10 jLg/ml of LPS
(from Escherichia coli, Sigma) at 37°C for 96 h. The supernatants
were stored at —80°C until cytokines were measured. TNF-
o, IL-10, and IL-6 concentrations were tested in duplicate
by ELISA (Invitrogen and BD Biosciences) according to the
manufacturer’s instructions. IL-1f concentration was measured
using Quantikine HS ELISA (R and D system). IL-8, MCP-1,
RANTES, IP-10, and MIG were determined using a cytometric
bead array multiplex assay (CBA) in accordance with the
manufacturer’s instructions (BD Biosciences). All cytokine data
in response to Mtb, BCG, or LPS were subtracted from the
medium control of each sample.

Cell Surface Marker Staining

Following incubations, the plate was incubated in 4°C for
30 min and rubbed gently by pipette. Then, suspended monocytes
were collected and transferred to FACS tubes. Then, cells were
centrifuged and washed with 1 ml FACS buffer. Pelleted cells were
surface stained with anti-CD14-BV421, anti-CD16-BV510, anti-
CD86-PE-Cy7, anti-HLA-DR-PE, anti-CD206-APC, and anti-
CD163-BV605 (BioLegend) for 30 min at 4°C. After washing
with FACS buffer, cells were fixed by 4% paraformaldehyde
(Sigma, UK) for 10 min at 4°C and then washed by FACS buffer.
Finally, cells were resuspended in 250 pl FACS buffer and kept
in 4°C until analysis. Data was acquired using an LSRII flow
cytometer (BD Biosciences) configured with three lasers and 10
detectors and FACSDiva acquisition software (BD Biosciences).
Compensation was performed using tubes of CompBeads (BD
Biosciences) individually stained with each fluorophore and
compensation matrices were calculated with Flowjo version 10
(TreeStar Inc., Ashland, OR, USA).

In vitro Mycobacterial Growth Inhibition
Assay (MGIA)

Purified monocytes were pretreated with or without
glibenclamide for 30min as described and then infected
with live Mtb or live BCG at 10> CFU for 96 h with glibenclamide
in the condition. Following incubations, cells and remaining Mtb
or BCG were pelleted and cells were lysed by incubation in sterile
water with vortexing three times in between. Mtb or BCG from
each individual tube were then transferred into a corresponding
MGIT tube and time to positivity was determined using a MGIT
960 (Becton Dickinson). Direct-to-MGIT controls were used
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for the calculation of relative growth. All mycobacteria growth
inhibition assays were carried out in duplicate. For each tube,
time to positivity in hours was converted to log CFU of bacteria
using a previously determined standard curve for the stock of
Mtb or BCG used (24).

Statistics

Statistical analysis (One way ANOVA and paired t-test) was
performed by using Graphpad PRISM statistical software
(Graphpad). P-values < 0.05 were considered significant. The
statistical power of the study was calculated by post-hoc power
analysis for all experiments measuring cytokine production in
diabetic individuals and there we have >80% power with 95%
confidence to detect differences between groups.

RESULTS

Glibenclamide Reduces M1 While
Enhancing M2 Surface Marker Expression

on Primary Human Monocytes

Because the peripheral lipid portion of the cell wall is very
similar between BCG and Mtb (25), it is predicted that
their ability to infect peripheral monocytes or macrophages
is similar. Firstly, to determine the effect of glibenclamide on
M1 and M2 marker expression, purified primary monocytes
from healthy control individuals were pretreated with the
drug at doses comparable to the range of glibenclamide given
during oral therapy to human patients (26, 27), prior to
infection with BCG. In this study, we refer only to two major
subsets, terming classical monocytes simply as CD14TCD167,
and non-classical as CD14TCD16" (28). Cultured monocytes
were analyzed with M1 (HLA-DR' and CD86%) and M2
(CD163% and CD206%) surface markers on CD14*CD16~
and CD147CD16", respectively (Figure 1A and Figure S1).
Here, we found that glibenclamide significantly reduced M1
surface markers on CD14*CD16™ and enhanced M2 surface
markers on CD14TCD16" with or without BCG infection
(Figure 1), regardless of the concentration of BCG (Figure S2).
M2 surface markers were not detected on CD14TCD16~ and
no difference was found with glibenclamide-pretreatment of M2
and M1 surface markers on CD147CD16~ and CD14TCD16"
monocytes, respectively (FigureS3). To determine whether
glibenclamide alters M1 and M2 surface markers in an
M2 macrophage polarization model, we activated primary
human monocytes with IL-4 to obtain M2 phenotype cells in
the presence or absence of glibenclamide (Figure $4). With
glibenclamide, M1 surface markers of CD14TCD16™ cells were
significantly reduced, while an upward trend was observed in the
expression of M2 surface markers (Figure S4B). Gibenclamide
also clearly enhanced M2 surface marker expression (CD206)
in CD14*CD16™ cells during M2 polarization (Figure S4A),
consistent with the published data on human macrophage cell
lines (22). We also performed an M1 macrophage polarization
model, but no significant difference was found (data not shown).
Nevertheless, we provide evidence that glibenclamide reduces M1
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FIGURE 1 | Glibenclamide reduces M1 but enhances M2 markers on human monocytes. Monocytes from UK healthy individuals (n = 10) were treated with
glibenclamide [GB, 0 (vehicle, DMSO), 25, 50 uM] for 30 min. Drug-treated monocytes were incubated with 100 CFU of BCG or RPMI medium (Med) for 96 h and then
analyzed M1 and M2 markers by flow cytometry. (A) After exclusion of debris and doublets, monocytes were detected as CD14+CD16~ and CD14+CD16%
populations and then further analyzed for M1 (HLA-DR* and CD86%) and M2 (CD163* and CD2061) expression, respectively. These data are representative of a
healthy individual. (B) The percentage of M1 or M2 positive cells for each individual are shown. Each bar represents the median of each group and each dot
represents the value of each sample. Statistical analysis was performed using One Way ANOVA to compare all groups, ***P < 0.001, **P < 0.01, *P < 0.05. No
asterisk, non-significant.

and increases M2 surface marker expression on primary human
monocytes.

Glibenclamide Reduces TNF-«a While
Enhancing IL-10 Production From Primary
Human Monocytes in Response to BCG

and M. tuberculosis
We next evaluated whether glibenclamide alters the ability

of primary human monocytes to release pro- and anti-
inflammatory cytokines in response to BCG and Mtb
infection by detecting TNF-a (M1 phenotype) and IL-10

(M2 phenotype), respectively. Purified primary monocytes
from healthy individuals were pretreated with glibenclamide,
infected with BCG or Mtb for 96 h and cytokine concentrations
measured in supernatants. Consistent with its impact on
macrophage polarization, glibenclamide significantly reduced
TNF-a in a concentration-dependent manner (Figure2A).
Secretion of IL-1B was significantly reduced when cells
were pretreated with glibenclamide (Figure S5). In contrast,
glibenclamide significantly enhanced IL-10 production in
response to both BCG and Mtb from the same cell cultures
(Figure 2B). Together, we conclude that glibenclamide reduces
the expression of cytokines associated with MI phenotype
and enhances expression of M2 associated cytokines in
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primary human monocytes in response to mycobacterial
infection.

Broad Cytokine Production in Response to
M. tuberculosis Is Associated With the
Choice of Drug Treatment in Individuals
With Diabetes Mellitus

Currently, not only glibenclamide and metformin but glipizide,
a partial potassium channel blocker, is also one of the main
drugs being used to control blood glucose levels in TB endemic
areas (29). To investigate whether different drugs involved in the
management of T2DM, vary in their effects on innate immune
function, we compared the broad cytokine production including
TNF-a, IL-10, IL-8, IL-6, MCP-1, RANTES, IP-10, and MIG
of monocytes purified from T2DM individuals under different
drug regimens (see Table 1 for characteristic of individuals).
These T2DM individuals had similar levels of BMI, fasting blood
glucose and markers of glycemic control (HbAlc), regardless
of anti-diabetic drug treatment used (Table 1). We found that
T2DM individuals who were being treated with glibenclamide
had significantly lower TNF-a and IL-8 but increased IL-6 when
compared to monocytes from healthy control groups in response
to Mtb infection (Figure 3A). A similar effect of glibenclamide
was observed upon LPS stimulation of cells, with lower levels of
TNF-o produced from glibenclamide treated cells (Figure 3B).
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FIGURE 2 | Glibenclamide reduces TNF-a while enhances IL-10 production from monocytes in response to BCG and M. tuberculosis. Monocytes from UK healthy
individuals (n = 10) were treated with glibenclamide (GB, 25, 50 jtM) for 30 min., incubated with 10% CFU per well of BCG; or monocytes from UK (n = 5) and Thai
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collected for (A) TNF-a and (B) IL-10 detection. Statistical analysis was performed using One Way ANOVA or paired t-test for BCG or Mtb infected samples,
respectively. Each bar is expressed as median of each group and each dot represents each sample. **P < 0.01, *P < 0.05. No asterisk, non-significant.
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However, we only observed a trend toward increased IL-10
from monocytes from T2DM individuals who were being treated
with glibenclamide against Mtb infection with or without LPS
activation (Figures 3A,B). Moreover, T2DM individuals who
were being treated with metformin had significantly reduced
IL-8, IL-6, MCP-1, and RANTES in the presence of Mtb
(Figure 3A) and reduced TNF-o and IL-6 in response to LPS
(Figure 3B). IP-10 and MIG levels were lower than the limit of
detection in this experiment. Our data suggests that in T2DM
individuals, glibenclamide reduces an M1 phenotype, especially
TNF-a and IL-8 production in primary human monocytes
in response to Mtb and LPS. Moreover, metformin reduces
IL-6 and chemokines which are involved with macrophage
polarization.

Glibenclamide Treatment Impairs Killing of
M. tuberculosis by Primary Human

Monocytes

Our previous data suggested that glibenclamide promotes an
M2 phenotype in T2DM individuals. Moreover, in other studies,
the shift of polarization toward M2 is associated with poor
microbicidal activity and parallels with TB susceptibility (21).
We further investigated the effect of glibenclamide on the killing
function of primary human monocytes using a mycobacterial
growth inhibition assay (MGIA) (24). Bacterial growth, which
was measured after culture with primary monocytes for
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TABLE 1 | General characteristics of diabetic and healthy control individuals.

Diabetic (n = 41)

Individual Healthy Glibenclamide®  Glipizide Metformin
groups

Total (n = 56) 15 12 13 16

Sex (female: male) 13:2 5:7 8:5 11:5
Average age 47 +7 59 + 90 64 +10P 61+ 10°
(year)?

BMI (kg/m?)2 245+ 3.1 245 +2.6° 24.64+24° 244426
Fasting blood ND 169.9 + 52.4°  141.7 +27.2° 1450+ 37.20
sugar (mg%)?

HbA1C (%)@ 53+04  84+23° 7.8+1.9° 75+21°

ND, not determined.

