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Timing of Mycobacterium tuberculosis exposure
explains variation in BCG effectiveness: a systematic

review and meta-analysis

James M Trauer,' Andrew Kawai,' Anna K Coussens,*** Manjula Datta,”
Bridget M Williams,' Emma S McBryde,® Romain Ragonnet'

ABSTRACT

Rationale The heterogeneity in efficacy observed

in studies of BCG vaccination is not fully explained

by currently accepted hypotheses, such as latitudinal
gradient in non-tuberculous mycobacteria exposure.
Methods We updated previous systematic reviews of
the effectiveness of BCG vaccination to 31 December
2020. We employed an identical search strategy and
inclusion/exclusion criteria to these earlier reviews, but
reclassified several studies, developed an alternative
classification system and considered study demography,
diagnostic approach and tuberculosis (TB)-related
epidemiological context.

Main results Of 21 included trials, those recruiting
neonates and children aged under 5 were consistent

in demonstrating considerable protection against TB

for several years. Trials in high-burden settings with
shorter follow-up also showed considerable protection,
as did most trials in settings of declining burden with
longer follow-up. However, the few trials performed

in high-burden settings with longer follow-up showed
no protection, sometimes with higher case rates in

the vaccinated than the controls in the later follow-up
period.

Conclusions The most plausible explanatory hypothesis
for these results is that BCG protects against TB that
results from exposure shortly after vaccination. However,
we found no evidence of protection when exposure
occurs later from vaccination, which would be of greater
importance in trials in high-burden settings with longer
follow-up. In settings of declining burden, most exposure
occurs shortly following vaccination and the sustained
protection observed for many years thereafter represents
continued protection against this early exposure. By
contrast, in settings of continued intense transmission,
initial protection subsequently declines with repeated
exposure to Mycobacterium tuberculosis or other
pathogens.

INTRODUCTION

Tuberculosis (TB) is the world’s leading infectious
disease killer,' and BCG is the only approved
vaccine for its control. Global BCG coverage was
88% in 2019, close to the highest coverage of any
vaccination.” The substantial heterogeneity in the
efficacy of BCG vaccination between studies has

What is the key question?

» What is the reason for the extreme variation
in efficacy estimates between trials of BCG
vaccination?

What is the bottom line?

» Variation in background intensity of
Mycobacterium tuberculosis transmission is
able to explain the considerable heterogeneity
in the results of trials of BCG vaccination, with
sustained protection more evident in settings of
declining transmission.

Why read on?

» We propose a new framework for
understanding the substantial variation in
BCG vaccination trial results, with profound
implications for understanding BCG's effects on
the global tuberculosis epidemic.

some of this variation in meta-analyses unrestricted
by age.’

Past attempts to understand this heterogeneity
have often started from the assumption that protec-
tion wanes with time from vaccination.®” However,
time since vaccination parallels immunological
maturation and changing TB phenotype,®'° which
may lead to confounding. While retrospective
national health data have shown that vaccine effec-
tiveness can be sustained for >15 years,'' ' multiple
observational studies in low-burden settings have
found that past history of BCG vaccination signifi-
cantly increases subsequent disease risk in TB
contacts.? 1

These observations suggest that intensity or
timing of M. tuberculosis (Mtb) exposure relative
to age and time since vaccination may be important
in determining vaccine effectiveness. However, no
coherent theoretical framework has been proposed
to explain the diversity of results and the adverse
effects of BCG sometimes observed. Because of the
markedly different disease phenotypes and onset
timing relative to age of exposure,'*!
evidence for the efficacy of BCG vaccination with

5 we reviewed
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Figure 1

141 observational
studies

Observational studies exlcuded:

= Case-control studies: 38
fM———— -+ Case-population studies: 20
] + Cross-sectional and outbreak
studies: 27

56 cohort studies
included in review (see
Supplement Table)

Modified PRISMA flow diagram. ?Includes two reports of one revaccination trial which observed zero cases of TB during follow-up. °Trials

in Chicago medical students, Chicago nursing students and New York infants were not included in Mangtani review. PRISMA, Preferred Reporting

[tems for Systematic Reviews and Meta-Analyses; TB, tuberculosis.

