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Abstract
Transmission of Mycobacterium tuberculosis (Mtb) continues uninterrupted. Pre-exposure
vaccination remains a central focus of tuberculosis research but 25 years of follow up is needed to
determine whether a novel childhood vaccination regime protects from adult disease, or like BCG
assists Mtb dissemination by preventing childhood illness but not infective adult pulmonary
tuberculosis. Therefore, different strategies to interrupt the life cycle of Mtb need to be explored.
This personal perspective discusses alternative approaches that may be delivered in a shorter time
frame.

INTRODUCTION
It is almost 20 years now since the WHO declared tuberculosis (TB) a global health
pandemic, and this rallying call has led to significant investment in research over that last 2
decades. However, despite the great advances in our understanding of TB biology,
Mycobacterium tuberculosis (Mtb) remains depressingly successful as a global pathogen (1).
Furthermore, with the emergence of multidrug resistant drug and extensively drug-resistant
disease (2), TB cases are becoming increasingly hard and expensive to treat, and the spectre
of totally-drug resistant disease has emerged (3). Consequently, perhaps we need to re-
consider where the infectious cycle can most effectively be interrupted.

WHERE IS THE MTB LIFE CYCLE VULNERABLE?
The cycle of TB infection starts with a patient with pulmonary TB coughing, aerosolising
bacilli (Figure 1). These infectious droplets are inhaled by close contacts and penetrate the
well ventilated lower part of the lungs. The host immune response attempts to control
infection, resulting in granuloma formation (4). This initial granuloma may heal, leaving a
calcified Ghon focus in the lower zones of the lungs, demonstrating this is the site of initial
infection (5). In approximately 90% of exposed patients, Mtb is subsequently controlled and
active disease never develops (6). However, in a proportion of patients active TB develops
at some point after infection. This may be within months, often as miliary TB, or up to
decades later, typically as apical pulmonary TB. The exact perturbation of the immune
system which leads to TB reactivation is uncertain. In some cases the immune deficiency is
apparent, such as HIV co-infection, alcoholism or treatment with anti-TNF antibodies (4),
but in the majority it is unclear.
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Only patients with pulmonary disease transmit infection to new hosts, with the very rare
exception of laryngeal disease. Other clinical manifestations, such as lymph node TB, TB
meningitis, spinal TB or TB of any other organ, are a biological dead end for the bacilli as
they may cause death of the host without onward transmission. Pulmonary TB develops in
the apex the lungs (5) and therefore bacilli must spread from their initial seeding point in the
lung bases to the apex. The translocation mechanism is uncertain, but the zebrafish model of
M. marinum suggests mycobacteria disseminate within infected monocytes (7).

Once lodged at the lung apex, Mtb must subvert the host immune response to drive lung
matrix destruction and cavitation, because cavitation leads to very high infectivity (8). The
mechanism is not well understood, though is driven by host immunity as cavitation is
suppressed in advanced HIV infection (9). Matrix metalloproteinases are emerging as key
proteases driving lung matrix destruciton (10, 11). Within the walls of pulmonary cavities,
the immune response essentially fails (12) and cavities can contain up to one hundred
million bacilli (13). In the pre-antibiotic era, patients were sometime symptomatic for
several decades, having “fluctuating consumption”, reflecting the symbiosis that can evolve
between the host and microbe when cavities with dense fibrotic rims develop (14). This
symbiosis is ideal for Mtb, as it permits a prolonged period of infectivity and thereby allows
it to spread to a large number of people.

Therefore, to interrupt this life cycle, improved vaccination strategies are needed to prevent
either initial host infection or inhibit Mtb reactivation in the lung apices, or alternatively
better diagnostics are required to identify and treat patients with pulmonary disease. As less
than 1 in 10 patients who inhale Mtb will ultimately go on to develop pulmonary disease and
therefore transmit infection to new hosts, each infectious patient must themselves infect over
10 individuals to maintain the population prevalence (Figure 1). Mtb is surprisingly difficult
to transmit, typically only infecting household contacts, and so this number-to-infect ratio
represents a potential vulnerability of this highly successful pathogen.

TB VACCINATION
BCG is one of most widely given vaccines and protects children from miliary TB and TB
meningitis, and so has been a highly successful vaccine by reducing childhood TB mortality
(15). However, BCG does not protect against adult pulmonary disease and so ironically
helps the global success of Mtb. BCG protects children from fatal disease that would not be
transmitted, but does not prevent adult infectious pulmonary disease. Any new TB
vaccination strategy needs to ensure that it increases protection without concurrently
worsening adult immunopathology that drives lung cavitation and spread, as alternatively a
vaccine may ultimately increase the transmission of Mtb.