@ The values are means =+ SD.

b No statistically significant differences (P > 0.05) compared across all diabetic individuals
using One Way ANOVA.

¢ Glibenclamide alone, n = 6 and combination with metformin, n = 6.

96h, showed that glibenclamide significantly reduced the
ability of monocytes to eliminate Mtb and also BCG in a
concentration-dependent manner (Figure 4A). Furthermore, to
examine whether specific drug treatment for T2DM individuals
influenced the antimicrobial functions of monocytes, purified
monocytes from either healthy or T2DM individuals (see
Table 1 for details of individuals) were exposed to Mtb and
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FIGURE 4 | Glibenclamide treatment impairs killing of M. tuberculosis by monocytes. (A) Monocytes from UK healthy individuals were treated with glibenclamide (GB,
50, 100 M) for 30 min. Drug-treated monocytes were incubated with 102 CFU per well of M. tuberculosis (Mtb, n = 9) or BCG (n = 5) for 96 h and then the total
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were determined by MGIA. Statistical analysis was performed using One Way ANOVA to compare between control and other groups. Data are expressed as median
with interquartile range. ***P < 0.001, * P < 0.05. No asterisk, non-significant.
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the bacterial growth was assessed by MGIA. Monocytes of
T2DM individuals who were being treated with glibenclamide
had impaired killing activity compared to monocytes from
healthy controls as well as other anti-diabetic drug treatment
groups (Figure 4B). These data implied that glibenclamide
impairs the antimycobacterial function of primary human
monocytes.

DISCUSSION

Individuals with T2DM have an increased risk of developing
infections and sepsis (30, 31). Previous studies show that
phagocyte function is compromised (32) and that antioxidant
systems and adaptive immunity may be depressed in individuals
with T2DM (31). Many conditions are strongly associated with
T2DM, including malignant otitis externa, emphysematous
pyelonephritis, emphysematous cholecystitis, Klebsiella liver
abscesses, rhinocerebral mucormycosis (33), urinary tract
infection by E. coli (34), salmonellosis (35), TB (3), and
melioidosis (36). Our previous studies show that not only T2DM
physiology itself, but also anti-diabetic drug treatment reduced
neutrophil functions of diabetic individuals in response to B.
pseudomallei infection, which caused melioidosis (11, 12).
These Mtb and B. pseudomallei infections share many features
including the importance of cell mediated immunity for
immune defense, generation of granulomatous pathology
in infected tissues, prolonged periods of clinical latency,
an interferon dominant host transcriptional profile and
difficulty in generating sterilizing immunity (36-38). This is
of particular relevance to increased risk of TB in individuals
with T2DM, yet the understanding of the immunological
changes, which underlie this susceptibility are still not
defined.

In this study, we focus on the possible impact of anti-
diabetic drugs on monocytes from diabetic individuals against
mycobacterial infection as monocytes are key mediators of Mtb
infection and resistance (13). Many studies indicate that human
monocytes subsets respond differentially to Mtb infection (39-
43). CD14TCD16" monocytes have recently been shown to
support Mtb replication as and there is a correlation between
the abundance of CD147CD16" cells and the progression of
TB disease (13, 39, 40). Although, binding and ingestion of
microorganisms during non-opsonic phagocytosis had been
reported through the mannose receptor, CD206 (43), our
data showed that glibenclamide enhances CD206 (M2 marker)
on CD147CD16" monocytes and this was associated with
a reduction in mycobacterial killing. At the transcriptome
level, M2 macrophages displayed a diminished inflammatory
response to Mtb as reflected by reduced nitric oxide (NO)
production and increased iron availability, suggesting these
monocytes offer a permissible intracellular environment for
bacterial replication (44). Moreover, our data also showed that
glibenclamide reduced MHC-II molecules, HLA-DR, and a
co-stimulatory receptor, CD86 which are involved in antigen
presentation and T cell co-stimulation (21), implying that
monocytes treated with glibenclamide are less efficient in
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triggering T cell responses compared to non-treated monocytes.
These data are consistent with a study in HIV negative TB
patients with T2DM in Tanzania. They found that hyperglycemia
was inversely correlated with live BCG-specific CD4™ T cell
responses in patients with latent or active TB and that half
of these diabetic patients were prescribed with glibenclamide
alone in combination with other anti-diabetic drugs (45).
On the other hand, the novel monosubstituted sulfonylureas
could inhibit Mtb replication of both H37Rv and extensively
drug-resistant strains in lungs of mice through targeting
acetohydroxyacid synthase (46). This latter study suggests that
modified sulfonylureas may be effective as potential drug
candidates against TB.

Since our previous data in human neutrophils from diabetic
individuals who have been treated with glibenclamide alone
and in combination with metformin showed a similar cytokine
pattern against B. pseudomallei infection (11), and the majority
of diabetic individuals who have been treated with sulfonylureas
are also treated with metformin [as recommended by the
American Diabetes Association’s (47)], data from those diabetic
individuals treated with glibenclamide alone or in combination
were combined for immune analysis, unless stated otherwise.
TNF-a is a major cytokine of the M1 pathway (14) and
depletion of TNF causes a relative increase in M2 gene
expression, thereby favoring the M2 pathway (exemplified by
the presence of IL-14 or IL-13) (48, 49). In an Mtb infection
model, TNF-a depletion resulted in increased susceptibility,
with mice succumbing to infection within 2-3 weeks, while
harboring a high bacterial burden (50). Also, chemokines
such as IL-8 (CXCL8), MCP-1 (CCL2), and RANTES (CCL5)
are produced at high levels in M1 macrophages (51). In
this study, we not only observed a reduction of TNF-a but
also IL-8 production from monocytes of T2DM individuals
who were being treated with glibenclamide. Surprisingly, we
also found that IL-6 was significantly enhanced in monocytes
of the glibenclamide treatment group. IL-6 exerts a pro-
inflammatory (52) or an anti-inflammatory (53) effect dependent
on the local immune microenvironment. IL-6 can induce M2
macrophage differentiation through STAT3 activation and can
enhance infiltration of CD163+CD206+ macrophages in gastric
tumor tissue (54). Moreover, IL-6 production by Mtb-infected
macrophages inhibited uninfected macrophage responses to IFN-
v (55). These previous reports support our data significantly
showing that T2DM individuals who were being treated
with glibenclamide have reduced TNF-a and IL-8 while it
enhances IL-6 production and M2 surface markers on primary
human monocytes, leading to impair mycobacterial killing
(even though some of DM individuals who were being treated
with glibenclamide were also being treated with metformin in
combination).

In contrast, IL-10 is a hallmark M2 cytokine in both mice
and human (21). However, we only observed a trend of
IL-10 increase in T2DM individuals who have been treated
with glibenclamide. The reason that we could not clearly
see a significant enhancement of IL-10 could be due to (1)
length of culture as IL-10 might be used by monocytes after
96h culture, and (2) IL-10 is a potent anti-inflammatory
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cytokine that plays a crucial, and often essential, role in
preventing inflammatory pathology and it is produced as a
synthesis inhibitory factor for a negative feedback mechanism
to limit over pro-inflammatory cytokine response toward Mtb
infection (50). Once pro-inflammatory cytokines have been
suppressed, IL-10 might not need to be plentifully produced.
Nevertheless, we have shown that glibenclamide enhances IL-
10 levels in vitro. In Thailand, East Asian (w/Beijing) strains
predominated in both TB meningitis and pulmonary TB disease
(56). However, our study used only Mtb H37Rv, the most
studied strain of TB in research laboratories (57), and BCG,
with which most Thai people have been vaccinated (58). It is
possible that the magnitude of cytokines produced from human
monocytes may be different in response to East Asian Mtb
strains.

Obesity and T2DM are now recognized as chronic
proinflammatory diseases (59). Previous studies found that
short-chain fatty acids inhibit Mtb-induced pro-inflammatory
cytokine production from human PBMCs (60), and poor
glycemic control is a risk factor for TB infection (61). Moreover,
an imbalance in the ratio of M1 and M2 macrophages, with
increased cytokine production from M1 macrophages and/or
reduced anti-inflammatory signals from M2 macrophages leads
to adipose tissue dysfunction and impairs glucose tolerance.
However, the characteristics of our samples showed that Thai
DM individuals had similar BMI results as healthy controls at
the time of enrollment. Also, previous studies proposed that M2
macrophages strongly promote pancreatic beta-cell proliferation
(62), with enhancing beta-cell mass could be an ideal cure for
DM. Linking these observations to our data, indicating that
glibenclamide promotes M2 markers, suggests that another
positive effect of glibenclamide on diabetes is carried out by
macrophages exhibiting an M2 phenotype. The Karp channel
is also known to influence the phenotype of prepolarized
macrophages and inhibition of Karp channel promotes M2,
while opening of Katp channel augments M1 marker expression
in a human monocyte cell line (22). Therefore, as glipizide is
a partial inhibitor of Karp channel, we could not expect to
observe an effect on cytokine production and killing activity of
primary human monocytes against Mtb infection. Another major
anti-diabetic drug, metformin, a candidate for host-directed
therapy for TB (63), was reported to reduce pro-inflammatory
cytokine production in response to E. coli LPS (64) and approach
to target Mtb by pharmacologically stimulating intracellular
mycobacteria clearance through autophagy (65). Moreover,
metformin was observed to inhibit macrophage differentiation
via AMPK-mediated inhibition of STAT3 activation and to
inhibit TNF-a and MCP-1 production (66). These are consistent
with our data, which show a reduction in TNF-a and IL-6
against LPS and IL-6, IL-8, MCP-1, and RANTES in response
to Mtb infection in T2DM individuals who were being treated
with metformin. However, the killing function of monocytes
from T2DM who were being treated with metformin is not
impaired.

The possible mechanism to explain how glibenclamide
is associated with M1 and M2 marker alteration could be
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(1) pre-differentiated/pre-polarized macrophages presented an
expression pattern of potassium subunits that facilitated more
efficient glibenclamide binding (22) and might directly modulate
macrophage polarization, and (2) the reduction of IL-1f
level through inflammasome which triggered the inhibition of
potassium channel by glibenclamide (8) might result in cytokine
imbalance, especially TNF-a, IL-8, and IL-6 in this study and lead
to M1 and M2 marker alteration. This switch between M1 and M2
state may indicate how the innate immune balance is maintained
by macrophage subsets during bacterial infection.

Taken together, this is the first report to describe that
glibenclamide impairs mycobactericidal ability of primary
human monocytes of T2DM individuals in response to Mtb by
reducing M1 and promoting M2 polarization. Our data suggests
that treatment with glibenclamide may result in increased
susceptibility of T2DM individuals to TB and other bacterial
infectious diseases.
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Abstract

Background: The only available tuberculosis (TB) vaccine, Bacillus

Calmette-Guérin (BCG), has variable efficacy. New vaccines are therefore Invited Referees
urgently needed. Why BCG fails is incompletely understood, and the tools used 1 2
for early assessment of new vaccine candidates do not account for BCG ' '
variability. Taking correlates of risk of TB disease observed in human studies v

and back-translating them into mice to create models of BCG variability should version 2 report

allow novel vaccine candidates to be tested early in animal models that are published

more representative of the human populations most at risk. Furthermore, this 27 Jun 2018

could help to elucidate the immunological mechanisms leading to BCG failure.