METHODS

Reference management

We performed a systematic review of studies of the effect of
BCG vaccination on TB disease, including subcategories of TB
disease, with search strategy and inclusion/exclusion criteria
identical to Abubakar et al’ and consistent with our PROSPERO-
registered protocol (CRD42019119676), but with search dates
extended to 31 December 2020 (section 2, online supplemental
appendix). Details of our search strategy are presented in section
13 of online supplemental appendix. We focused on clinical
trials as the highest form of evidence, but also reviewed cohort
studies as a secondary level of evidence, as presented in the
study profile (figure 1). We considered studies comparing partic-
ipants receiving their first BCG vaccination against unvaccinated

controls, excluding trials of BCG revaccination, consistent with
previous reviews. No further eligible trials were identified that
had not been included in the earlier review, with the recent trial
of placebo, H4:1C31 vaccine and BCG (which observed no TB
cases) excluded as a revaccination trial.'® All data extracted from
studies published from 2009 to 2020 were reviewed by two
authors.

Data extraction

We describe all trials in detail in our extended narrative review
(sections 3—11, online supplemental appendix). Unlike previous
we considered how age-specific reactivation
profiles may be influenced by the background intensity of Mtb
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transmission and formulated a new classification for included
trials and conceptual framework for integrating their results.
Specifically, we considered participant age, local background TB
burden and duration of follow-up as the main factors in classi-
fying included trials. Trials not exclusively recruiting neonates
have previously been grouped according to study-level factors,
including: stringency of latent TB infection (LTBI) testing, as
either single or multiple tests; and age group, as either school
aged or other age. However, previous reviews classified several
studies as ‘other age’, even though most participants were
children, which we believe is misleading.’ We also identified
errors in the previous reviews (section 2.3, online supplemental
appendix), including two major trials incorrectly assigned
according to the authors’ classification system, with the differ-
ences between our results and those of the previous reviews
confirmed by three authors blinded to each other’s assessment
(JMT, AK and RR).

Because the Chengalpattu trial was the largest ever trial of
BCG vaccination, was performed in a high-burden setting and
was relatively recent, we also obtained unpublished estimates
from this study disaggregated by age and time from vaccination.
To illustrate the interacting effects of age and time from vacci-
nation, we extracted data from reports of trials for which data
could be disaggregated by both age at TB diagnosis and time
from vaccination, in combination with the previously unpub-
lished data from the Chengalpattu trial.

Data synthesis and analysis

We used a hierarchical approach to estimating effect sizes, given
the diverse approaches to presenting outcomes. Where possible
we estimated effect sizes from information on person-years
of follow-up and number of cases occurring in the vaccinated
and unvaccinated groups. If this was unavailable, we estimated
follow-up periods from the information provided (section 2.2,
online supplemental appendix).

In our classification, we first grouped all trials in neonates
and young children into a single category. Next, we divided the
remaining trials into those recruiting predominantly older chil-
dren and adolescents or those recruiting predominantly adults,
and considered the studies with follow-up periods of no more
than § years separately from those with longer follow-up. Of the
remaining trials with longer follow-up, we classified according
to whether transmission remained substantial or declined to low
levels during the follow-up period. This required some subjec-
tive judgement, given that burden indicators were invariably
not reported at the exact level that the study was undertaken.
However, there were important differences between these
studies with regard to TB burden. For the paediatric studies, we
considered that burden was likely to have been higher in Puerto
Rico by the end of the 1960s (around 12 deaths per 100 000 per
year)'® than it was in the UK in the early 1970s (<2 deaths per
100 000 per year), the USA in the late 1960s (2-3 deaths per
100 000 per year) and the USA in the late 1990s (<0.5 deaths
per 100 000 per year). For the adult studies, burden was likely to
have been considerably lower in the general population in 1970
than in psychiatric inpatient care in 1960 in the USA, and while
India had substantial TB transmission throughout the duration
of the Chengalpattu trial, mortality fell approximately ten-fold
in Madanapalle due to the highly effective active case finding
campaign linked to this BCG trial."

Meta-analysis was performed under our new classifica-
tion with Stata V.16.1. The forest plot was generated using
the random effects model of DerSimonian and Laird with the

Mantel-Haenszel assessment of heterogeneity from the metan
package. Pooled effect size estimates and confidence limits are
also presented using REML with Knapp-Hartung adjustment
provided by Stata’s meta function.

Stata code for meta-analysis and the data and Python 3.6 code
for generating figures 2 and 3 are available at https://github.com/
jtrauer/bcg_tb_context _review.

