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Introduction

In this introduction, I briefly review the natural history and pathogenesis of Tuberculosis (TB), with
a focus on paediatric TB. This is followed by a summary of the global disease patterns and trends.
Accordingly, I discuss the need for a new TB vaccine and the factors affecting low efficacy of the
current extant vaccine. Given that there are potentially different vaccination strategies and targets, I
review the selection of the target population, diagnostic considerations and practical elements for TB
vaccine sites. The objectives of this thesis are to evaluate infants for suitability as a trial population,
review diagnostic considerations which include evaluating the chest radiograph and the role of non-
tuberculous mycobacteria. Finally, I look into the lessons learnt from the development of a TB vaccine

trial site. These objectives are explained in more detail at the end of the introduction.

Pathogenesis of Tuberculosis

The causative agent of Tuberculosis is Mycobacterium tuberculosis complex (MTBC), mainly trans-
mitted from person to person by droplets. Rarely, oral transmission occurs via unpasteurized milk.
Thereafter, the course of the infection and disease is highly variable and to date, largely unpredictable.
This is surprising, since MTBC has co-existed with man for millennia. In some individuals, certain
immune mechanisms clear the infection before there is evidence of sensitization of adaptive immunity
and these individuals can be resistant to TB infection (1-3). An unknown proportion of exposed
persons develop latent or persistent infection (LTBI), defined as positive Tuberculin Skin Test (TST)
or Interferon Gamma Release Assays (IGRAs) in the absence of clinical signs and symptoms of disease.
It is estimated that about 1.7 billion individuals presently fall in this category (4). Of these, about
10% among those who are HIV uninfected will develop active disease in their lifetime. In some other
individuals, infection progresses to disease, but they remain asymptomatic and capable of transmission
(5). A minority develop clinically apparent disease with evidence of progressive disease in body organs
plus microbiological confirmation. The incubation period varies, but it is typically thought to range

from about three months to two years, and after that disease is relatively infrequent (6).

Paediatric TB

The course of paediatric TB is distinctly different from adult disease, particularly among young infants.
TB is transmitted to infants through household contacts but mostly by exposures in the community
(7). Studies from pre-chemotherapeutic era have attempted to quantify the natural history of the
disease in children. After an infectious contact, an unknown proportion, but presumably higher than
adults with similar exposure progress to primary infection. Of these, about 30-40% will progress to
pulmonary disease after an incubation period of 3-8 weeks and 10-20% will develop disseminated
disease one to three months after primary infection and approximately 50% of immunocompetent
children will not develop disease (8). Infants therefore have a more severe course of disease with a

higher proportion developing primary infection and disease within shorter time frames.
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Epidemiology

Tuberculosis is the world’s deadliest infectious disease, measured by the numbers of people who die
each year, surpassing HIV and malaria (9). About 1.3 million people died of the disease in 2017. Those
HIV infected are disproportionately affected. At least 30% of deaths among HIV infected persons are
attributable to TB. There were at least 10 million people who suffered from TB in 2017, enduring

social and financial distress (10, 11).

Global differences in TB burden

To optimize control strategies, it is important to map the disease and its determinants. There is con-
siderable asymmetry in the epidemic. Of 193 nations in the world, five (3%) are responsible for more
than half of the global disease burden. They are Brazil, Russia, India, China and South Africa (BRICS),
characterized by steady economic growth over the last 15 years, but low commensurate reductions in
TB deaths and incidence. This is attributed to economic inequalities, with certain population segments
in these nations living under squalid conditions, with poor access to health care. This maldistribution
nullifies the value of economic growth in driving down per capita TB, as happened in some nations.
There is considerable diversity in the age, estimated incidence and affected populations across these
nations. Brazil (63/100,000), Russia (60/100,000) and China (63/100,000) have low incidence per
capita, while India (204/100,000) and South Africa (567/100,000) have high incidence (12). In Brazil
and Russia, TB burden is driven by transmission hotspots among vulnerable groups such as homeless
persons and prisoners (12). China’s disease rates are highest among the elderly who were sub-optimally
treated prior to universal coverage of Directly Observed Therapy Short-course (DOTS) and set up of
the National TB Program, resulting in high rates of reactivation (13). In India, patients seek care in the
private sector first and frequently transition to the public sector, making it difficult for the program to
track patients or assure quality of care. South Africa has the highest TB/HIV co-infection rates, and

occupational hazards (mining) which drive incidence (14).