We have chosen the monocyte to lymphocyte (ML) ratio as a correlate of risk of version 1 ? v
TB disease and have back-translated this into a mouse model. published report report

" g ) : 08 Mar 2018
Methods: Four commercially available, inbred mouse strains were chosen. We

investigated their baseline ML ratio by flow cytometry; extent of BCG-mediated
protection from Mycobacterium tuberculosis infection by experimental 1 Nacho Aguilo, University of Zaragoza,
challenge; vaccine-induced interferon gamma (IFNy) response by ELISPOT

Spain
assay; and tissue distribution of BCG by plating tissue homogenates. P
Results: The ML ratio varied significantly between A/J, DBA/2, C57BI/6 and o Maximiliano G Gutierrez, Francis Crick
129S2 mice. A/J mice showed the highest BCG-mediated protection and Institute, USA

lowest ML ratio, while 129S2 mice showed the lowest protection and higher ML
ratio. We also found that A/J mice had a lower antigen specific IFNy response
than 12952 mice. BCG tissue distribution appeared higher in A/J mice,
although this was not statistically significant. Comments (0)
Conclusions: These results suggest that the ML ratio has an impact on

BCG-mediated protection in mice, in alignment with observations from clinical

studies. A/J and 12952 mice may therefore be useful models of BCG vaccine

variability for early TB vaccine testing. We speculate that failure of BCG to

protect from TB disease is linked to poor tissue distribution in a ML high

immune environment.

Discuss this article
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i5757:) Amendments from Version 1

This version has been revised to address the reviewers'
comments. We have now included an analysis of the CD11b
intermediate, CD11c+ cell population in the lung which should
be enriched in alveolar macrophages (Figure 1E). We have
also included a discussion about the main genetic differences
between the mouse strains, and provided some clarification of
experimental and technical details.

See referee reports

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb)
is the leading cause of death from a single infectious agent.
Multidrug-resistant TB remains a public health crisis, and only
one vaccine (the M. bovis-derived Bacillus Calmette-Guérin,
BCG) is currently licensed for clinical use. To meet the sustain-
able development goal of ending the TB epidemic by 2030, new
treatments and vaccines are both urgently needed.

BCG efficacy is highly variable'~. The reasons why BCG protects
when it does and why it fails when it doesn’t are incompletely
understood, but are crucial to the successful design and testing
of new vaccines’. Furthermore, to be able to accurately assess
vaccine candidates in models where BCG both protects and does
not protect very early on in the vaccine development pipeline
would be highly advantageous and de-risk failure in later stage
clinical trials. There is however a lack of a broad range of tools
that can collectively predict with some confidence whether a
vaccine will be protective.

One of the tools for very early testing of TB vaccine candidates
is a mouse model. However, in order to obtain meaningful infor-
mation, new vaccine candidates should be tested in models that
are clinically relevant and reflect the breadth and heterogene-
ity of immune environments and varying BCG efficacy found in
human populations. We propose that this could be achieved
by back-translating observations from clinical studies, such as
correlates of risk of TB disease, into animal models.

A number of correlates of risk of TB disease have recently been
identified, including transcriptomic mRNA signatures in blood,
T cell activation, and monocyte to lymphocyte (ML) ratio*",
while others are being investigated (reviewed in 9). We have
chosen the ML ratio to provide proof of principle that correlates
of risk can be back-translated into the mouse to develop a model
for vaccine testing that better reflects the populations most at
risk of BCG failure.

In this study, we show that inbred, commercially available
mouse strains have differing ML ratios, and that a high ML
ratio is associated with lower BCG-mediated protection from
experimental Mtb challenge. We further suggest that lack of
BCG dissemination and/or persistence in ML high mice impairs
protection.

F1000Research 2018, 7:296 Last updated: 04 JUL 2018

Methods

Ethics statement

All animal work was carried out in accordance with the Animals
(Scientific Procedures) Act 1986 under a license granted by the
UK Home Office (PPL 70/8043), and approved locally by the
London School of Hygiene and Tropical Medicine Animal
Welfare and Ethics Review Body.

Animals and experiment design

The following mouse strains were used for the experiments
reported here (abbreviated names used throughout the manu-
script are given in brackets): A/JOlaHsd (A/J); DBA/20laHsd
(DBA/2); C57BL/6JOlaHsd (C57Bl/6); 129S2/SvHsd (129S2).
Female mice were acquired from Envigo UK at 5-7 weeks of
age. Animals were housed in specific pathogen-free individually
vented cages with environmental enrichment (play tunnel and
tapvei block), with 12 hours light / 12 hours dark cycles, at
temperatures between 19° — 23°C and relative humidity of
45 — 65%. Mice were fed sterilized diet RM1 and filtered water
ad libitum, and were allowed to acclimatize for at least 5 days
before the start of any experimental procedure. Mice were
allocated to cages as groups of 5 by technical staff not involved
in experimental procedures or data analysis, and mice of the same
strain were housed together. Each cage was allocated to a treat-
ment in no particular order, but without formal randomisation.
Animal welfare was assessed twice every day before and during
the study.

Two independent experiments with separate primary outcomes
were carried out to obtain the data described in this report. In
Experiment 1, 5 naive mice of each strain (20 mice total) were
culled by anaesthetic overdose, and cardiac blood, lungs and
spleens were collected for determination of the ML ratio by
flow cytometric analysis (see below for details). The primary
outcome for this experiment was the ML ratio (Figure 1). In
Experiment 2, parallel groups of mice (n=5 per group) were
BCG-immunised or left untreated. These were allocated at the
start of the study to either an immunogenicity group (IFNy
response and BCG dissemination; 10 mice per strain; 40 mice
total; Figure 3 and Figure 4), or an Mrb challenge group
(bacterial burden in lung; 10 mice per strain; 40 mice
total; Figure 2). Six weeks after immunisation, mice were
infected with Mtb or culled for isolation of cells from lung and
spleen. In all, a total of 100 mice (25 per strain) was used to
obtain all data presented here.

The study was not blinded.

Vaccination

The BCG Pasteur strain was obtained from Aeras (Rockville,
MD, USA) as frozen aliquots. These were stored at -80°C until
needed. BCG was then thawed at room temperature and diluted
to a final concentration of 2x10° CFU/ml in physiological saline
solution for irrigation (Baxter Healthcare, Newbury, UK). Each
animal received a subcutaneous injection of 100 ul BCG
containing 2x10° CFU BCG (vaccinated groups). BCG dose
was confirmed by plating of an aliquot of the prepared vaccine
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Figure 1.The ML ratio differs significantly in four different inbred mouse strains. A Gating strategy for flow cytometric analysis. Cells from
naive animals were fixed, stained and data acquired as described in Materials and Methods. Cell debris was gated out by use of a FSC-SSC
gate, followed by gating on single cells (FSC-H and FSC-W). A sequential gating strategy was then applied to determine the frequency of
T cells (CD3+), B cells (B220+), neutrophils (CD11b* Ly6G*), monocytes/macrophages (CD11b+ CD11c"**", red gate) and CD11b™ CD11c*
cells (blue gate) as a percentage of single cells. Plots shown are from a sample of a C57BI/6 spleen. B-D The ML ratio was calculated by
dividing the percentage of monocytes/macrophages by the sum of the percentages of B and T cells. ML ratio was analysed in blood (B), lung
(C) and spleen (D) of four different mouse strains. E Percentage of CD11b™ CD11c* cells in the lung of four different mouse strains, likely to
be enriched in alveolar macrophages. Each symbol represents one animal; box plots represent the median (middle line), 25" to 75" percentile
(box) and minimum to maximum value (error bars). Data sets are presented in order of decreasing protection. p values were determined using
ordinary ANOVA with Holm-Sidak test for multiple comparisons. Multiplicity adjusted p values are reported. A p value <0.05 was considered
statistically significant.
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Figure 2. Protection from Mtb infection varies after BCG vaccination in ML high and low mouse strains. A Mice of each strain were
immunised s.c. with 2x10e5 CFU BCG Pasteur (open circles) or left untreated (filled circle), and infected i.n. with 30 CFU Mtb Erdmann
6 weeks later. Bacterial burden in the lungs of all animals was enumerated 7 weeks after challenge. Each symbol represents one animal.
Bacterial numbers are given as log10 CFU per whole organ. No bacteria were detected in one of the C57BI/6 samples; this value was set
to zero. A indicates the difference in bacterial burden between naive and BCG immunised mice. p values were determined by Kruskal-
Wallis test with Dunn’s post-test for multiple comparisons between naive groups, and multiplicity adjusted p values are reported. Individual
Mann-Whitney tests to compare naive with BCG immunised groups of each mouse strain. p<0.05 was considered statistically significant. Error
bars represent the median and interquartile range. LoD: limit of detection. B ML ratio in comparison to protection in the lung of ML high and
low mice. The median ML ratio in lung (red; as in Figure 1) is plotted together with protection expressed as the median % decrease in CFU
(blue; as in A).
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Figure 3. Antigen-specific interferon gamma response varies in splenocytes of ML high and ML low mouse strains. Splenocytes were
isolated from BCG-immunised or control mice at the time of Mtb challenge (6 weeks after immunisation), and restimulated with PPD. The
number of IFNy producing cells were enumerated using an ELISPOT assay (presented as spot forming units [SFU] per 10e6 cells). Non-
specific background measured in unstimulated duplicate wells was removed. Data sets are presented in order of decreasing protection. Each
symbol represents one animal. p values were determined by using one-way ANOVA and Dunn's post test for multiple comparisons. Error bars
represent the median and interquartile range. Multiplicity adjusted p values are reported. p<0.05 was considered statistically significant.
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Figure 4. BCG distribution varies between lung and spleen after vaccination of ML high and ML low mice. Approximately half of each
lung (A) and spleen (B) was homogenised at the time of Mtb challenge (6 weeks after immunisation) and plated on 7H11 agar plates to
determine viable BCG bacteria. Total CFU per organ are reported. Data sets are presented in order of decreasing protection. Each symbol
represents one animal. In some instances, bacteria could not be detected and values were set to zero. p values were determined by
using Kruskal-Wallis test and Dunn’s post test for multiple comparisons. Error bars represent the median and interquartile range. Multiplicity
adjusted p values are reported. p<0.05 was considered statistically significant.

suspension on 7HI1 agar plates. Colonies were counted after
12-14 days of incubation at 37°C. Animals were then rested for
6 weeks before either infection with Mrb, or sacrifice for cell
isolation.

