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“We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.”
T. S. Eliot, Four Quartets

It was not until 84-years of clinical use of BCG as the world’s most widely inoculated vaccine that its ability to prevent Mycobacterium tuberculosis (Mtb) infection was first discovered [1]. That observation, which overturned the established dogma that BCG protects only against development of tuberculosis (TB) disease, indicated that protection against infection can also be induced by vaccination. Several subsequent studies in diverse settings have noted the association of BCG vaccination with protection from infection, amply confirming the original observation as summarised in a meta-analysis [2].  As a result, clinical trials of new TB vaccines now include prevention of infection as an endpoint, enabling statistically significant outcomes with smaller, shorter, and more cost-effective trials.
Understanding the protective effect of BCG against Mtb infection could enable us to develop vaccines with a larger protective effect or at least to deploy BCG more effectively. It is therefore imperative to conduct large, prospective studies of household contacts in whom exposure has been well defined to better characterise the protective effect of BCG and study the underlying immune mechanisms. Two papers by Verrall et al. in this issue of The Journal of Infectious Diseases do just that.  In the first study, the authors followed 1347 Indonesian household contacts of culture-positive smear-positive pulmonary TB index cases and found that BCG vaccination was associated with reduced risk of a positive baseline IFN- release assay (IGRA) in contacts at enrolment and a strongly reduced risk of incident infection, defined as IGRA conversion at 14-weeks post-enrolment.   As well as providing among the strongest evidence to date that BCG is associated with protection against incident infection, this study provides four valuable new insights into the phenomenon.  
First, detailed quantification of exposure to the index cases revealed that the protective effect was dose-dependent rather than absolute. Protection was greatest in contacts with lower levels of TB exposure and was overcome at the highest levels of exposure. This is consistent with a previous study in which BCG was not found to protect against infection in a population where TB exposure was especially high [3]. Second, a sensitivity analysis excluding persistently IGRA-negative contacts with low levels of exposure to the index case (<5 hours per week) did not alter the estimates of the protective effect of BCG. This suggests that a significant proportion of IGRA-negative household contacts are truly exposed to Mtb, and is consistent with recent results from an African household contact study [4]. Third, risk of prior infection, based on positive IGRA at baseline, was inversely associated with peripheral blood neutrophil count and positively associated with monocyte and lymphocyte counts [5]. However, this association was not seen for incident infection based on IGRA conversion, suggesting it may be reactive to latent infection although it is not a recognised characteristic of it.  Fourth, the risk of incident infection, but not prior infection, was inversely associated with haemoglobin concentration. Whilst biologically plausible, this observation now requires confirmation in an independent study. Lastly, consistent with previous observations, BCG’s protective effect waned with age, with no protection observed in contacts aged >38-years. 
A limitation of this and other studies hitherto is the reliance on a BCG scar to denote BCG vaccination given that a small but significant proportion of BCG-vaccinees do not develop a scar. To date, it has therefore not been possible to determine whether BCG induces protection in all those who are vaccinated or only in those who respond to vaccination with a scar [1,6]. 
A recent randomised placebo-controlled trial demonstrated that repeat BCG, given as a booster to IGRA-negative South African adolescents previously vaccinated at birth, conferred significant protection against sustained IGRA conversion [7]. Notably, there was no protective effect against initial IGRA conversion; the protective effect manifested as an increased proportion of IGRA converters whose IGRA reverted to negative in the BCG-booster arm compared to the placebo arm. This is an important outcome because it has been proposed that IGRA reversion after recent defined exposure to TB reflects clearance of a transient Mtb infection by the host immune response [8]. Although this increasingly widely-accepted hypothesis has not been proven, it is supported by the fact that very few TB contacts with IGRA reversion have been documented to progress to TB. The randomised trial of BCG boosting suggests that BCG enhances host responses mediating this clearance of infection. 
