











Tuberculosis

Figure 3  Distribution of cases of active TB occurring in the vaccinated (red) and unvaccinated (blue) populations in which timing of cases by age
can be determined to within a 5-year interval. The area of each marker is set proportional to the number of cases occurring within a certain time/

age interval and then linearly scaled by an arbitrary value for visual effect. First six studies assigned to vaccinated and control in a 1:1 ratio, while
Chengalpattu assigned in ratio of 2 BCG: 1 control, with the size of the vaccinated circles halved to compensate for this effect. Madanapalle panel
presents results for bacteriologically-confirmed cases only. First panel data obtained from table IV of Ferguson 1949,% second panel data obtained
from figure 1 of Rosenthal 1961,2 third panel data obtained from table 3 of MRC 1972,%, fourth panel data obtained from table 3 of Rosenthal
1963, fifth panel data obtained from tables 1 and 2 of Bettag 1964, sixth panel data obtained from table 5 of Frimodt-Moller 1973,° seventh panel

presents previously unpublished data. TB, tuberculosis.

Cohort studies
Observational studies are summarised in online supplemental
appendix table 1.

Study quality

Study quality is discussed with a focus on TB epidemiolog-
ical context throughout our narrative review (online supple-
mental appendix). Standard risk of bias assessments were also
performed, with all results identical to those of Abubakar et al’
(Appendix 4, first table).

DISCUSSION

Few trials of BCG vaccination followed participants for more
than 5 years post-vaccination, but of those that did, settings with
sustained exposure risk showed lower effectiveness than those
in which risk predominantly accrued shortly after vaccination.
Therefore, we propose that timing of Mtb exposure, rather
than timing of TB disease, should be the main consideration in
understanding the differences in BCG efficacy between settings
(table 2). In settings of rapidly declining TB burden, exposure
is less likely further from vaccination and the effect of BCG in
preparing the participant’s immune system for early exposure
is robust. By contrast, in sustained high-burden settings, partic-
ipants are more likely to be exposed after a longer period from
vaccination when BCG efficacy has waned or after re-exposure

has occurred. This interpretation implies that BCG is likely to
have little effect in settings of persistent exposure.

None of the eight studies of neonates or young children
followed a substantial cohort of participants into the high-risk
adolescent period in a high-transmission setting, but all were
consistent with significant protection in early life. Among
paediatric and adolescent trials, two larger studies in settings
of declining burden showed substantial protection, and one
suggested short-term protection in a high-burden setting. In
adults, four high-quality studies with long-term follow-up have
been undertaken, with the two performed in high transmission
settings suggesting a null or adverse effect,” *! while one in a
low transmission setting®? ** and one linked to case finding®
suggested modest protection. Methodologically heterogeneous
trials with short follow-up of participants were also consistent
with short-term protection in adults.

Included trials predominantly considered persons without
prior Mtb sensitisation; however, the background intensity of
Mtb transmission remains relevant to the relative importance
of early and late reactivation.** In settings of declining burden,
TB episodes many years from vaccination are more likely to
represent progression of infection acquired shortly following
vaccination. Conversely, in high-burden settings, late-presenting
episodes may result from later exposure. Under this conceptual
framework, trials in both low-burden and high-burden settings
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will show high initial effectiveness, whereas later protection
is dependent on transmission intensity. As late reactivation is
commoner in adolescence and adulthood,'* these effects will be
less apparent in studies that do not follow participants passing
into adulthood. The recent BCG and H4:IC31 revaccination
trial was conducted in adolescents in a high-burden setting.
BCG boosting in those previously BCG-vaccinated decreased
persistent Mtb sensitisation, consistent with short-term protec-
tion from infection.'®

A null effect in studies enrolling across a broad range of ages
should not necessarily be interpreted as lesser protection in
older participants, because such studies may include substan-
tial cohorts of young children and follow-up invariably empha-
sises the early post-vaccination period. We found marked and
significant effects for young children and for the immediate
post-vaccination period, which would be expected to favour
a protective overall effect in many trials. Therefore, it is plau-
sible that protection remains present in these groups in some
trials with longer follow-up and a broad age range of partici-
pants, but is offset by adverse effects in adults in the late post-
vaccination period. An example is the Chengalpattu trial which
reported considerable protection in children aged <15 during
the first 12.5 years of follow-up,* but with a marginally delete-
rious effect in the trial overall. We expected to observe marked
protection in children and in the early post-vaccination period
with increased rates of TB in the later follow-up period in adults
on reanalysis of this trial. These patterns were only observed to
a very limited extent in this trial, and although this pattern was
suggested in the Lincoln State School, numbers were lower.