BCG enumeration in tissues

Approximately half of each spleen and the right-hand side lobes
of the lungs from mice in the immunogenicity group were used
to determine the number of viable BCG bacteria in each organ six
weeks after vaccination. Tissues were removed aseptically in a
microbiological safety cabinet and placed in sterile 2 ml screwcap

vials containing 500 pl PBS + 0.05% Tween80 and Precellys
I.4mm ceramic beads (CK14; Peqlab, Sarisbury Green, UK).
A Precellys 24 homogeniser (Peqglab) was used to homogenise
tissues for 15 s at 5000 rpm before plating. Each entire homoge-
nate was plated onto two 7HI11 agar plates containing 10%
OADC supplement (Yorlab, York, UK) and 0.5% glycerol. Colonies
were counted after 3 weeks of incubation at 37°C.

Infection with M. tuberculosis
Mice were infected intranasally with M. tuberculosis
Erdman (BEI Resources, Manassas, VA, USA) 6 weeks after
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BCG immunization and kept in isolators under CL-3 contain-
ment. Frozen aliquots of Mtb Erdman were thawed at room
temperature, and diluted in saline. Mice were anaesthetized
by an intraperitoneal injection of a combination of Ketamine
(50 mg/kg; Ketalar Pfizer Itd, Kent, UK) and Xylazine (10 mg/kg;
Rompun; Berkshire, UK) in saline. Each animal then received
50 ul of the inoculum, estimated to contain 30 CFU. The number
of bacteria in the inoculum was confirmed by plating aliquots on
7H11 agar plates containing 10 % OADC and 0.5 % glycerol.

Seven weeks after infection, animals were killed by cervical
dislocation. Lungs and spleens were removed aseptically and
homogenized by mechanical disruption in sterile PBS, using the
plunger of a 5 ml syringe and a 100 pum cell strainer. A series
of 10-fold dilutions of tissue homogenates in PBS with 0.05 %
Tween 80 were plated onto 7H11 agar plates with 10 % OADC
supplement and 0.5 % glycerol. Plates were incubated at 37 °C and
colonies counted after 3 weeks.

Protection is expressed by the percent reduction of median
CFU/lung in the BCG group compared to the control group for
each mouse strain.

Flow cytometry

Single cell suspensions from spleens were prepared in
RPMI-1640 media (Sigma-Aldrich, Dorset, UK) containing 10%
heat-inactivated FBS (Labtech International Ltd, Uckfield, UK)
and 2 mM L-Glutamine (Fisher Scientific, Loughborough, UK)
as soon as possible after sacrifice. Spleens were mechanically
disrupted by mashing through a 100um cell strainer using the
rubber end of the plunger from a 5ml syringe. Lungs were
collected into RPMI-1640 media without FBS and cut into
small pieces of approx. 2mm?* before incubation with 0.5mg/ml
Liberase TL (Sigma-Aldrich) and 10pg/ml DNAse (Sigma-
Aldrich). The enzyme reaction was stopped by adding an equal
amount of media containing 10% FBS and the tissue was
mashed as above to obtain single cells. Cells were fixed and
red blood cells lysed by adding lyse-fix solution (PhosFlow;
Becton Dickinson, Oxford, UK). After fixing, cell suspensions
were made up in PBS + 1% FBS.

Approximately 10° cells were stained with the following
antibody cocktail in BD Brilliant Stain buffer as per manufac-
turer’s instructions (Becton Dickinson): CD3-APC/Cy7 (clone
17A2, 1:80), B220-BVS510 (clone RA3-6B2, 1:40), Ly6G-
BV711 (clone 1A8, 1:40), CD11b-BV650 (clone M1/70, 1:60),
CD11¢-BV605 (clone N418, 1:40). All antibodies were
purchased from Biolegend (via Fisher Scientific).

Cells from each tissue from one mouse per strain were used as
fluorescence minus one (FMO) controls. These were stained with
the antibody cocktail as described above, but without one of the
antibodies. This was done for each antibody. FMO controls were
used to guide gating.

OneComp beads (eBioscience via Fisher Scientific, Lough-
borough, UK) were stained with single antibodies as per
manufacturer’s instructions and used to calculate compensation
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using the automatic function in FlowJo version 10.4. Compen-
sation matrices were manually checked and adjusted where
necessary.

Analysis was carried out using FlowJo version 10.4.

The ML ratio was calculated by dividing the percentage of
monocytes/macrophages (Mono_Mac) (B2200 CD3" Ly6G
CDI11b* CDI11c"™™) relative to single cells by the percentage of
B cells (B220*) and T cells (CD3*): Mono_Mac (% of single cells) /
[B cells (% of single cells) + T cells (% of single cells)]

IFN-y ELISPOT

To quantify IFN-y secreting antigen-specific splenocytes, single
cell suspensions were prepared by mechanical disruption of
the remaining spleen samples from the immunogenicity group
through a 100um cell strainer as soon as possible after sacri-
fice. After lysis of red blood cells, single cell suspensions were
made up in RPMI-1640 media containing 10% heat-inactivated
FBS and 2 mM L-Glutamine. 96-well microtiter ELISPOT
plates (MAIPS4510, Millipore, Watford, UK) were coated with
10 pg/ml rat anti-mouse IFN-y (clone AN18, Mabtech, Nacka
Strand, Sweden). Free binding sites were blocked with RMPI-
1640 supplemented with 10% heat-inactivated FBS and 2 mM
L-Glutamine. 2x10° of total splenocytes were added and incu-
bated in duplicate with PPD (10 pg/ml), supplemented RPMI as a
negative control, or Phorbol myristate acetate (PMA) (0.1 pg/ml,
Sigma-Aldrich) and Phytohemagglutinin (PHA) (1 pg/ml, Sigma-
Aldrich) as a positive control. After overnight incubation at 37°C
in 5% CO,, IFN-y was detected with 1 pg/ml biotin labelled rat
anti-mouse antibody (clone R4-6A2, Mabtech) and 1 pg/ml
alkaline phosphatase-conjugated streptavidin (Mabtech). The
enzyme reaction was developed with BCIP/NBT substrate
(5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium)
(MP Biochemicals, UK) and stopped by washing the plates with
tap water when individual spots could be visually detected (up to
Smin). ELISPOT plates were analysed using an automatic plate
reader. IFN-y-specific cells are expressed as number of spot-
forming units (SFU) per million spleen cells after non-specific
background was subtracted using negative control wells.

Statistical analysis

Groups of animals were compared, and a p value of <0.05 was
considered statistically significant. Statistical analysis was carried
out using GraphPad Prism version 6. The specific test used for
each analysis is described in the figure legends.

Results

The ML ratio differs significantly in four inbred mouse strains
Four commercially available inbred mouse strains were chosen
to investigate the impact of the baseline ML ratio on BCG
vaccine efficacy. A/J, DBA/2, C57Bl/6 and 129S2 mice were
selected to represent varying monocyte frequencies and a range of
BCG-mediated protection based on available data (Jax Phenome
Database https:/phenome.jax.org;'™'"). To allow the direct
comparison of the ML ratio between strains, animals were age
and sex matched and all samples were processed at the same
time, stained with aliquots of the same antibody cocktail, and
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data acquired as a batch. All animals used in this experiment were
included in the analysis.

We found significant differences between mouse strains in their
baseline ML ratio in blood, spleen, and lung (Figure 1). Across
all tissues, A/J mice showed the lowest ML ratio (Figure 1 B-D).
In spleen and blood, the ML ratio of DBA/2, C57Bl/6 and
129S2 mice was higher than A/J, but only minor differences
were found between those three strains (Figure | B and D). In
the lung, differences between all strains were more apparent
(Figure 1C). 12982 mice had the highest ML ratio, with DBA/2
and C57Bl/6 showing intermediate levels. These differences
in ML ratio were mostly driven by differing frequencies in
monocytes/macrophages, with minor differences in B and T cell
frequencies between mouse strains (Figure. S1-S3).

Dataset 1. Flow cytometry raw data
http://dx.doi.org/10.5256/f1000research.14239.d207942

This file contains the data underlying the analysis of the ML ratio
and cell subsets in blood, spleen, and lung shown in Figure 1,
Figure 2B, Figure S1, Figure S2, and Figure S3.

To assess the impact of these differences in ML ratio on BCG
efficacy in our model, we infected mice of all strains with virulent
Mtb Erdmann.

Mouse strains with varying ML ratios are differentially
protected from Mtb infection by BCG

Mice of each strain were vaccinated s.c. with BCG, or left
untreated, and infected with Mth Erdmann six weeks later. The
extent of protection by BCG was measured by determining the
bacterial burden in lung and spleen of vaccinated and control mice
(Figure 2). All mice were immunised with the same inoculum
of BCG and infected using the same inoculum of Mrb, so that
results of the different strains are directly comparable. All
animals were included in the analysis and no unexpected
adverse events were observed. No more than 10% weight
loss was recorded over the duration of the experiment. We found
varying degrees of protection (Figure 2A). A/] mice were the
most protected with a difference in median CFU (A) between
vaccinated and control groups of 1.41 log,, followed by DBA/2
(A0.81 logm) and C57BI1/6 (A0.54 ]ogm), and 129S2 mice were
the least protected (A0.37 log, ). Interestingly, the mouse strain
with the highest ML ratio in the lung showed the lowest protec-
tion (129S2), and the strain with the lowest ML ratio showed the
highest protection (A/J; Figure 2B). Some differences were
also observed in the innate susceptibility between strains, most
notably C57B1/6 mice were significantly less susceptible than
DBA/2 (A1.16 log , CFU) or A/J mice (A1.41 log, | CFU). Alveolar
macrophages play an important role in the defence against
respiratory pathogens, however they are not included in the gate
used here to quantify monocytes/macrophages (Figure 2A).
While we did not include specific markers for this cell
population, they carry a CD11b intermediate (CD11bint), CD11lc+
phenotype. We found that the frequency of CDI1lIbint CDI1lc+
cells was significantly higher in C57BI1/6 mice compared to the
other mouse strains (Figure 2E).
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Next, to investigate whether differential BCG-mediated protec-
tion from Mtb infection was associated with a differential immune
response, we carried out an IFNy ELISPOT assay.

Dataset 2. Mtb challenge CFU raw data
http://dx.doi.org/10.5256/f1000research.14239.d197118

This files contains the raw data as colony forming units (CFU) of the
graphs in Figure 2.

A differential antigen-specific IFNy response is associated
with differential protection

To assess the immune response to mycobacterial antigens in the
differentially protected mouse strains, splenocytes from mice
vaccinated with BCG were stimulated with PPD, and the number
of IFNy-producing cells was measured by ELISPOT (Figure 3).
IFNY is a cytokine associated with control of infection in mice'”
and reduced risk of TB disease in humans’. We found that
there were significantly more antigen-specific IFNy produc-
ing splenocytes in 129S2 mice than in A/J or DBA/2 mice, both
of which were better protected by BCG from Mtb challenge than
129S2 mice.