RESULTS

Included studies are described in our narrative review (sections
3-11, online supplemental appendix) and summarised as follows
and in table 1. Assessment of study quality according to standard
criteria for the assessment of clinical trials has been undertaken
in previous systematic reviews (online supplemental appendix),’
and our assessments did not deviate from these findings.

Neonatal vaccination trials

Of 21 included trials we identified, six recruited neonates
only.?*? A small minority of the participants in the Saskatch-
ewan native infants and New York infants trials received oral
vaccination, but most infants in these trials received paren-
teral vaccination. The trial in New York infants reported on
TB-related mortality but not TB incidence, finding eight deaths
in each of the vaccinated and control groups during its alter-
nate assignment period.?® Although the trial undertaken in the
lowest resource and likely highest transmission setting reported
the lowest efficacy, estimates of protection were homogeneous,
with most trials consistent with the pooled estimate of protec-
tion for trials in neonates and young children. Follow-up dura-
tion varied, although none followed participants into or beyond
adolescence in a setting of continued intense transmission.

Trials recruiting young children

Although the Agra trial was previously included with school-
aged vaccination and is only reported very briefly, participants
were up to 5 years of age at entry.”” The efficacy in this trial
was 60% (95% CI 17% to 81%) protection, consistent with esti-
mates for neonates. The other trial recruiting the youngest chil-
dren (previously classified as school aged) observed three cases
of TB, all among control participants, also consistent with high
childhood efficacy.”®

Reclassification of trials not restricted to young children

The categorisation of these studies as ‘school’ or ‘other’ age fails
to convey that many studies previously categorised as ‘other’ age
predominantly recruited children. This often occurred because
of an expansive population age pyramid and/or inclusion criteria
that typically included negative LTBI testing, the prevalence of
which declines with age, particularly in high-burden settings.
A prime example is the population-wide Haiti trial, in which
tuberculin skin test (TST)-negativity in adults was so rare that
the protocol was modified to exclude participants aged over 20,
resulting in a predominantly paediatric cohort (figure 2).*

Trials recruiting broadly across paediatric age ranges

Three trials recruited across most or all paediatric age ranges to
approximately 20 years.””~! The Haitian trial observed partici-
pants for 3 years, with one case occurring in the vaccinated and
five in the controls, suggesting good short-term protection in a
high transmission setting.”” The large Puerto Rico trial (previ-
ously misclassified as non-stringent TST) was undertaken in a
setting of rapidly declining but substantial burden and showed
modest efficacy.’' > The trial in native Americans was undertaken
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Figure 2 Age distribution (in years) of participants in studies for which these data were provided. Studies with very narrow age inclusion criteria
not presented (ie, five neonatal trials and English cities trial of children aged 14-15": years). All age distributions normalised to the same maximum

vertical height.

in a setting in which rates of disease rapidly declined to very low
levels throughout most of follow-up, with sustained efficacy for
>60 years.2! 3033

Paediatric/adolescent trials

The trial in Georgia schools recruited ages 6-17, with the small
number of cases that occurred all accruing after 6 years of
follow-up.>? ** The large MRC-funded trial was undertaken in
school children in large English cities and found high efficacy in
a setting of rapidly declining burden (figure 3).* 3

Trials in young adults with shorter follow-up

Three trials from Chicago of participants at high risk because of
occupational or residential exposure risk were included in this
category, along with one trial of participants at high occupa-
tional risk from a high-burden setting. The trial of mental health
patients observed only one case of ‘bilateral minimal arrested
TB’ in 35 participants, providing little information. Two reports
from Chicago describe BCG vaccination trials in students of
nursing and medicine followed for the duration of their studies.
Both were small and excluded from previous reviews for meth-
odological limitations, with only 11 cases occurring across both
trials.* 3" *® The trial in South African mine workers was also
excluded from past reviews for including some participants who
were TST-positive at baseline,’ but found fewer cases in the
vaccinated over 3.6 years of follow-up.*’

Trials recruiting across all ages with extended follow-up

The trial in Muscogee and Russell counties, USA, achieved broad
community participation in those aged over five in a setting of
low and declining transmission, finding slightly fewer cases in
the vaccinated.’® ** The trial in Lincoln State School describes

an adult cohort followed in a high transmission setting and
suggested a trend towards more cases in the vaccinated, particu-
larly after S years of follow-up (figure 3).*

The Chengalpattu trial was the largest BCG vaccination trial
ever undertaken and was among the best reported, although it
employed one-stage TST screening.*' It enrolled participants
aged 1 month and above, followed for 15 years in a very high
transmission setting and found slightly higher TB rates in the
BCG vaccinated, although protection was suggested in chil-
dren.** The Madanapalle trial** followed participants for 21
years in an initially high transmission setting and focused on the
end point of smear-positive TB, which likely explains the low
number of paediatric cases (figure 3).” Although previously clas-
sified as employing stringent TST testing, one-stage testing with
a cut-off of <5 mm was used in around 95% of participants.