Our framework for understanding BCG efficacy is biologically
plausible because the most favourable outcome following expo-
sure is stable immune tolerance, and because the immunology of
TB differs fundamentally between infants, children and adults.'
Infants, with reduced capacity of antigen-presenting cells, show
higher mortality and more frequent disseminated TB, which is
ameliorated by BCG enhancing early Mtb containment.* Ages
5-14 years represent an epidemiological paradox of low TB
risk despite high Mtb exposure in high-burden settings, during
which vaccination may be less important.*® However, ‘trained’
immunity, which refers to epigenetic modulation of innate
immune cells (monocyte, NK and y8T-cells in the case of BCG)
may become increasingly important into adulthood, as TB rates
increase and the classic pulmonary cavitary disease phenotype
emerges.”” If by 15-20 years post-vaccination acquired T cell
protection wanes, but trained immunity persists, then the host
will have lost the beneficial T cell-mediated effects of BCG, but
acquired a persistent hyper-reactive innate response, which is
consistent with transcriptomic evidence.*® Therefore, because
TB disease is immunologically mediated, it is plausible that
inducing T cell sensitisation to a broad range of Mtb antigens
could protect against the first encounter with the organism
during an age of suboptimal immunity, but have a reduced or
adverse effect with repeated exposure in adulthood, when the
immunological response is vastly different.

Past reviews have proposed that between-trial heteroge-
neity may be partially explained by latitudinal gradient in
non-tuberculous mycobacteria (NTMs) exposure, particularly
in studies employing one-stage TST testing.* These arguments
require that: (1) NTM sensitisation decreases with latitude, (2)
TST positivity detectable only with two-stage testing frequently
represents sensitisation to NTMs rather than Mtb, (3) NTM
sensitisation confers immunity to Mtb and (4) because of NTM-
conferred immunity to Mtb, BCG vaccination boosts immunity
to Mtb to a lesser extent in those with NTM sensitisation than

(confidence
intervals)

rate ratio
1.05

point
estimate

Incidence
(0.88 to
1.25)

vaccinated,
controls

TB cases in
78693,39 025 380, 180

vaccinated,

Number
recruited
controls

TB endpoint (authors’

terminology)

Diagnostic

confirmation
Culture-positive  Culture-confirmed TB

on =1 sputum

cut-off Follow-up
screen-ing
X-ray,
sputum
examination

TST
(mm)
<8

One-stage, 3 TU

Latitude TST no, dose
PPD-S

Very high burden® 12.7n

follow-up Epidemiological
background

(years)
15

Recruitment start, Long-est

recruitment end,
follow-up end*
1968, 1971, 1987

Age profile
See figure 2

Continued
OT, old tuberculin; PPD, purified protein derivative; TB, tuberculosis; TST, tuberculin skin test; TU, tuberculin units.

*Italicised years indicate inferred/assumed dates/follow-up periods.
+0ur assessment differs importantly from that of Mangtani et a/*.
$TB cases were aged 15—44, such that 'school' does not imply children.

population-wide,

Chengalpattu
India

Table 1
Setting
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Effect size Weight (%)

All neonatal and young children

Saskatchewan native infants, Canada —_—— 0.19(0.08, 0.46) 22.89

Native infants, USA -¢- 0.41(0.13,1.29) 2.41

Chicago hospital-delivered infants, USA —_—— 0.22 (0.13,0.37) 57.22
L

Chicago household contact infants, USA 0.30 (0.08, 1.07) 3.36
Mumbai infants, India —- 0.63 (0.36, 1.11) 5.82
Agra pre-school children, India 0.40 (0.19, 0.83) 8.01
Chicago housing project, USA 0.17 (0.01,3.32) 0.30
Subtotal (I-squared =0.0%, p = 0.445) 0.26 (0.17,0.35) 100.00

v

Paediatric, short follow-up
Jeremie community, Haiti

0.11(0.01,0.91)  100.00

L 2

Paediatric, declining burden, longer follow-up

Native Americans in four states, USA b o 0.27 (0.21,0.34) 50.45
Georgia schools, USA g > 1.56 (0.37,6.54) 0.02
English cities, UK e o 0.23 (0.18,0.31) 49.53
Subtotal (I-squared = 0.0%, p = 0.567) < 0.25 (0.20, 0.30) 100.00
Paediatric, sustained burden, longer follow-up

Puerto Rico children, USA —— 0.71 (0.57,0.89) 100.00

Adult, short follow-up

Chicago mental health patients, USA g 3> 0.37(0.01, 10.94) 0.27
Chicago nursing students, USA —4— > 0.45(0.09,2.34) 6.38
Chicago medical students, USA -4~ > 0.15(0.01, 3.00) 3.60
Rand Mines, South Africa ————————— 0.62 (0.39,0.99) 89.75
Subtotal (I-squared = 0.0%, p = 0.934) G 0.59 (0.31,0.87) 100.00

Adult, declining burden, longer follow-up
Muscogee and Russell Counties community, USA
Madanapalle community, India