Since BCG is a live mycobacterium, and monocytes and
macrophages are the natural host cells for these organisms, it
was plausible that a high ML ratio and high IFNYy production in
129S2 mice impair BCG survival and dissemination to and/or
persistence in tissues, and thus prevent the formation of a
protective immune response in the lung.

Dataset 3. ELISPOT raw data
http://dx.doi.org/10.5256/f1000research.14239.d197136

This file contains the raw data for the graph shown in Figure 3

BCG dissemination to lung and spleen is impaired in ML
high mice

To determine the extent to which BCG is found in lungs and
spleens after s.c. administration, we plated organ homoge-
nates onto 7HI1 agar plates and enumerated viable BCG after
3 weeks of culture (Figure 4). We generally found low numbers
of bacteria per organ, especially in the lung, where the bac-
terial count did not exceed 80 CFU/lung in any sample.
Moderate differences were detected between mouse strains.
Most notably, the most protected ML low A/J mice had the
highest number of BCG in the lung, while no BCG was detectable
in the lung of the least protected ML high 129S2 mice.

These data led us to speculate that certain host immune-
environments, such as a high ML ratio, can influence BCG
dissemination and/or persistence, which in turn could impact
BCG efficacy.

The data presented here are from one experiment as detailed in
the Methods section. To ensure reproducibility, we have endeav-
oured to include as much experimental detail as possible to allow
others to repeat the study and confirm the results. Groups of ani-
mals of all strains received the same treatments at the same time to
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minimise technical variation. We are therefore confident that the
major differences between strains are true biological differences.

Dataset 4. BCG distribution raw data
http://dx.doi.org/10.5256/f1000research.14239.d197137

This file contains the raw data as colony forming units (CFU) for the
graph shown in Figure 4.

Discussion

The varying efficacy of BCG has long been a concern for the
control of the TB epidemic. Numerous factors have been
discussed as contributors to this, such as population differ-
ences, different BCG strains, vaccination schedules, exposure to
environmental mycobacteria, co-infections with viruses and/or
parasites, and geographical location'*'*"'°. While BCG works
in some populations and protects children from pulmonary and
extra-pulmonary disease, new vaccines are urgently needed for
the populations where BCG fails to protect, such as adolescents
and adults in endemic areas'”. The incomplete understanding
of the mechanisms behind BCG failure, together with limited
tools for early assessment of vaccine efficacy, are hampering the
development of new vaccines. In order to allow early vaccine
testing in a model that better represents the populations most at
risk of TB disease, we have taken a correlate of risk observed in
human studies and back-translated it into a mouse model. The
monocyte to lymphocyte (ML) ratio is a non-specific marker
of inflammation and has been shown to be associated with risk
of TB disease in several populations, including pregnant HIV
infected women, people starting anti-retroviral therapy, BCG
vaccinated infants and latently Mtb infected adolescents”'’".
Scriba et al. show a cascade of inflammatory events as ado-
lescents progress towards disease, which appears to start with
increased Type I/IT IFN signalling, followed by an increase in
monocytes and a decrease in lymphocytes'”. An increased risk
of TB disease in BCG vaccinated individuals with a high ML
ratio indicates that BCG is failing in those populations.

In order to provide proof of principle that the ML ratio, and
observations from human studies more generally, can be back-
translated to develop more clinically relevant mouse models, we
chose to use commercially available, genetically tractable inbred
mouse strains. We could show that these have highly varying
ML ratios in blood, spleen, and lung, and that these differences,
particularly in the lung, were associated with varying BCG-
mediated protection from Mtbh infection. Using mouse strains
with genetically different backgrounds means that there are likely
other confounding factors that could impact vaccine efficacy.
This is exemplified by the DBA/2 mice, which are well protected
despite having a relatively high ML ratio across all tissues.
This could be due to the fact that they have a higher neutrophil
frequency than some of the other strains (data not shown).
Although confounding factors may be at play here, this would
also be the case in a clinical setting since an altered ML ratio can
have different underlying causes. An increased ML ratio is an
indicator for inflammation, likely driven by monocytosis during
inflammation. Some factors that are thought to influence BCG
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efficacy also drive inflammation, such as co-infection with
viruses or parasites, malnutrition, or exposure to environmental
mycobacteria. However, as manipulation of ML ratio in vitro
impacts on ability to control mycobacterial growth, it is likely
that ML ratio itself is contributing to TB risk, independent of the
factor driving inflammation”. It is also possible that host genetic
factors determine baseline inflammation and ML ratio”'. If this is
the case in TB endemic populations, inbred mouse strains with
naturally varying ML ratios may be a useful model for BCG
vaccine variability.

There are genetic differences between the inbred mouse strains
used in this study, some of which have been well described,
while others are likely to be unknown. Among the most well
described genetic factors is the mutation of the interleukin-3
(IL-3) receptor alpha subunit gene in A/J mice, which leads to
impaired IL-3 signalling and reduced proliferation of haematopoi-
etic stem cells and their differentiation into myeloid precursors.
This is likely to play a role in the low ML ratio observed in these
mice”*. A/J mice additionally carry a defect in the gene for
Naip5, an intracellular pattern recognition receptor involved in
control of proliferation of intracellular pathogens™ . It may
thus have an effect on BCG persistence and dissemination.
C57Bl/6 mice carry a polymorphism in the sic/lal (formerly
nrampl) gene, which has been shown to determine susceptibil-
ity or resistance to intravenous infection with BCG as defined
by BCG load in the spleen™. It does not seem to determine sus-
ceptibility to primary Mtb infection in mice, and the effect on
BCG efficacy is not well studied”. In addition, different inbred
mouse strains carry different MHC haplotypes. For the strains
used in this study, they are as follows: 12952, H2"; C57Bl1/6, H2";
A/J, H2%; DBA/2, H2". Each one confers the ability to recognise
a slightly different range of epitopes, although there is overlap.
This may also impact BCG- mediated immunity.

It is currently unclear what the relative contributions are of
genetic and environmental factors to a change in ML ratio’.
Does a naturally high ML ratio in an individual make them more
prone to TB disease, or do other factors including M1b itself drive
up the ML ratio, causing BCG to fail? Does a naturally high
ML ratio in an individual exacerbate an inflammatory response
initiated by environmental factors? There is striking heterogeneity
in the immune response to BCG in infants vaccinated at
birth, including in the ML ratio and cytokine responses'’. This
points towards an involvement of host factors, as the influence
of environmental factors would be limited so early in life. On the
other hand, Scriba er al. observe increases in inflammation and
ML ratio over time in adolescents as an individual progresses
towards active TB disease and diagnosis'’. This may point
towards the pathogen itself as the cause of an altered immune
environment.

Interestingly, we found a higher number of antigen-specific
IFNYy-producing splenocytes in unprotected 129S2 mice compared
to protected A/] mice at the time of Mtb challenge. This
seemed counterintuitive at first, but is in line with recent
findings showing that a sub-population of BCG-vacci-
nated infants with an increased ML ratio showed increased
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T cell-mediated cytokine production, and this was associated
with increased risk of TB disease'’. High monocyte count and
pro-inflammatory cytokines are indicators for inflammation. It is
possible that BCG efficacy is impaired in inflammatory immune
environments, which may be caused by a variety of factors,
such as chronic viral infection, age, malnutrition, or prolonged
contact with environmental mycobacteria, all factors thought
to impact BCG efficacy. Ultimately, BCG is administered into
host immune environments with a heterogeneity that is not fully
characterised or understood, yet may have implications for its
efficacy.

The exact mechanisms behind an altered BCG vaccine efficacy
in a ML high immune environment are currently unknown. Our
data indicate that impaired dissemination and/or persistence of
BCG may play a role in initiating an effective local immune
response. A study by Kaveh and colleagues has shown that
BCG persists for up to 16 months in lymph nodes and spleen
of Balb/c mice and that persistence of live bacilli contributes
to optimal protection from M. bovis challenge’. Direct inves-
tigation of this phenomenon in humans is not possible; there
are however reports that indicate that BCG can disseminate
and persist for years in a variety of organs in humans™. It is
therefore plausible that an immune environment that impairs
survival of BCG also impairs vaccine efficacy, although we did
not determine in this study whether the absence of live bacilli in
lungs of 12952 mice is due to lack of dissemination or lack of
persistence.

The absolute numbers of BCG might be under-estimated in this
study as we only enumerated bacilli that were readily growing
on standard 7HI11 agar plates. Use of PCR methods or culture
with resuscitation promoting factors may increase yield and
allow for detection of dormant bacilli and their contribution to
protection’%.

If impaired dissemination and/or persistence in certain immune
environments is indeed reducing BCG vaccine efficacy, it is
reasonable to assume that other live mycobacterial vaccines
would have similar limitations. Variability in the ML ratio and
more general heterogeneity in the host immune environment
should thus be taken into account when designing new live TB
vaccines or vaccines based on boosting BCG.

To circumvent potentially impaired dissemination of parenter-
ally administered live vaccines, mucosal administration of live
vaccines could be considered. Recent evidence shows that
mucosal administration of BCG confers increased protection in
animal models, for example by inducing homing of T cells
into protected mucosal niches™ . This agrees with the
notion that BCG needs to be present in the lungs to initiate a
protective immune response in this organ. Furthermore, subunit
vaccines should not show decreased efficacy in ML high
immune environments if our hypothesis is correct. Both these
possibilities will need careful investigation to shed light on the
mechanisms behind BCG failure.

We did not investigate the phenotype of monocytes/macro-
phages or T cells in this study, although it is likely that this plays
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a role. In particular, inflammatory monocytes might lead to
killing of BCG. It will be interesting in future to investigate this,
as well as comparing the ML ratio and immune cell phenotypes
before and after BCG vaccination in the different mouse strains
and locations.

We found a significantly higher proportion of CD11b™ CDI11c*
cells in the lungs of C57B1/6 mice, which are likely to be enriched
in alveolar macrophages. Interestingly, C57BIl/6 mice are also
the strain least susceptible to Mtb infection without BCG vacci-
nation. While the frequency of this population does not seem to
be associated with BCG-mediated protection after subcutaneous
administration of the vaccine, it could play a role after intrana-
sal vaccination. Alveolar macrophages are located on the lumi-
nal side of the epithelium, therefore encountering antigens and
pathogens taken up from environmental air. The monocyte/macro-
phage population included in our ML ratio on the other hand is
likely to be of interstitial nature, residing on the basal side of the
epithelium and encountering antigens from the blood stream.