Meta-analysis

Heterogeneity was not observed when studies were grouped
according to our classification (figure 4). The pooled estimate for
the incidence rate ratio of BCG vaccination in trials of neonates
and young children was 0.26 (95% CI 0.17 to 0.35). For other
paediatric studies in high-burden settings, we refer readers to
the descriptions of the original trials. For paediatric studies with
longer follow-up in settings of declining burden, the incidence
rate ratio was 0.25 (95% CI 0.20 to 0.30). Trials of adults in
high-burden settings with short follow-up durations were meth-
odologically heterogeneous, but the pooled estimate suggested
benefit, with an incidence rate ratio of 0.59 (95% CI 0.31 to
0.87). Trials of adults with longer follow-up duration were all
consistent with a null overall effect, with marginal protection
suggested in settings of declining burden and the Chengalpattu
trial dominating the effect estimate in high-burden settings.
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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

Trauer JM, et al. Thorax 2021;0:1-11. doi:10.1136/thoraxjnl-2020-216794

5

"1ybuAdoo Aq paroalold 1sanb Aq #7202 ‘Sz [1dy uo jwoo fwg xeloyy/:diny wolj papeojumoq ‘120z IMdy £2 Uo £6/9TZ-0202-|ulxeloyl/9sTT 0T Se paysignd 1sii :xeloy L


https://dx.doi.org/10.1136/thoraxjnl-2020-216794
https://dx.doi.org/10.1136/thoraxjnl-2020-216794
https://dx.doi.org/10.1136/thoraxjnl-2020-216794
https://dx.doi.org/10.1136/thoraxjnl-2020-216794
http://thorax.bmj.com/

w
w
(=]
=]
I
—
v
=2
=
[

Thorax: first published as 10.1136/thoraxjnl-2020-216794 on 23 April 2021. Downloaded from http://thorax.bmj.com/ on April 23, 2024 by guest. Protected by copyright.