TB trends

Globally, the decline of incidence by 1.5% per year, observed over the last decade, will not achieve
a world with zero deaths, disease and suffering due to TB by 2050’as envisioned by the STOP TB
Partnership (14). The most recent targets envision a 95% reduction in TB mortality and incidence
compared to the baseline period of 2015 (14). The most cost-effective long term solution for any
infectious disease epidemic is effective vaccination (15, 16). This has been observed in cervical cancer
(17, 18), polio (19), small pox, pneumonia (20). The discovery, development and rapid uptake of new

interventions including a new TB vaccine are essential to the realization of a world free of TB (14).

The need for a new TB vaccine: Bacille Calmette-Guérin (BCG)

The only licensed TB vaccine has been administered for about a century (21). Its efficacy and cost-
effectiveness against severe and disseminated forms of TB has been demonstrated (22). Protection

against pulmonary TB is highly variable, between 0 to 80% (23), wanes after ten to fifteen years (24,
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25) and only in one study lasted fifty years (26). The lack of consistent, durable protective efficacy
against the most transmissible form of disease threatens all control efforts. The reasons for this, as well

as BCG’s exact mechanisms and correlates of protection are poorly understood.

Factors linked to BCG (in)efficacy

Presently, the diversity of BCG strains, age at vaccination, exposure to environmental mycobacteria

and the route of BCG administration are all thought to influence BCG efficacy.

BCG strain

After development of BCG from a cow isolate in 1921, sub-cultures in various laboratories over time
led to differences in BCG genotype and phenotype (27). Studies in mice have shown the strains
have varying capacity to evoke delayed type hypersensitivity, T-cell cytotoxicity and proliferation (28).
Strain specific differences in immune response and reactogenicity have also been shown in humans
(29). However, whether strains affect vaccine efficacy in humans has not been demonstrated in head to
head comparisons in clinical trials. This could suggest that apparent variances in immunogenicity do

not correlate with protection (30).

Age at vaccination and revaccination

BCG is a neonatal vaccine administered intradermal. Administration at birth is supported by data
showing BCG efficacy is highest when administered to unexposed (TST negative individuals), and
those with low sensitivity to Non Tuberculous Mycobacteria (NTMs) (30), both conditions are as-
sumed to be present in the early neonatal period. Additionally, BCG has beneficial off-target effects.
They include promoting survival among low birth weight newborns, reducing all-cause mortality
and infections in the neonatal period (31, 32) and improving heterologous Th1 responses to Tetanus
Toxoid and polioviruses (31).

There have been concerns that new-born immunity is underdeveloped and could contribute to vac-
cine failure. When vaccination was deferred to 5-10 weeks of age, higher cytokine and T-cell responses
were observed relative to neonatal vaccination (33, 34). It is not clear whether delayed vaccination
translates to protective efficacy.

Delaying initial BCG vaccination to children aged 7-14 years with unknown TST status had mod-
est (25%) efficacy against PTB (35). Boosting is a strategy to counter waning immune protection
conferred by previous vaccination. Hence, the observed rise of TB incidence at the inset of adolescence
ends the ‘golden age’ of lowest TB incidence. This led to the trial of BCG revaccination in the pre-
adolescent period. However, this showed no efficacy (36). The authors conjectured that high helminth
prevalence (37) may have reduced BCG efficacy in this instance. Notably, the inefficacy was present
across all case definitions of TB. However, in the absence of Mantoux testing in the trial, some infected

individuals may have received the vaccine, contributing to its non-efficacy (38).
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Immaune interference by NTMs

Contrary to long held dogma, the sterility of the lungs in normal physiology has been shown to be false
(39). The lungs, like the gut, has a diverse microbiome, sources of which include micro-aspirations
from upper respiratory tract, or in inhaled air (40). NTM species have been detected in human oral
cavity and upper respiratory tract microbiomes in healthy subjects (41). They are likely critical for
immune fitness and resistance to TB (42). Further, it has been speculated that high prevalence of NTM
sensitization accounts for poor BCG efficacy in the tropics. This is mediated through cross reactive
immune responses by masking (inducing an immune response to which BCG cannot improve on)
or blocking (induction of a cross-reactive immune response, leading to non-replication of BCG and
hence its inefficacy) (43). As such, they could be responsible for unquantified heterogeneity in vaccine
responses among individuals. The species, incidence in sputum and clinical relevance of NTMs among

BCG vaccinated infants in most high burden countries is unknown and will be reviewed in this thesis.

Route of administration

A large trial among South African infants found no differences in efficacy between the conventional
intradermal versus sub-cutaneous BCG administration (44). Intranasal administered BCG has been
tested in mice to mimic natural infection, with better protection (45, 46). No similar human trials

have been conducted.

