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Preface

The work presented in this HD.thesis was conductedetweenJanuary 201and April 2020and
involved two years anden monthsof fieldworkin GuineaBissau, on top daresearch year | haih
2012.Moving to Guine&Bissau changes you. It is athifse thatwent down that roadcan be
recognized from far away by a distinct charm and charisma&aat that is the sensation | géaill |
develop such a glow, tod@y time in GuineaBissau certainlpaschanged my lifeand | am forever
grateful and indebted for the opportunities and trust | have been offefeside from thechance to
contribute to highlyrelevant research| struck goldn Bissawand married the girl next door, who has
engifted menot only with her compny but alsawvith our beautiful, intelligentand curlyhaired
daughter.l arrivedas a jusigraduateddoctor on a motorcycle andow hand in this thesis as a
married father.But my time in Bissau hashdoubtedy alsobeen a rollercoaster ride witimcredble
highs and lowsand | had myself to blame when things did not go my way.

In a setting with tnited access to the mostssentiaklementsof health care, one might speculate
whetherthe relevance to clinical practidge Denmarkis negligible and that anwould become a
better doctor by spending time iaDanish emergency room. Whilad¢knowledgedhat there are
skills | need to catch up on, | am confident that working in Bissau has madéetteiedoctor,
which | can sel€onfirm from mybiasedadmiration of thecohort of Danishdoctors that
orepatriateck from Bissau. They never lastitherthe Bissau glowor their passion for improving
health care standard®r alland reduce inequality in health

| am grateful to many unique individuals that | have met over the yeansng others:

Vu for your friendship and good adviaen | first arrived in Bissaincludingadvising me to find a
small motorcycle to alleviate transpanecessitiesn Bissau. Gatel for teaching me how to speak
Creole, ride dike, improving myunderstandng ofthe Guinean culturand forbeing a magnificent
studysupervisor athe Maternity Ward

Marie andJuniorfor your friendshipandJunior forjoining me oran extraordinaryYamaha D25
powered journey to the furthest away places of Guisi&iasau. And our speciaihe days on
Bubaque with Diniand everything irbetween Manuel for helping méo buy apracticallymint 1997
Honda Africa Twin XRV750 and preparing ithierstrenuoustrip from Lisbon to Bissau.

Adam the Hungarian farmewho participated in the Budapef®@amako caravan ian old Mercedes
190Dandwent to fetch gasoline for me in the dark outskirts of Tiemgwhen Iranit dry and still did
not know how to turn the fuel tajpn forthe reserve tankMy fellow Africa Twin ridedason Andean
for providingfour pages of instructionsn prepatingthe XRV750 for crossing the Sahanad for
your unique friendship, spirationalandakind yet robust approach on how &afelycomplete the
trip, along with fellow riderdlark Jeunnette and David Armstrong a.lSaecialNeeds. | am forever
grateful for ridng with you. The twomechanicakngineesfrom MIT deserves mergning too, for
first insistingon refueling and goingp the beach rather than heading straight ouakchott then
mistakingessencdor gazole while the doctor in thegpack (me)as suggesting that the gasoline
looked strange. Since then, | have been able to handle any crisistaittcalmness, because little
can beworse than standing in the middle of the desert in NemtnMauritania with 4 stalle®20
kilo bikes due to diedecongestedcarburebrs.

Thisthesiswould never have had the quality it deserves had it not been for Wwho, served ashe
study supervisoand main data emy clerkfor all five RCTshat contributed dataA wiqueand
orderly attention to details, effctiveness, due diligence, hanbrk, and at the same timgputting
forward afriendly, relaxed mindset has made it the greatest pleasure to conduct pragecishare
office spaceawith you.No gift can expresmy gratitude toyou.
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On a similar noteQdete, Tchty Besna, Carlitod/iro, Paulo, Domingodrene,Justing and Lola
deserves my profound gratitude for the eminent effeyiou have dondor the projectover the
years.And while | have been working on thisesis Adama & Gin&asprovided highquality BCG
vaccinaton to 30,000+ neonateor approx. 1.5% of the Guinean populatiamemarkable
achievementThank youDr. Raul, thank youfor our strong collaboration at the Maternity Ward.
Apala, Liliceand Abdalaha foeminentcollaboration onthe BCGIMEDIood work.Patrick for your
friendship positive attitudeandadvice to procure funding via the Global Fuardl thesis proof
reading Timfor arrangingfootball tournamentsn Cab and your continuous efforts to keep the
administrationin Bisau afloat with Kristian Luis, and Carlos and Marianne for maintaining the
Danish one and the good company for rooftop luncliesdaqg for your always positive and
welcoming attitude. Naz, Mette, Christian, Kristiand Aua for thaexceptional getaway to the
Festival de Bubaguehere we partied with Tabanka Djdo forbringingan always positive,
Guineanlike mentality and our legatary Tour de Ebolenotorcycletrip through GuineaConakry,
Liberia and Sierra Leonand plenty of good advic€rank Shannfor inspirational friendshignd
strong scientificcollaboration Dr. Delfim and the entireeamat Sport Voleibol Clube Cupeldor
taking me imat the team and offering me a spot at the Selecdo de G&isdauA special thank you
to freelance photographeand dear friendSofia Busk who joined us for several months in Biasau
capturedbeautiful photographs of our workmany of whictare foundin this thesis.