In this wider context, the choice of the term ‘early clearer’ for persistently IGRA-negative contacts is unfortunate and confusing. Most investigators consider IGRA reverters to be early clearers of Mtb infection as the induction of Mtb-specific adaptive immunity indicates at least a transient infection.  By contrast, contacts remaining persistently IGRA-negative may have resisted infection all together, may have acquired and cleared infection without ever priming an adaptive immune response, or may have cleared infection and primed an IFN-γ independent adaptive immune response [9]. It would be better to avoid terminology that assumes knowledge of in vivo biological events that we do not yet have. We therefore suggest denoting the phenotypic outcomes of TB-exposed contacts based on observed phenomena: persistently IGRA-negative (non-converters), transiently IGRA-positive (reverters or non-sustained IGRA conversion) and sustained IGRA conversion, as an example. 
Having thus characterised a cohort of persistently IGRA-negative TB contacts, the authors then sought to investigate immunologic features associated with this outcome.  The companion paper by Verrall et al. is one of the first and largest studies to attempt detailed dissection of this clinical phenotype. A major strength is that the control population comprises IGRA converters with incident infection rather than subjects who tested IGRA-positive at baseline.  Thus, the experiments have the potential to identify immune parameters specifically associated with lack of conversion, i.e. remaining IGRA-negative despite TB exposure.  It would have been easier to select baseline IGRA-positive subjects as the control population, but this group is much more heterogeneous and would include individuals with pre-existing infection of unknown duration.  
The authors’ primary hypothesis is that ‘early clearance’ is achieved by an innate immune system that is prepared to eliminate Mtb upon first contact, i.e. before induction of T-cell responses that would be detected by the IGRA.  Their secondary hypothesis is that BCG vaccination might facilitate this through ‘trained immunity.’  Studies in mice and humans have revealed that BCG vaccination leads to epigenetic reprogramming of macrophages, altered cytokine production, and enhanced anti-microbial function, including against Mtb [10–12].  These mechanistic observations are thought to account for the heterologous effects of BCG vaccination, specifically a 30% reduction in all-cause infant mortality [13].  Verrall et al. collected whole blood at 2-weeks and 14-weeks post-enrolment and quantified immune cell subsets by flow-cytometry and whole-blood cytokines by ELISA after in-vitro stimulation with Mtb, BCG, and other bacteria.  They performed their analyses within each group by comparing the results at 2-weeks versus 14-weeks.  In the IGRA-negative group, there is an apparent pattern of decline in frequencies of circulating subsets of monocytes, neutrophils and  T cells. Whilst this unexpected shift in immune cell frequencies is not seen in the IGRA-converters, the question of whether the dynamic changes are significantly different between the two groups is largely left unanswered.  For cytokine responses to bacterial stimuli at 2-weeks, only responses to E. coli (TNF-alpha, IL-6 and IL-8) were different between the IGRA-negative group and IGRA-converters.  However, these responses were noted in the context of 6 cytokines being measured separately in response to 4 independent stimuli, including BCG and Mtb (neither of which elicited significant responses).   Correction for multiple comparisons, which would reduce the risk of false-positive results, might well render these results not statistically significant.  The findings are thus best thought of as hypothesis-generating rather than definitive.  The authors do not address other factors, such as conventional T-cells and B-cells, that are likely the subject of future work using this valuable repository.  
A key issue that needs to be addressed in order to move the field forward is whether household contacts who remain healthy and IGRA- or TST-negative are actually infected with Mtb.  There is no microbiologic test for ‘latent’ infection with Mtb, which is paucibacillary.  As surrogate measures, both IGRA and TST are narrow windows on Mtb specific T-cell immunity, and both may remain positive long after an infection has been cleared.  A broader assessment, including IFN-γ independent T-cell functions or humoral responses to Mtb-specific antigens, might help resolve the discordance between strong epidemiologic proof of exposure and a negative TST or IGRA.  Even if such IGRA-negative individuals were shown to have evidence of Mtb-specific adaptive immune responses, their risk of progression to active TB is low, given the high negative predictive value of IGRA [14]. Such responses might therefore prove useful as markers of Mtb exposure and/or as correlates of ‘early clearance’ or ‘resistance.’
In summary, as framed by TS Eliot, we have not ceased from exploration and the papers by Verrall et al. bring us full circle to arrive where we started – studying household contacts in a TB-endemic country to learn something new about how BCG functions. The difference this time round is that we are exploring how BCG protects against Mtb infection rather than disease. With well-designed cohort studies as exemplified by Verrall et al, a suitable array of broad, sophisticated measures of host immunity, and an open-minded approach, we may soon know the place for the first time. 
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