Trial design, endpoints & sample sizes

The BCG replacement vaccine, VPM1002 (www.prime-vaccine.eu) and other promising vaccine
candidates (47, 48) are likely to progress to Phase III trials. In order to efficiently conduct these studies,
reliable incidence estimates and cohort characterization are needed for sample size calculations, to in-

form trial design, selection of diagnostic tools and choice of endpoints as well as the target population.

Selection of target population

Traditionally, infants have been the natural target for new TB vaccines, since most vaccines are ad-
ministered to them. BCG also has variety of beneficial target and off target effects (49, 50), which has
ethical implications for the control arm in future trials. To optimize the limited resources available
for TB vaccine development, numerous modelling studies have been conducted to identify the most
appropriate target population, with conflicting results (51-55). Below I briefly review the arguments
for neonatal vaccines. Thereafter, I also look at modelling studies which attempt to predict impact or

cost-effectiveness of vaccinating neonates versus adults/adolescents versus mass vaccinations.

Neonatal TB vaccines

Conventional approaches to vaccination have failed to eliminate TB. As such the utility of neonates
as a target population, must be reviewed against morbidity and mortality data as well as the potential
impact of pre-infection vaccines on the End TB strategy. I also review the feasibility of a pre-infection

vaccine.
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Childhood TB morbidity

Challenging diagnosis

Childhood TB has been neglected by health programs. Children are considered of less public health
import in disease transmission, as they frequently have pauci-bacillary disease. In addition, making
the diagnosis is challenging. Signs and symptoms can be non-specific and usually associated with con-
founding co-morbidities such as acute pneumonia, HIV and undernutrition. Further, diagnostic aids
such as sputum culture or GeneXpert, IGRAs, TSTs, expert radiograph assessment are either absent in
high burden settings or lack sensitivity/specificity (56). There are also problems with under-reporting
of confirmed pediatric cases to National TB Programs (57). Moreover, the lack of age disaggregated

reports masks the high susceptibility of young children.

Inaccurate TB incidence estimates

The dearth of accurate TB incidence data also hampers design of interventional studies. Cohort studies
deploying comprehensive diagnostic and follow up methods are few, due to the large sample sizes
required (58, 59). Recently modelling studies have attempted to estimate the burden. Paediatric TB
apparently contributes substantial fraction of the total global TB burden. Specifically, young children
under five years bear more than half of the total incidence burden in children (60). Since modelling
studies have inherent limitations (60), and program data are unreliable, cohort studies that systemati-

cally determine infant TB incidence are needed.

Childhood TB mortality

Given the paucity of incident data, non-specificity of signs and symptoms, co-existing lung pathologies
and co-morbidities, it is possible an appreciable number of cases are missed. This has been confirmed
by post-mortem studies (61, 62). What would be the case fatality rate of undiagnosed and therefore
untreated disease? From the pre-chemotherapeutic era, at least 20% of children with untreated TB
died from the disease within one year (63), with the majority of the deaths occurring among infants
and toddlers. Not only is this is alarmingly high even compared to adults (64), it shows how fatal
undiagnosed infant TB is and it is likely a top ten leading cause of early childhood mortality (65).
Therefore, young children have a high unmet need for a new effective vaccine and constitute a top

priority population.

Feasibility of a pre-infection vaccine
Neonates are presumed to be uninfected with TB. They are therefore targeted for pre-infection vac-
cines, which seek to prevent onset of TB infection and halt disease progression.

Simple versus complex pathogens: A question remains whether a pre-infection vaccine is even
feasible? With simple pathogens, for example viruses, disease incidence is a function of infection.
Hence, halving infection rates for example by vaccination, halves the disease incidence rates. This is
not necessarily true for TB since MTBC has a complex pathogenic process, where infection often does

not correlate with disease. There are latently infected people who don’t progress to disease, but there
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are also infected persons who also advance quickly to disease. Pre-infection vaccines would act on such
susceptible persons who rapidly progress to disease for example infants (52).

Immunological precedence: There is some evidence BCG prevents infection in neonates, albeit from
non-randomized studies (66). Recently, a trial of BCG vs H4IC31 vs placebo showed both vaccines
incapable of preventing initial QFT conversion among QFT negative adolescents (48). Nevertheless,
in natural infections, after MTBC exposure, it takes about six weeks to establish CD4 T cell responses,
providing a window for vaccine induced immunity to combat MTBC evasion strategies, clearing the
pathogen and preventing persistence of infection (67). Natural history studies show some individuals
to be persistently TST/IGRA negative despite continued exposure (68). Hence, it appears that preven-

tion of infection vaccines for neonates could have immunological precedence.