While our data on the susceptibility of naive mouse strains to
Mtb infection agrees with other studies™, we found some
discrepancies between the data presented here and previously
published data on BCG-mediated protection. A study using
DBA/2 mice has shown that these mice are not protected by s.c.
administration of BCG, but control infection with Mtb better
when vaccinated i.n.'" This is in contrast to our finding that
DBA/2 mice are protected from Mtb challenge after s.c. vaccina-
tion. However, there are some differences between these two stud-
ies that may explain the different findings: a different source of
mice was used; protection was assessed at 8 weeks vs 6 weeks
after vaccination; the BCG strain and Mtb strain differed; and
the Mtb dose used for challenge was three times higher in the
study by Aguilo and colleagues compared to ours. Another report
detailing the susceptibility of different mouse strains to Mitb
challenge shows that A/J mice are notably less protected than
C57Bl/6 mice'’, while in our hands the opposite is the case. There
are important differences between the two studies, including
the age and sex of mice used, the time point after vaccination at
which protection was measured, and the use of different BCG
and M1b strains. In combination, these factors may lead to a dif-
fering extent of protection. With particular relevance to this study,
the immune cell frequency between male and female animals
differs in A/J mice. For example, dataset Donahue5 on the
Jackson Laboratory Mouse Phenome Database indicates a higher
percentage of monocytes in blood for males compared to females,
while T cells are less frequent in males, leading to a higher ML
ratio in males”’.

In conclusion, the back-translation of a correlate of risk of TB
disease, the ML ratio, into an animal model is a step forward for
better tools to study the immune mechanisms behind BCG
vaccine failure and to test vaccines in a model more relevant
to populations most at risk. Hopefully other risk factors can
also be back-translated in the future to obtain a more complete
picture of vaccine efficacy at very early stages of testing. We
would encourage the use of more diverse mouse models in TB
vaccine testing and development to reflect the heterogeneity
of immune environments found in human populations.

Page 10 of 18

313



Data availability

Dataset 1: Flow cytometry raw data — This file contains the
data underlying the analysis of the ML ratio and cell subsets in
blood, spleen, and lung shown in Figure 1, Figure 2B, Figure S1,
Figure S2, and Figure S3. 10.5256/f1000research.14239.d207942%

Dataset 2: Mtb challenge CFU raw data — This files contains
the raw data as colony forming units (CFU) of the graphs in
Figure 2. 10.5256/f1000research.14239.d197118%

Dataset 3: ELISPOT raw data — This file contains the raw data
for the graph shown in Figure 3. 10.5256/f1000research.14239.
d197136%

Dataset 4: BCG distribution raw data — This file contains the
raw data as colony forming units (CFU) for the graph shown in
Figure 4. 10.5256/f1000research.14239.d197137*
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Supplementary material

Figure S1: The frequency of T cells varies in tissues of ML high and ML low mouse strains. T cell (CD3") frequencies were deter-
mined in blood (A), lung (B) and spleen (C) of four different mouse strains using the gating strategy described in Figure 2A. The ML ratio
was calculated using these data. Each symbol represents one animal; box plots represent the median (middle line), 25" to 75" percentile
(box) and minimum to maximum value (error bars). Data sets are presented in order of decreasing protection. p values were determined
using ordinary ANOVA with Holm-Sidak test for multiple comparisons. Multiplicity adjusted p values are reported. A p value <0.05 was
considered statistically significant.

Click here to access the data.

Figure S2: The frequency of B cells varies in tissues of ML high and ML low mouse strains. B cell frequencies (B220*) were deter-
mined in blood (A), lung (B) and spleen (C) of four different mouse strains using the gating strategy described in Figure 2A. The ML ratio
was calculated using these data. Each symbol represents one animal; box plots represent the median (middle line), 25" to 75™ percentile
(box) and minimum to maximum value (error bars). Data sets are presented in order of decreasing protection. p values were determined
using ordinary ANOVA with Holm-Sidak test for multiple comparisons. Multiplicity adjusted p values are reported. A p value <0.05 was
considered statistically significant.

Click here to access the data.

Figure S3: The frequency of monocytes/macrophages varies in tissues of ML high and ML low mouse strains. Monocyte/macrophage
(CD11b* CD11c") frequencies were determined in blood (A), lung (B) and spleen (C) of four different mouse strains using the gating
strategy described in Figure 2A. The ML ratio was calculated using these data. Each symbol represents one animal; box plots represent the
median (middle line), 25" to 75" percentile (box) and minimum to maximum value (error bars). Data sets are presented in order of decreas-

ing protection. p values were determined using ordinary ANOVA with Holm-Sidak test for multiple comparisons. Multiplicity adjusted
p values are reported. A p value <0.05 was considered statistically significant.

Click here to access the data.
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ABSTRACT

Introduction: In vaccine development, dose-response curves are commonly assumed to be saturating.
Evidence from tuberculosis (TB) vaccine, H56 +1C31 shows this may be incorrect. Mathematical mod-
elling techniques may be useful in efficiently identifying the most immunogenic dose, but model calibra-
tion requires longitudinal data across multiple doses and time points.
Aims: We aimed to (i) generate longitudinal response data in mice for a wide range of H56 + 1C31 doses
for use in future mathematical modelling and (ii) test whether a ‘saturating’ or ‘peaked’ dose-response
curve, better fit the empirical data.
Methods: We measured IFN-y secretion using an ELISPOT assay in the splenocytes of mice who had
received doses of 0, 0.1, 0.5, 1, 5 or 15 pg H56 +IC31. Mice were vaccinated twice (at day 0 and 15)
and responses measured for each dose at 8 time points over a 56-day period following first vaccination.
Summary measures Area Under the Curve (AUC), peak and day 56 responses were compared between
dose groups. Corrected Akaike Information Criteria was used to test which dose-response curve best fit-
ted empirical data, at different time ranges.
Results: (i) All summary measures for dose groups 0.1 and 0.5 pg were higher than the control group
(p <0.05). The AUC was higher for 0.1 than 15 pg dose. (ii) There was strong evidence that the dose-
response curve was peaked for all time ranges, and the best dose is likely to be lower than previous
empirical experiments have evaluated.
Conclusion: These results suggest that the highest, safe dose may not always optimal in terms of
immunogenicity, as the dose-response curve may not saturate. Detailed longitudinal dose range data
for TB vaccine H56 + IC31 reveals response dynamics in mice that should now be used to identify optimal
doses for humans using clinical data, using new data collection and mathematical modelling.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

delay licensure of an effective vaccine. A key decision in develop-
ment is vaccine dose amount (hereafter dose), which, if chosen

Vaccines are one of the most important and cost-effective inter-
ventions in public health [1]. However, development from vaccine
discovery to licensure is costly; in the region of US$0.8 billion [2].
Mistakes in vaccine development may cause not only a waste of
resources (both financial and experimental) but also ultimately,
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! Joint first authors.
2 Joint senior authors.

http://dx.doi.org/10.1016/j.vaccine.2016.10.060
0264-410X/© 2016 The Authors. Published by Elsevier Ltd.

optimally would achieve maximum vaccine efficacy, with minimal
side effects.

It is common practise in pre-clinical and clinical trials that vac-
cine dose is increased incrementally until a maximum safe dose
that promotes an effective response (usually an antibody response)
is achieved; it is assumed that this response will then saturate [3].
This saturating relationship between dose and host response has
been the standard assumption in vaccine development and many
vaccines have proceeded through to the late stages of development
with this method as a basis for dose choice [4,5].

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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However, in tuberculosis (TB) vaccine development, early pre-
clinical studies in mice with the IC31 adjuvanted fusion protein
TB10.4 /Ag85B (H4) revealed that low antigen doses were both
more immunogenic and provided increased protection relative to
high doses [6]. In accordance, a clinical study showed that
responses after vaccination with the same H4 +1C31 vaccine were
not different between the 5 and 15 pg doses, decreased at 50 g
and were minimal for the 150 pg dose [7]. In a latently infected tar-
get population, vaccination with an analogous vaccine H56 (an
ESAT-6/Ag85B/Rv2620 fusion protein vaccine) also adjuvanted
with IC31 (H56 +1C31) showed that out of two doses tested in
Quantiferon-positive (QTF+) individuals, the lowest dose (15 pg
H56 +1C31) was more effective at inducing polyfunctional CD4+
T cell responses than the higher dose (50 pg H56 +1C31) [8]. Of
note, the higher dose (50 pg) of the related first-generation Hybrid
vaccine H1+1C31 was taken forward to a First-in-man study,
which may have led to suboptimal vaccine evaluation [9].
Although immunogenicity not only depends on antigen dose, but
indeed also on the type and nature of the adjuvant employed,
the incorrect assumption that a higher dose is preferred per se
for protein vaccines (or other platforms) has further been brought
into question by vaccines using other types of adjuvants [10].

Translational quantitative analysis methods to inform dose
decision-making already exist in the drug development world. Ph
armacokinetic/Pharmacodynamic (PK/PD) modelling uses mecha-
nistic mathematical methods to describe how dose influences drug
dynamics over time [11,12]. Translational modelling to predict
human PK/PD parameters based on animal data is a key stage in
model-based drug dose decision-making [12-14], and is often
required by regulators during development. Although pharmacoki-
netic data is often not available for vaccines, pharmacokinetics is
dependent on dose and regimen, and thus analogies to dose finding
for vaccines are relevant. No translational quantitative methods
are applied in vaccine development, as the chosen vaccine dose
to be tested in a clinical environment is usually based on qualita-
tive assessment of the pre-clinical data [15], which has the poten-
tial to ignore or underutilise dose-response information.

To address this gap, we are proposing the new field of Immunos
timulation/Immunodynamic (IS/ID) modelling, analogous to that of
PK/PD modelling, to make more informed human vaccine dosing
decisions based on animal response data. In this field, models will
be created to describe the underlying mechanisms that determine
the immune response dynamics (immunodynamics) following vac-
cination, e.g. the influence of the innate and regulatory systems for
T cell expansion and contraction (immunostimulation). These
models will then be calibrated to dose ranging data from animals
and model parameters “mapped” to known human response data.
Subsequently, dose-response curve in humans can be predicted,
providing information on the most effective range of doses to be
first evaluated in clinical trials. In this larger body of work, we will
apply these methods on the aforementioned TB vaccine, H56
+1C31 by measuring IFN-y after vaccination over time.

As in model-based drug development, extensive longitudinal
data are required. Published data on a wide dynamic range of doses
and time points do not exist for H56 + IC31, where dose-ranging
studies have only ever been conducted on minimal pre-specified
time points [6]. As such, we conducted and report here an experi-
ment in which we vaccinated mice with a wide range of doses of
H56 +1C31 and measured responses extensively over time. These
data outlined in this paper will be used in future IS/ID modelling
to further our knowledge in mice, non-human primates and
humans. In this paper, we aim to (i) generate longitudinal response
data in mice for a wide range of H56 +IC31 doses for use in future
mathematical modelling and (ii) test whether a ‘saturating’ or
‘peaked’ dose-response curve, better fit the empirical data.

2. Materials and methods
2.1. Ethics statement

All animal work was carried out in accordance with the Animals
(Scientific Procedures) Act 1986 under a license granted by the UK
Home Office (PPL 70/8043), and approved by the LSHTM Animal
Welfare and Ethics Review Body.