Subtotal (I-squared =0.0%, p = 0.679)

0.94 (0.58, 1.51) 39.36
0.81(0.52,1.27) 60.64
0.86 (0.57, 1.15)  100.00

Adult, sustained burden, longer follow-up
Lincoln State School, USA 1.38 (0.56, 3.38) 1.73

Chengalpattu community, India —— 1.05(0.88, 1.25) 98.27
|
1

L
v

Subtotal (I-squared = 0.0%, p = 0.643) 1.05(0.87,1.24) 100.00

| |
0 5

Favours BCG Favours control

Figure 4 Forest plot of TB incidence rate ratios from trials of BCG vaccination by participant demographics and background epidemiology. Pooled
effects are from random effects meta-analysis. Pooled estimates with confidence limits when using a restricted maximum likelihood model with

Stata 16.1 and Knapp-Hartung adjustments were: all neonatal and young children: 0.27 (0.15, 0.40); Paediatric/adolescent, declining burden, longer
follow-up: 0.25 (0.17, 0.33); adult, short follow-up: 0.59 (0.42, 0.77); adult, declining burden, longer follow-up: 0.86 (0.08, 1.64), adult, high-burden,
longer follow-up: 1.05 (0.50, 1.61). New York infants trial not included because only the outcome of TB-related deaths was reported from this trial. TB,
tuberculosis.

those without. Although point (1) is well-established, latitu- for points (3)* and (4).°° The greater rates of TB observed
dinal gradient also applies for Mtb. To our knowledge, evidence in NTM-naive persons at an equivalent TST response’’ likely
is conflicting for point (2)*® and derived from animal models reflect a greater probability of Mtb infection. Reanalysis of the

Table 2 Proposed conceptual framework for understanding the effect of BCG vaccination

Setting Follow-up period* Predominant reactivation profile BCG effectiveness
Declining burden Early Early progression from early infection/exposure High
Declining burden Late Late progression from early infection/exposure High
Sustained high burden Early Early progression from early infection/exposure High
Sustained high burden Late Early progression from late infection/exposure Nilt

*Early: approximately the first 3 to 5 years following vaccination; late: greater than 5 years following vaccination.
tAdverse effect not excluded.
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Chengalpattu study suggested somewhat lower protection in
NTM-sensitised participants,’* although the statistical signifi-
cance of this finding was unclear, while the one trial conducted
across sites at multiple latitudes found similar effects by loca-
tion.* Although we do not discount the importance of NTM
sensitisation, a greater effect of vaccination on clearly TST-
negative participants and young children would also support
our hypothesis. That is, if the lower efficacy of BCG distant
from vaccination is attributable to accumulated exposure to
Mitb, then exposure to both Mtb and NTMs could have similar
effects in mitigating vaccine efficacy. As such, the recent success
of the M72/AS01, trial in Mtb-exposed, predominantly BCG-
vaccinated adults in a high-burden setting supports the need for
revaccination with new antigens to mitigate any increased risk
from past BCG vaccination.*

We, therefore, believe that our hypothesis is supported by
the evidence to a considerably greater extent than previously
accepted explanations. However, as is common in empiric
research, not every aspect of the analysis is perfectly consis-
tent with the hypothesis. For example, our hypothesis does not
explain the adverse effect suggested in the Georgia schools trial,
although the confidence intervals were wide due to low case
numbers and heterogeneity was not observed in this trial cate-
gory. We also expected more TB cases in the vaccinated group
late from enrolment in the Chengalpattu trial, which was seen
to only a minor extent. As previously suggested, this may be
explained by high rates of pre-existing Mtb exposure in both
the control and vaccinated participants because of one-stage TST
testing.

We propose that BCG vaccination protects against early post-
vaccination exposure to Mtb, but is ineffective with later expo-
sure, that the results of most or all past trials of BCG vaccination
are consistent with this hypothesis and that this framework is
more plausible than previously proposed explanations. We
believe this explanation is also highly intuitive in retrospect, but
may not have been recognised previously because Mtb sensitisa-
tion at recruitment has generally been excluded in trial partici-
pants based on TST. The absence of an effect late from follow-up
in high transmission settings is infrequently observed because it
is only seen in studies with long follow-up undertaken in high-
burden settings, which are also the most logistically challenging
to perform. Given that no clinical trial has found a statistically
significant increased risk of disease, any increased rates of TB
from late post-vaccination Mtb exposure may not represent an
increased lifetime risk in high-burden settings. However, defer-
ring episodes of disease could still have extremely important
epidemiological effects, given that paediatric TB more often
results in serious sequelae, whereas adult TB is more infec-
tious and critical to perpetuating the epidemic. It is essential
that future studies of TB risk and the effect of BCG vaccination
present results disaggregated by age and time from exposure to
fully elucidate these distinct reactivation profiles.

Twitter James M Trauer @JamesTrauer
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