Modelling studies in selecting the target trial population

Pre-infection vaccines (Prevention of Infection/Pol)

Modelling studies show pre-infection vaccines targeting TB unexposed neonates would substantially
reduce the burden of new infections. This effect would increase over time. On the other hand, post-
exposure vaccines, targeting adults/adolescents would only minimally reduce the burden of new

infections, and this effect would diminish over time (52).

Post-exposure vaccines (Prevention of Disease/PoD)

Modelling studies support greater and more rapid impact of adolescent/adult targeted prevention of
disease vaccines in reducing the new number of cases of disease, over neonatal pre-exposure vaccines
(51-53). Since infants do not transmit disease and it would be about 10-20 years before they are
at increased risk of transmissible disease, a similar lag is expected before neonatal vaccination can
impact the TB epidemic (54, 69). Further, economic evaluation models shows vaccinating adults to be
remarkably cost effective (51). Recently released results of the phase IIb trial of M72/ASO1E vs placebo
in adults with LTBI showed 49.7% efficacy in preventing disease.

CONCLUSION

Modelling studies have value in conceptualizing multiple scenarios of vaccine coverage, efficacy, dura-
tion of protection and secular factors that affect disease epidemiology. They have inherent limitations
which I describe below. Secondly, modelling studies are inconclusive on pre vs post-exposure vac-
cination. Some authors found neither pre nor post-exposure vaccines would reduce high incidence
epidemics due to the complex pathogenic process of TB (52). A systematic review of 23 mathematical
models exploring the potential impact of TB vaccines considered factors that would explain the incon-

clusiveness of pre vs. post-exposure vaccination (54).
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Limitations of modelling:

a.  External factors and geographical bias: Most models are based on an Asia like epidemic, driven by

reactivation disease. Majority exclude Sub-Saharan Africa, where disease is driven by new infec-
tions (70, 71). If the rate of treatment of active disease would increase as envisioned in the present
strategy (14), infections and thereby disease would decline, decreasing the relative impact of a
pre-exposure vaccine in Asia like epidemics. Whereas a post-exposure vaccine would be found
more useful in settings where reactivation disease drives the epidemic such as Asia (72).

b. The prevailing rates of I'TBI: As few models report the LTBI rates used, it is difficult to assess
comparative numbers of people most likely to benefit from post-exposure over pre-exposure vac-
cines (21).

c.HIV and Anti-Retroviral therapy status is largely ignored: It impacts longevity and probability of

disease, vaccine efficacy (52, 54).

d. Availability of vaccination platforms and vaccine hesitance in adults is assumed in computing vac-
cine coverage. Vaccine hesitance is one of the top 10 global threats (73). There are few studies that
have investigated the feasibility and acceptability of an adult TB vaccine. Developing a vaccination
platform in most high burden countries will be costly and require complex logistical operations
for health systems which are underfunded and burdened by providing care. This could undermine

cost-effectiveness of an adult vaccine.

Diagnostic and endpoint considerations
Endpoints

In addition to identifying the target population, selection of endpoints also determine efficacy, as well
as trial cost and duration. Non-microbiologically confirmed TB (Clinical TB) endpoints have been
shown to undermine vaccine efficacy, given the vaccine is not designed to prevent non-TB respiratory
ailments. The results of the M72/ASO1g vaccine trial confirmed this. Vaccine efficacy diminished
proportional to the diagnostic distance from culture and molecular confirmation (47). However, when
successful vaccine candidates move to efficacy trials, the relative rarity of incident TB necessitates
sample sizes of tens of thousands of persons. To mitigate the risks of failure of a candidate after such
a colossal investment, target vaccine profiles have been redefined to achieve lower threshold, ‘proof of
concept’ end-points, namely: Prevention of Infection (initial or sustained IGRA conversion); Preven-

tion of Disease (POD); Prevention of Recurrence (PoR) and therapeutic vaccines (67).

Endpoints: Prevention of infection endpoints.

Prevention of infection endpoints require significantly lower sample sizes (48, 67) and shorter dura-
tions of follow up as the incidence of latent infection is greater than disease in high burden countries.
Hence efficacy in Pol acts as surrogate and potential proof of efficacy against disease and can be needed

to proceed to much larger PoD efficacy studies.
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Endpoints: Prevention of disease
Despite the attraction of Pol vaccines, PoD is really the most clinically meaningful end-point. Most
latently infected persons have a low probability of progressing to disease, and further, prevention of

initial or sustained QFT conversion, may not translate to PoD. Ultimately PoD trials are inevitable.