TB vaccination represents a significant challenge as even having active pulmonary
tuberculosis does not protect from recurrent disease, and in fact may increase the risk of
infection (16), so any vaccine strategy must out-perform natural infection. Current vaccines
focus on the cytokine-induced T cell response, and they do not consider the effect on
extracellular matrix remodelling (15). Therefore, it is unknown whether novel vaccine
approaches will increase or reduce the chances pulmonary cavitation and thence
transmission. Assessment of vaccine efficacy in the mouse may be misleading as it does not
express an orthologue of human matrix metalloproteinase-1 (17, 18), the dominant
collagenase driving lung destruction in humans (10). In humans, assessment of a childhood
vaccination will require a 25 year follow-up to determine if it protects from adult disease.

One way to circumvent this chronological hurdle is to perform therapeutic vaccination of
latently infected adults and determine whether this reduces the incidence of tuberculosis
reactivation. If a post-exposure vaccination were to realign the host immune response to a
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non-tissue destructive phenotype, it would prevent cavity formation and Mtb transmission,
and therefore break the cycle of infection. A strategy based on vaccination is much more
readily delivered from a policy and implementation perspective, but give the inherent
challenges of vaccine development, other points where the infectious cycle can be
interrupted should be considered.

IMPROVED DIAGNOSIS OF INFECTIOUS PATIENTS
An alternative strategy is to increase the rate of diagnosis of patients with pulmonary
tuberculosis. Each infectious patient must transmit Mtb to over 10 uninfected individuals
and therefore this may be a point to suppress the cycle of transmission. TB diagnosis has
remained essentially unchanged in many parts of the world for 100 years, with the mainstay
of being sputum smear microscopy, but this has relatively poor sensitivity (19). The ideal
TB screening test presents an exacting list of requirements, needing to be cheap, robust,
require minimal user training, no infrastructure, reagents or electricity and provide results
within a few hours (20). The search for a single biomarker of active TB to facilitate such a
test has to date been disappointing (21). The development of a test to identify all clinical
manifestations of TB, including in patients co-infected with HIV, is difficult, but it may be
more straightforward to identify patients with the most pronounced form of disease,
pulmonary cavitary TB.

Several novel TB diagnostic assays have been introduced recently. Assays based on
interferon gamma release identify whether patients have been exposed to Mtb (22), but do
not distinguish latent from active disease and so are not suitable for screening for infectivity.
PCR-based diagnostics, such as the Genexpert (23), represent a major advance to diagnose
TB rapidly but the cost is not suitable for screening entire populations. Near-patient PCR
assays are under development (24) and if the cost can be reduced, these may be applicable to
community screening. Analysis of circulating cytokines and chemokines has not identified a
panel of markers that is sufficiently specific to TB infection (21), and the analysis of gene
transcript signatures is currently only applicable as a research tool (25).

An alternative approach to analysing Mtb components or host immunological parameters is
to analyse lung matrix degradation products (MDPs). MDPs are released during both
synthesis and degradation of lung matrix, and this remodelling is a central feature
pulmonary TB. Collagen turnover releases fragments such as amino-terminal propeptide of
type III procollagen (PIIINP), and these are elevated in other destructive pulmonary
pathologies (26). Some matrix turnover products, such as desmosine, are really excreted (27)
and so matrix turnover products have the potential to be developed into a urine dipstick-
based screening tool. Ultimately, an assay incorporating identification of both
mycobacterial, immunological and matrix turnover analytes is likely to provide the optimal
sensitivity and specificity to identify patients with pulmonary TB within communities.
Developing such a test will require collaborative integration of diverse diagnostic
approaches.

CONCLUSION
Mtb has continued to spread without interruption for too long, with ongoing transmission
preventing TB control in high-burden settings (28). Perhaps now is time to re-focus on the
old strategy of actively finding and treating the aerosol supershedders who drive the
pandemic in order to break the infectious cycle. The optimal biomarkers for identifying
patients with smear positive pulmonary disease need to be identified, and then developed
into an affordable near-patient test for population screening.
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Figure 1. The life cycle of Mycobacterium tuberculosis
Bacilli are aerosolised by a patient with pulmonary TB coughing. Droplets are inhaled into
the lungs of uninfected patients, where the bacilli multiply and the host immune response
attempts to contain infection by the development of a granuloma. A Ghon focus may form at
site of implantation (arrow). In about 90% patients, infection is contained for life, but in a
subset of those infected, disease reactivates. Only patients with pulmonary disease, and in
particular cavitary pulmonary disease, become infectious and re-initiate the cycle.
Consequently, each patient must infect over 10 patients to maintain infection prevalence.
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