panunuo)
5153} JaY}0
pue [es1up 5<UBPINg
(veo suoniuysp  ‘|edtbojolqoniw ybiy Aian jo
0117°0) ased Aq uayy ‘'sieah || uayy ‘sieak 7| palels  ddd N10SZ usyy | ug'gs pouad e buimojoy | aInbly s ‘s91els noj ul
170 087 ‘78 [GPL 1SSl ISy 9dUBPIAS [ed1bojolpey sty Buunp Aes-x IS ‘Ael-x 10N ‘abeys-om] 0y u z'ze Buluipap pue moq €9 866l 8661 'GE6L  99S‘siedk gl—0  SuedLAWY dAleN
(16'0 ey
01 10°0) $-Qdd zainby  ‘spim-uoe|ndod
110 Sl 8€€ 'G€9 a1 [edbojoiqoniy  ISLRerx 9> nLG‘abeIs-uQ U 9'gL udping ybiy Kiap € 696l '9961 ‘5961 295 ‘sabe ||y a|wauaf
(eee [ed1ui> pue 1s11onl
0} 10°0) Res-x pawnsaid palels 00| Usy} Jawj|oA GS61 vsn ‘afosd
L1 €0 6 'LY6 a1 Areuow|nd Ay sespun  ISL'Aerx 10N abes-oml ULy o ,U9PINg YbIH €l ‘5561 'T6l sieak z1-0  Buisnoy obediy
(€8°0 uoijeuwexd
01610) g1 anme fjgeqoud winynds €214-0dd NL L 861 BIpu] ‘U21p|iLd
0r'o Sz'0L 6571 65Tl 10 anipe Ajjeaibojoipey palels JoN ferx ol> abeys-au0 U T'LT ,,uaping ybiy Aip S '6L61 ‘661 siedhg-0  Jooypsaud eiby
sabueyp
Kei-x pey
sasoubelp g]
Y 150w ybnoype
01 9€°0) ‘sisoubelp 1oy G161 elpul
€90 L't 00€ '96€ 41 fewg uBnIyNs 151 1S1[ead VIN SUON ugel cUspinq ybry Aiap ST ‘L6126l S9]eucsN  ‘siuejul lequinjy|
(sisoubeip 10}
(Lo'L Juanyns Aei-x) 16 eDUILIPap vsn
0180°0) fsdoine ‘Aes-x Rel-x (xaput ayy Ajpides usyy G561 ‘SJuejul 193U0D
0€0 LL'E 0zz'lee ql 1SL°edwld  1SLeaud V/N 10U Jayjoul ji) suoN ugLy ‘uaping ybiy Aisp Sl ‘5561 '0v61 $3JeU0AN pjoyasnoy obediyd
(sisouberp 1oy
(Lg0 wapiyns Ael-x) 4 gZbUIUIIP vsn
0€1°0) Asdoine ‘Aes-x Keu-x Ajpides uayy 9561 ‘SJUBJUI PRIDNI[DP
wo €981 8ZLY '9Tvs a1 1SL'leawnd  ISLeaud VIN SUON ug'Ly ‘uaping ybiy Aiap 6l ‘9561 'L€61 s3jeuoaN  -|eydsoy ofediy)
(a4 9gUoPINg
01GE0) €6'0 (8 '8 :Syreap (abe jo yyuow yby Aian jo
Aujepow gj)  perejai-gl) Asdojne 1o | 210J3 pajeudeA pouad Buimojjoy vsn
V/N pauiodalloN 8765 '99% auoN  [ed1bojoiqoI 151 ‘Rer-x VN Auofew ioj) auon uzoy  buipap Apidey Ll v¥6l tp6L '€€6l S9JeUuOdN  ‘Sjuejul 3IOA MaN
pasead c£UapIng
671 dn-mojjoj anie uzey yby Aian jo
0 EL0) 13)ye sisoubeip pueu  pouad buimojjo vsn
L7'0 L'y 6EL ‘€Tl 41 fewng aufnoy 151 ‘Rer-x VIN SUON g'gy  Buuipap Ajpidey 8 961 ‘0v61 '8€61 Sa]euos 'suejul aAleN
Uaping
(9v°0 ybiy Aien o epeue)
0180°0) |eot pouad Buimojjoy ‘Sjuejul dAIRU
610 629 €0€ '90€ 4l pue Aei-x fer-x VIN SUON ugog buiipap Ajpidey vl L¥6l'SP6l 'EEHL S31eUo3N uemapiedseg
(sjensaul S|043u0d s|013u0d (ABojoujwia)  uoneunyuod  Bul-usans  (wwi) 9sop ‘ou |S1 apnine] punoibypeq (ssedk)  ,pusd dn-mojjoy d|iyoad aby bunias
9OUIPLUOD) ‘pdJRUDIBA  ‘pIjeudIBeA ,sioyine) yujodpua g1 onsoubelq  dn-mojjo4 jjo-1nd |esibojoiwapidy dn-mojjo}  ‘pud JusWINI
9lewise Ul sased g paunnal 1s1 359-6uo7 ‘pels Juswninnay
juiod Jaquinp
ones ael
aduU3pNU|
S|eli} UOIIeUDIeA D) JO SDNsURIdeIRY) | d|qeL

0:1-11. doi:10.1136/thoraxjnl-2020-216794

i

Trauer JM, et al. Thorax 2021


http://thorax.bmj.com/

.S
v
(=]
=
o
—-
v

=2
=

-

Thorax: first published as 10.1136/thoraxjnl-2020-216794 on 23 April 2021. Downloaded from http://thorax.bmj.com/ on April 23, 2024 by guest. Protected by copyright.