2.2. Animals

Female CB6F1 mice were acquired from Charles River UK at 6-
8 weeks of age. Animals were housed in specific pathogen-free
individually vented cages, were fed ad libitum, and were allowed
to acclimatize for at least 5 days before the start of any experimen-
tal procedure.

2.3. Vaccination

The experimental vaccine H56 (comprising Mycobacteria tuber-
culosis antigens Ag85B-ESAT-6-Rv2660c [16], provided by Statens
Serum Institute (SSI), Copenhagen, Denmark) was formulated in
1C31® adjuvant (provided by SSI on behalf of Valneva Technologies)
and 10 mM Tris-HCl buffer (pH 7.4) as described in [17] to obtain a
final volume of 200 pl/mouse. The adjuvant IC31®consists of a mix-
ture of the cationic peptide KLK (NH2-KLKL5KLK-COOH) and the
oligodeoxynucleotide ODN1la (oligo-(dldC)13). Adjuvant doses
were 100 nmol peptide and 4 nmol oligonucleotide for every vac-
cine (H56) dose. Antigen doses of 0.1, 0.5, 1, 5 or 15 pg of H56
+100/4 nmol IC31 (hereafter, H56 +1C31) were administered per
animal at day 0 and 15, the same dose was used at both vaccination
times within a group. Control animals received no vaccination. The
vaccine was administered subcutaneously into the left or right leg
flap.

2.4. IFN-y ELISPOT

IFN-vy secreting CD4+ T cells were measured using the ELISPOT
assay. Single cell suspensions of mouse splenocytes were prepared
by mechanical disruption of spleens through a 100 pum cell strainer
on the day of sacrifice. After lysis of red blood cells, single cell sus-
pensions were made up in antibiotic-free media [RPMI-1640
(Sigma-Aldrich, Dorset, UK) + 10% heat-inactivated FBS (Labtech
International Ltd, Uckfield, UK) + 2 mM t-Glutamine (Fisher Scien-
tific, Loughborough, UK)]. 96-well microtiter ELISPOT plates
(MAIPS4510, Millipore, Watford, UK) were coated with 10 pg/ml
rat anti-mouse IFN-y (clone AN18, Mabtech, Nacka Strand, Swe-
den). Free binding sites were blocked with RMPI 1640 supple-
mented as described above. 2.5 x 10° of total splenocytes were
added and incubated in duplicate with H56 (10 pg/ml), supple-
mented RPMI as a negative control, or Phorbol myristate acetate
(PMA) (50 pg/ml, Sigma-Aldrich) and Phytohemagglutinin (PHA)
(10 pg/ml, Sigma-Aldrich) as a positive control. After 24 or 48 h
of incubation at 37 °C in 5% CO,, IFN-y was detected with 1 pg/
ml biotin labelled rat anti-mouse antibody (clone R4-6A2, Mab-
tech) and 1 pg/ml alkaline phosphatase-conjugated streptavidin
(Mabtech). The enzyme reaction was developed with BCIP/NBT
substrate (5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetra-
zolium) (MP Biochemicals, UK) and stopped by washing the plates
with tap water when individual spots could be visually detected
(up to 5 min). ELISPOT plates were analysed using an automatic
plate reader. IFN-y-specific cells are expressed as number of
spot-forming units (SFU) per million spleen cells after non-
specific background was subtracted using negative control wells.
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2.5. Experimental schedule

ELISPOTs were carried out at 2, 7, 9, 14, 16, 21, 28, and 56 days
after the first vaccination for all doses. Five mice were used per
time point per dose group (equating to 40 mice in a dose group
from initiation to conclusion of the experiment). This schedule
was designed to reflect the H56 +1C31 phase I clinical trial sched-
ule [8] and previous experimental schedules in mice using the H-
series vaccines by SSI in CB6F1 mice [6,16,18,19].

2.6. Statistical methods

2.6.1. Summary of IFN-y response data after two vaccinations with TB
vaccine H56+IC31 for future mathematical modelling

The Wilcoxon test was used to test for differences in IFN-y
responses generated as a result of the two ELISPOT incubation
times (on data pooled across dose groups and time points). The fol-
lowing summary measures were used to quantify responses over
time: Area Under the Curve (AUC), day 56 response, peak response
between first and second vaccination and peak response post-
second vaccination (peaks may occur at different times as they
were defined as the highest median response measured in the
respective time period). As IFN-y responses over time within a
dose group were not dependent (each taken from an individual
mouse spleen), AUC was calculated using 200 samples of the pos-
sible combinations of the five mice per dose group over time. Full
details of this method are outlined in Supplementary material and
Fig. S1. The non-parametric Dunn test was used to compare the
summary measures between the dose groups and a Bonferroni cor-
rection applied to account for comparisons across multiple groups.
A p-value < 0.05 was considered significant.

2.6.2. Determine the shape of dose-response curve when examined at
varying sample times and the best dose predicted by fitted curves

To assess the shape of the dose-response curve (IFN-y SFU per
million splenocytes versus dose), a saturating or peaked curve
was fitted to all IFN-y responses against the (log;o transformed)
doses using nonlinear regression, in the software Prism (v 7 for
Mac, GraphPad Software, California USA, www.graphpad.com).
Briefly, the aim of nonlinear regression is to find the parameters
that minimise the sum of the squared residuals from all data points
to the curve (see Supplementary material for description). We
choose a sigmoidal equation as the saturating curve and the
gamma probability density function (pdf) as the peaked curve
(see Supplementary for equations). The choice of the gamma pdf
was due to the hypothesis that the dose response, once peaked,
will not increase again and will never decrease to a zero response.
To establish which of the shapes best described the dose-response
curves the goodness-of-fit measure, the corrected Akaike informa-
tion criteria (AICc) was compared, where a lower AlICc indicates a
better fit. A difference in AICc value between curve fits of greater
than seven was considered strong evidence of a better fit and a dif-
ference in AICc of greater than ten was considered absolute evi-
dence of a better fit [20] (Table S1). To assess how the dose-
response curve changed with time, the response data was pooled
into three time ranges: between the first and second vaccination
(day 2, 7, 9, 14 aggregated), post-second vaccination (day 21, 28
and 56 aggregated) and day 56 responses. The best dose was
defined as the dose that produced the maximum IFN-y response
as predicted by the fitted curves.
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3. Results

3.1. Summary of IFN-y response data after two vaccinations with TB
vaccine H56+IC31 for future mathematical modelling

Splenocyte-derived IFN-y responses did not differ for the 24
versus the 48 h ELISPOT incubation times when responses where
pooled over all dose groups and time points (p-value=0.67,
Fig. S2). Therefore, an incubation time of 24 h was used in the fol-
lowing analyses.

The IFN-7y responses over time for each dose group are shown in
Fig. 1 (significance of the changes in dynamics over time are in
Table S2). Out of the samples taken to calculate the AUC, the com-
mon significance trend showed that dose groups 0.1, 0.5 and 1 pg
had significantly higher AUC than the control group, and the dose
group 0.1 pg had significantly higher AUC than dose group 15 pg
(Fig. 2, Table S3). Peak responses between first and second vaccina-
tion were significantly higher in the dose groups 0.1, 1, 5 pg than in
the control group and for post-second vaccination, dose groups 0.1,
0.5 and 5 pg were significantly higher than the control group
(Figs. 1 and 2, Table 1). Similarly, day 56 responses were signifi-
cantly higher for the dose groups 0.1, 0.5 and 1 pg than the control
group and the dose group 0.5 pg was higher than 15 pg. However,
this did not reach statistical significance (Figs. 1 and 2, Table 1). For
all summary measures, no other comparisons between dose groups
were statistically significantly different (Fig. 2, Table 1).

3.2. Determine the shape of dose-response curve when examined at
varying sample times and the best dose predicted by fitted curves

To establish the shape of the dose-response curve (IFN-y SFU
per million splenocytes versus dose), we fitted either a saturating
or peaked function for three time ranges. There was strong evi-
dence that the peaked curve was a better fit to the response data
between first and second vaccination (Fig. 3A, Table S4) with a AICc
difference of 7.5 favouring the peaked (gamma) curve. The AlCc
difference was 18.8 and 10.9 for the post-second vaccination
(Fig. 3B, Table S5) and day 56 (Fig. 3C, Table S6) response data, sug-
gesting absolute support for the peaked curve for both these time
ranges. The best dose predicted by the peaked fitted curve for the
time ranges; between first and second vaccination, post-second
vaccination and day 56 were 0.026, 0.11 and 0.25 pg, respectively
(transformed from log;o scale, Fig. 3). Due to the right-skewed nat-
ure of the responses the best saturation curve had an almost
immediate increase followed by immediate plateau for all time
ranges (Fig. 3). As such it was not possible to obtain a best pre-
dicted dose using the saturation model as, in this case, all doses
generated the same response.

4. Discussion

Our future aim is to apply the new field of Immunostimulation/
immunodynamic (IS/ID) modelling to translate vaccine dose-
response information between animals and humans and thus
quantitatively inform vaccine dose decision-making. To begin ini-
tial examination of such methods, we conducted a longitudinal
dose-ranging experiment of the novel TB vaccine H56 +1C31 in
mice, and a mathematical analysis of the dose-response curve over
time.

We successfully generated an intensive time course of IFN-y
response data to vaccination where AUC and peak analysis showed
a trend toward higher responses over time in the lower doses than
in the higher doses. By using mathematical curve fitting, we
showed that the IFN-y dose-response follows a peaked shape
instead of the commonly assumed saturation shape for all time
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Fig. 1. Median IFN-vy responses (horizontal black bars) and responses of individual mice per time point (blue points) for each dose. As the control group did not receive H56
+1C31, the median of all responses from the control group (which did not significantly change throughout the experiment) was used to represent all mice at baseline. The
Wilcoxon test was used to compare consecutive time points, where *equates to p-value < 0.05 and **p-value < 0.01 (Table S2). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

ranges. This was most apparent post-second vaccination, and
trended toward that curve shape after the first dose. Using the
peaked fitted curve, we were able to determine which dose may
provide the maximal predicted IFN-y response in mice. Our results
indicate this was at a low range; between 0.02 and 0.25 pg H56
+1C31. It must be noted that, there is uncertainty associated with
our predictions for best dose which is apparent in Tables S4-S6,
where the standard error was high for some gamma distribution
function parameters, particularly for the time ranges between first
and second vaccination and post-second vaccination. This is poten-

tially due to a lack of response information between dose 0 and
0.1 pg, which would provide information on the increase of the
peaked curve. Despite this, as we show a definitive decline in the
dose-response at the higher dose range (approximately after dose
1 pug H56 +1C31), our predicted best dose range show compelling
evidence that lower doses than previously explored in mice using
very similar vaccines [6,16,18,21,22], would be preferential. Impor-
tantly, as previous evidence suggest the human dose-response may
be of a similar shape for the H-series of vaccines from SSI [7,8]
(although higher in magnitude), this implies that previously tested
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Fig. 2. AUC calculated from number of IFN-y secreting CD4+ T cells after two vaccinations with H56 + IC31 from individual mice spleens, number of IFN-y secreting CD4+ T
cells between first and second vaccination, after second vaccination and day 56 by dose (pig H56 + 100 nmol IC31). Dose 0 equates to the control group. The plot for AUC is
representative of the 200 samples taken to establish statistical differences in AUC by dose (see methods). X axis not to scale.