Chest radiograph (CXR)

Composite endpoints that include chest radiograph assessments have been used to define TB disease
in trials. It is an invaluable adjunct of diagnosis. Nevertheless, it is fraught with risks. Most patients
do not have classical radiological features (74), and the co-existence of multiple lung pathogens and
co-morbidities among young children with TB confound the radiological diagnosis. For example, a
comparison of radiological findings between severely under-nourished children with confirmed TB
and those without, found no differences (75). Also a post-mortem study between the ante mortem
radiographs of HIV infected and uninfected children found no difference in radiologic findings (76).
Nevertheless, the specificity and reproducibility can be improved by using expert adjudication of

radiographs.

Practical considerations: Site selection and development

Licensure trials for new Pol and PoD vaccines are likely to occur in high TB incidence countries. Most
such settings lack the requisite clinical trial infrastructure and experience in conducting large studies.
Infant mortality also tends to be high which can further undermine case ascertainment if there are
numerous early deaths due to unrelated causes. Hence, large cohort studies deploying comprehensive

diagnostic methods were needed to obtain incidence and mortality estimates.

Trial site description-Western Kenya
Outside of the BRICS countries, there are 25 other high burden countries, one of which is Kenya. The
estimated prevalence of TB disease is 558/100,000 and about only half of those with the disease are
treated (77).The estimated incidence is 319/100,000, with HIV co-infection rates of 29% (12). TB
rates are highest among males and those aged between 25 and 30 years (77). The exact drivers of the
epidemic have not been well characterized. The study site described in this thesis was set up following
receipt of funding and co-funding from a consortium of partners to create capacity to conduct TB
vaccine trials in 2007. A large complement of data and laboratory staff, nurses, pharmacists, doctors
and clinical officers received training and practical experience in trial related procedures.

In 2009, a large cohort of neonates were enrolled to determine TB incidence (Infant Cohort Study).
It was a landmark study that had not been done previously in the country nor has it been replicated
since in Kenya. The cost investment of such studies is prohibitively high and therefore the lessons

mined are to be used to optimize future vaccine trials.
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AIMS OF THESIS

Overall, the aim of this thesis was to determine the suitability of infants as a trial population and
inform diagnostic considerations for future TB vaccine trials. This included documenting the practical
experience of site set up and trial implementation as well as the lessons for TB vaccine development.

These questions are addressed in TB studies particularly among infants.

The specific objectives were:

To evaluate infants for suitability as a target population

- To assess TB incidence, post-neonatal mortality and cohort retention among infants.

Diagnostic considerations

- To evaluate the chest radiograph (CXR) for its suitability as an endpoint for infant trials where
paucibacillary disease is most frequent.
- To determine the clinical relevance of non-tuberculous mycobacteria isolated in sputum, given

their ubiquity and indistinguishable case presentation to TB disease.

Lessons from site development and for the TB vaccine pipeline

- To reflect on the lessons learnt in building a new TB vaccine site and review the TB vaccine

development pipeline in the context of the Ebola virus outbreak.

OUTLINE OF THESIS

Chapter 2 describes the incidence of TB disease among infants, as a potential trial population. This
chapter differentiates incident TB based on whether it is microbiologically confirmed or not and
calculates the sensitivity of sample sizes for each case definition to determine the suitability of infants
as a target population. We also examine retention, which also influences sample size. Chapter 3. High
infant mortality is an important cohort characteristic of most high incidence countries, it undermines
the ability to detect endpoints. In such settings, how much mortality can we anticipate in infant
trials, and how much of it is due to background morbidity? This section determines the post-neonatal
mortality in the study area, also the determinants and causes of mortality. Chapter 4 examines the
diagnostic utility of the chest radiograph for defining non-microbiologically confirmed TB endpoints.
What is the inter-rater agreement of expert and non-expert readers in assessing radiographs for con-
sistency with TB? The implications of including the expert readings of the chest radiograph on TB
incidence, vaccine efficacy and sample size calculations will be reviewed. Chapter 5 defines the species,
clinical relevance, diagnostic difficulties and incidence of the ubiquitous non-tuberculous mycobac-
teria among infants with presumptive TB. Chapter 6. Phase IIb and III TB vaccine trials require

large sample sizes. Therefore, multiple sites with the requisite disease burden, trial infrastructure and
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expertise are needed in high incidence countries. This chapter reviews the challenges and opportunities
of developing a TB vaccine site against the backdrop of the momentous breakthrough that was the
demonstration of efficacy of the Ebola virus vaccine. In the discussion, I summarize our findings in
relation to questions raised in this thesis, contextualize our results and provide future perspectives in

light of the lessons learnt.
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