panupuo)
wYapIng
yby Kian jo
(g€ S159} Jay1o pouad e Buimoyjoy
01 95°0) ‘[ea1Bojoigoniw paijels 10 nLool [enuelsqns VSN ‘looyds
8¢’ 8Tl v6v 'LES a1l jEallllle} ferx 1s1 10N pue Q| ‘9beis-om| uzoy ing Buruypaq 7L 096l °Ly6l "L¥6L $palels 10N 91elS ujodur]
cbuipuyy
(LT1 S1sel 13yio +12-02-61-14-Add 953 dAlE 03 3np elpu|
0175°0) gl ‘leaibojoiqoniw NLS ‘(%S6~) abeis Buupap Ajpides ‘apim-uone|ndod
18°0 Ly '€€ 8085 ‘6905  pawyuod-Ajjedibojoispeg  ‘Aei-x ‘fedruid fer-x §> -auofpueuiwopaid  uggl  ‘uapang ybiy Aisp 1z 1161 '9561 0561 z 2Inbyy 935 3||edeuepeyy
vsn
(151 swayshs ‘apim-uone|ndod
01 85°0) Due||I_ANS 12-02-61-14-Add uspinq S9NUNO) |[Bssny
76°0 9€ 7€ S8 LL'EL6IL al Bunsix3 9UON > N1 ‘9bess-aup ugze Buuipap pue moi 0Z 0.6l 0561 0561 z 2Inby 935 pue 360odsn|y
syyuow
66'0 8 15e| 10} abejs
01 6£°0) pajers -3U0 UaY} ‘|eL) ey
90 S '6C L66L'L1€8 aL ferx ferx 10N jO1sOwW o} suoN S T9C (oUspInq ybiy Aiap 9€ 8961 ‘8961 ‘5961 $S1eak £°0LFEDE YOS 'Saull puey
(00'¢ lont
01 100) [ed16ojoigoIW 00140 0L Jayu ge2Insodxd VSN ‘siuspnis
510 €0 867 'vZ€ ar ferxjedwp 1L 9> puezebesoml  ugly Jo sl by v 796L°7S6L 661  siedk =07 [edipaw obedlyd
(sisoubelp
ez 1o} Juaniyns el ggP@1eueA Ul
01 60°0) -X) S153} Jay3o 10nLo0L 13yb1y ‘ainsodxa jnpe VSN ‘Siuapnis
S0 ST €97 '1€7 gL ‘Resx fedwid ISl 9>  puegebeis-omi  Uug'Ly Jo sajel YbIH € 9961 ‘€561 ‘0v6l bunok pawnsaid  Buisinu obedy)
(9se2 vsn
pajewi}sa pauuiyuodun) pajers 100l sieak  ‘spuaijed yyjeay
10N 1’0 51702 g1 Kreuow|ng palelsioN  palelsioN  JoN (0l ‘abeisomi  ug'ly g uaping ybiy v Lv6l'Ly6L'Ey6l 99 01 dnsynpy  |ejusw obediyd
¢U3ping
12-07-6114-Qdd NL ybiy Aizn jo
(680 swa1shs 0l uay) | ‘yabers pouad e buimojjoy
0} /6°0) adue||laAINS dn-mojjo} -OM} (%9/~) [enuelsqns Z 21nbly VSN ‘Udlppyd
L0 L1981 8EE LT 'VE90S a1 Bupsixy  smpeoN 9> fpueuiwopald U8l inq buiuipag 86l 6961 'LS6L ‘6¥6L 935 'sieak g|—| 01y opang
(L€ [ev160joyed 4sU9pIng ybiy Jo
0181°0) ‘[ed16ojoiqonIw ferx l0NnLooL  uges pouad e Buimojjo
€00 87779 L9871 '86SEL a1 ey ISLeduld > pue ¢ ‘abejs-om| 0} u GG Buulpap pue mol 07 76175610561  sieakyGl—pL N ‘samd ysiibu3
(¥s9 151 'Rer-x 1Z-0Z-6114 Z€Uapang ybiy jo
01 £€°0) ‘lea16ojoiqoIw -ddd NL00L pue pouad e Buimojjoy vsn
99’1l €'s LYET '86¥T a1l a1y 1S1 > G ‘abeys-om| ugze Buupap pue moq 0T [96l'L¥6l 'LV6L sieak £1-9  ‘sjooyps e1bioan
(sjensaul s|oJ3u0d S|013U0d (ABojourwial  uoneunyuod  Bur-usans  (wwi) 9sop ‘ou |S1 apnie] punoibypeq (s1edk)  ,pud dn-mojjo} 9|iyoad aby bunias
9OUIPYUOd) ‘pAjeuPdIBA  ‘pIlRUIIBA ,sioyine) yujodpud g1 onsoubelq  dn-mojjo4 jjo-nd |esibojoiwapidy  dn-mojjo}  ‘pud JuswiInNIAM
dlewn}ss  ul sased g) paunaL 1S1 159-6uo ‘peys JusuninAY
juiod JaquinN
onel ajel
aduappu|
psnuuo) | 9jqeL

0:1-11. doi:10.1136/thoraxjnl-2020-216794

'

Trauer JM, et al. Thorax 2021


http://thorax.bmj.com/

Tuberculosis

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.
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