Table 1

Median (IQR) values for the summary measures day 56 response, peak between first and second vaccination and post-second vaccination IFN-y responses by dose. Significance in
the summary measures was tested between dose groups using the non-parametric Dunn test with a Bonferroni correction. Those comparisons between dose groups with a p-
value < 0.05 or 0.05 < p-value < 0.1 (starred) are displayed. Abbreviations: IQR = interquartile range, vacc = vaccination.

Dose group (ug Median day 56 Significantly Median Peak between 1st Significantly Median Peak post Significantly

H56 +1C31) response (IQR) different from dose  and 2nd vacc (IQR) different from dose  2nd vacc (IQR) different from dose
Control 10 (2-14) 0.1,05, 1 18 (4-18) 01,1,5 44 (26-64) 0.1,05,5

0.1 298 (208-538) Control 182 (152-206) Control 590 (464-652) Control

0.5 352 (338-446) Control, 15° 156 (118-168) - 414 (322-592) Control

1 302 (198-308) Control 146 (110-212) Control 488 (104-520) -

5 106 (86-188) - 124 (106-296) Control 502 (456-586) Control

15 94 (76-96) 0.5* 124 (22-200) - 246 (130-248) -

clinical dose ranges may also have been too high to capture the
optimal response in terms of immunogenicity.

We use the frequency of IFN-y secreting CD4+ T cells measured
using the ELISPOT assay as our chosen immune response readout
to reflect the current convention in TB vaccine development for
dose selection. IFN-y is a cytokine shown to be associated with
control of infection or decreased risk of TB disease [23], however
these findings have been a topic of controversy in TB vaccine devel-
opment [24]. In previous work by Aagaard et al. in the vaccine H4
+1C31, results showed that mice vaccinated with a lower dose
(0.5 png H4) experienced significantly higher IFN-y responses than
higher doses (5 and 15 pg H4) and, significantly stronger protec-
tion against Mtb. infection (measured by Mtbh. colony forming
units) than the higher doses, in two independent challenge exper-
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iments [6]. These results support our choice of [FN-y as a readout.
We also compliment Aagaard et al.’s study by measuring the IFN-y
response at multiple time points, thus assessing trends in the dose-
response curve over time.

It is possible that varying dose may alter the function or type of
CDA4 T cell secreting IFN-7, which the ELISPOT assay will not detect.
Further lab assays such as flow cytometry should be used in the
future work to determine the function or type of cell produced as
a result of varying dose, which may then be used in clinical trials
for human dose selection.

Dose concentration feasibility and animal cost and overall num-
bers limited the size of our study. By testing in larger groups of
mice at potentially fewer time points, we may have gained greater
certainty in response differences and fitted dose-response curves.
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Fig. 3. Results of the dose-response curve fitting analysis for the time ranges (A) between first and second vaccination (aggregated responses from days 2, 7, 9 and 14), (B)
post-second vaccination (days 21, 28 and 56) and C. Day 56 (last time point). Black points correspond to the number of IFN-y secreting CD4+ T cells from one mouse spleen in
response to vaccination for the relevant time range, red diamonds show the mean of the responses, the black solid lines are the peaked (gamma) fit, the black dashed line
show the saturating (sigmoidal) curve fit and the vertical green line indicated the best dose as predicted by the peaked curve fit. The table shows the differences in AICc for A,B
and C between the saturating and peaked curve fits. The x-axis is log;o(dose: pug H56 +1C31) + 2 to transform the dose to a log scale and to ensure positivity, but x-axis labels
show the non-logged value for clarity (to avoid infinite values, control (dose 0) is not logged).

However, we chose the extensive time course to determine
detailed dynamics of the vaccine response and dose-response
curves over time, since this has been performed infrequently in
the past. We believe a higher maximum dose may have better
defined the decline in the dose-response curve. As the size of the
study was limited, we concentrated efforts on the lower doses,
where previous exploration is lacking; however, we found that
the probable best dose is still lower than the minimum dose used
here.

We have identified the following areas for further research. The
mathematical curve fitting we conducted has provided the basis
for further optimised studies in animals, i.e. we now know that
the dose range that captures the probable best dose should be 0-
0.3 ng H56 +1C31 (based on our predicted best dose values) not
the initial 0-15 pg H56 +1C31 (a reduction of 98% in the range).
Expanding the dose range in the lower end between 0 and 0.1 pg
will further increase our best dose predictions, as the peaked curve
parameters will be estimated with greater certainty. This warrants
further animal studies to investigate in greater detail the host
response to low dose vaccination.

Additionally, we used AUC to quantify the magnitude of the
immune response for the duration of the experiment and com-
pared AUC between dose groups. However, we do not interpret this
measure as the cumulative immune response over time, as would
be appropriate in drug AUC measures, but an indication of overall
higher immune response magnitude. In vaccine development, dose

decisions are made based on the dose response curve at one time
point (usually a long-term time point) and as such it would be
advantageous to know how dose effects the dynamics of the
immune response that may lead to higher average response in
the long-term. As such, our future aim is to apply the new field
of Immunostimulation/immunodynamic (IS/ID) modelling, where
by a mechanistic mathematical model incorporating the funda-
mental T cell subsets involved in a Th1 immune response will be
calibrated to the ELISPOT or another given measure over time.
The IS/ID model will allow us to quantify how the dynamics of
the immune response differ between dose groups (and across the
entire mouse population) by assessing the change in model param-
eters by dose. To achieve this, we will use the robust statistical
framework, Nonlinear Mixed Effects Modelling to calibrate the
model to the data and characterise the parameters and associated
parameter variation. IS/ID modelling will also be used to translate
vaccine dose-response information between animals and humans.
To achieve this we will utilise known allometric scaling factors for
H56 +1C31 between mouse and human we aim to “map” IS/ID
model parameters from one dose of the outlined experiment to
existing human H56 +1C31 dose data (one dose 50 pg H56
+500 nmol IC31). The effect of heterogeneity in target human pop-
ulations (due to HIV status, existing latent infection, etc.) on IS/ID
modelling parameters will be taken into account. Following this
mapping, we can then use the remaining doses to predict the dose
response curve in humans. This predicted human dose response
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curve will be used as a guide to select further doses to test in clin-
ical trials.

Additionally, as the antigen dose-response may also vary with
the adjuvant dose and type of adjuvant, in order to fully charac-
terise and optimise complete vaccine (H56 +1C31) dose it would
be necessary to perform a checkerboard interaction pattern, the
design of which could be informed by IS/ID modelling through
optimal design analysis [25].

5. Conclusion

Our results suggest that the highest, safe dose is not always
optimal in terms of host response as the dose-response curve is
not saturating, which may also be true for vaccines against dis-
eases other than TB. Mathematical modelling can be used on the
detailed longitudinal dose range data for TB vaccine H56 +1C31
to simulate responses to optimise further experiments in mice
and help to identify optimal doses for humans.
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APPENDIX 8. Additional data
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Appendix 8A (Figure). Correlation between IFN-y ELISpot response and
mycobacterial growth. Statistical significance was tested using Spearman’s correlation.
A p value < 0.05 was considered significant. n= 21 naive and 29 BCG-vaccinated.
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Appendix 8B (Figure). Correlation between the frequency of Ly6C
monocytes/macrophages and mycobacterial growth control following RUTI
vaccination across time points. Statistical significance was tested using Spearman’s
correlation. A p value < 0.05 was considered significant. n=42 mice.
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Appendix 8C (Figure). Correlation between the age of participants (a) and time
since vaccination (b) with ex vivo mycobacterial growth. Statistical significance was
tested using Spearman’s correlation. An analysis was also performed by stratifying the
time since BCG vaccination (c), unpaired t-test. A p value < 0.05 was considered
significant. n= 37 naive and 63 BCG-vaccinated.
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Appendix 8D (Figure). Correlation between IFN-y ELISpot response and
mycobacterial growth in the naive (a) and BCG-vaccinated (b) groups. Statistical
significance was tested using Spearman’s correlation. A p value < 0.05 was considered

significant. n= 37 naive and 63 BCG-vaccinated.
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Appendix 8E (Figure). Correlation between the production of perforin and
mycobacterial growth inhibition in the naive (a) and BCG-vaccinated (b) groups.
Statistical significance was tested using Spearman’s correlation. A p value < 0.05 was
considered significant. n= 16 naive and 34 BCG-vaccinated.

BCG-specific Correlation with CMV-specific cytokine” T-cells

cytokine” T-cells All participants Naive BCG-vaccinated

r p-value r p-value r p-value

IFN-y" CD4 T-cells 0.19 0.2515 0.51 0.0758 0.068 0.7369
IL-2" CD4 T-cells 0.13 0.4253 0.0 0.99 0.11 0.5999
TNF-o' CD4 T-cells -0.046 | 0.7761 | -0.19 0.5513 0.021 0.9180
IFN-y" CD8 T-cells 0.042 | 0.7990 | -0.26 0.4103 0.065 0.7473
IL-2" CD8 T-cells -0.18 0.2775 | -0.078 0.8205 -0.2 0.3158
TNF-o" CD8 T-cells 0.18 0.2675 | -0.27 0.5385 0.21 0.2887

Appendix 8F (Table). Correlation between BCG-specific T-cell response and CMV-
specific T-cell response. Associations were assessed from total 50 participants, as well
as from each naive (n=16) and BCG-vaccinated (n=34) groups respectively (Spearman’s
correlation). Correlations were investigated from 3 different subsets of BCG-specific
cytokine® CD4 and CD8 T-cells expressing IFN-y*, IL-2" or TNF-a." with each respective
CMV-specific T-cell. A p value <0.05 was considered statistically significant.

CMV-specific Correlation with NK cells
.o Cytokine NK cell Cytotoxic NK cell
cytokine’ T-cells

r p-value r p-value

IFN-y" CD4 T-cells 0.25 0.1176 0.27 0.0898
IL-2"CD4 T-cells 0.23 0.1596 0.25 0.1225
TNF-o' CD4 T-cells 0.26 0.0995 0.28 0.0795
IFN-y" CD8 T-cells 0.047 0.7713 0.16 0.3232
IL-2" CD8 T-cells 0.071 0.6634 0.081 0.6212
TNF-o" CD8 T-cells 0.028 0.8633 0.23 0.1621

Appendix 8G (Table). Correlation between CMV-specific T-cell response and NK-
cells frequency. Associations were investigated with cytokine-producing and cytotoxic
NK cell populations, respectively. A p value <0.05 was considered statistically significant
(Spearman’s correlation). n= 50 participants (16 naive, 34 BCG-vaccinated).
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