Christinafor your positive mindset and getting the most out of your {&lwort time in Bissau.

Christian @ for rany diversionsiding motorcyclesg £ knigh$BCG fug and invaliable statistical
assistanceAlexand Elisdor loving Mettezinha as muchs usand help in arrangingthé CSa é I RA
Meninus &nd Elise, Christian @ebeccaand Marcus for being impeccable research year students

at Maternidade Your contributions to thelata collection made this thesis possikiéorten and

Hannah for doing the bulk of the work of protoestiting and preparationgo initiate the STRAIN |

trial and including the size of the pesaccination wheal on the inclusion forifhat was very

important, and | would have never thought of tha€atarina for being my friend when few others

were. Cecilie for our enjoyable trips tarela andSRASPHNdo SAy 3 aSG G ST AYKI Qa T @
Nelly & Tobi for continuousuitful research collaboration and working hareduce preventable

deaths in infancyn a global scaleAndreas for causalify, the Stata package, pleristatistical

advice andhackysackgamesaroundthe office.Mike & Pauli for many good moments in Bissaual

Denmark and important collaboration on several research projéatefor your uncrushable fight

to keep BHP alivand invaluable helpPeter & Christine faaccepting me both for my strengths and

my faults, letting me see the projexthrough and baig the best supervisors that one could ask for.

Anton Pottegard & Anders Rehfeld for your {sébmission peer reviews with very important

contributions+ I KAR bl 2FFT I RSK FT2NJ akK2gAy3a YS 22NRQa KAR

The capacity to successfully conduct lagmaleRCTs in Bissau widlllequatefollow-up was built

and maintained over many yeansth the contribution of manyesearchersThe well-conducted

RCTs that form the basis of this thesisre thanks tosubstantial contributiongnd capacitybuilding

in Bissau donéy Sofie, Kristoffer, Helle, Najaaraq, Adam and Amalvétia contributions also from

many research year studenfBhanks to theyuards at the Institute of Public Health (Claus, Bendt

and Martin) for always bringingcheerful smile and keeping my spirits up when | was once again
working at very odd hours. Ziggi and Carsten for good vibes around the institute and fun table tennis
matches. Susanne & Tina for taking care of the practicalities so that the researchelis research.

And thanks to all the scientists that | haveaathored papers with.

Finally, I wish to thank ynparentsfor always supporting mend Aua forelentlesslybeing

supportive and accepting of evehanging and challenging workihgurs and leting the family

travel wherethe researcthas taken usl have worked too much the last couple of montlasd yet
Mettezinhaalways rusto greet me whichever time | return honandistruly aR I RR &.(lEis 3 A NI
dissertationwould not have been possible tid not been for the fantastic family | have, amds
dedicated to the two of you
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Summary

Summary

ThisPhD.thesis investigate the importance of BCG vaccine strains for overall morbidity
and mortality.

Vaccination with Bacille Calmet@uérin at birth is recommended in countries where TB
and/or leprosyare endemic, and >120 million infanése vaccinateger year. While BCG
provides good protection against the most severe forms of TB, the protective efficacy
against pulmonary TB ranges betwee8@#b.There is accumulating evidence from
observational studies and RCTs indicating thatDanish strain of BO@&asbeneficial NSEs,
redudng all-cause mortality by 30%.The effect on the risk of hospitalizations had not
been assessed prior to this thesfsnong BC@accinated infants, those that develop a BCG
skin reaction and/or a tuberculin response have a58%lower mortalitythan non
reactors The characteristics of the BCG skin reaction response types had not been
investigated prior to this thesi8CG is a livattenuated vaccingroduced at a host of
different laboratories around the world. The vaccine i$ astandardized and
pharmacologically welllefined productand it has been suggested that different BCG strains
should be considered as different vaccinBgferent BCEormulationsare genetically
divergent due to the accumulation of mutations and differences in laborgtooguction
techniques affecting the absolute number of bacteria and the ratio oftbvdead bacteria.
It is unknown whether BCG strains dmeequivalent In 2018, 184.5 million doses of the
WHGprequalified BCG strains were distributdthe global market shaia 2018for the
genetically related BGBenmark and BGGreen Signal was 24%, BB@garia 20%, BCG
Japan 9% and BERaussia 41%one of these major BC@&ans have been evaluated
against each other in a randomiz#dl. Giventhe widespread use of BG&dits
substantialNSEs, we investigatede effectson overall mortality and morbidity and on
markers of protection against TB and a walctioning imnune systenof neonatal
vaccination with different BCG strains in Guisiéiasau.

We had the following hypotheses:

Hypothesis ABCG vaccines possess beneficial;spEtific effects related to mortality and
morbidity. Since BCG strains ateenotypically distinct, the size of these effects might be
different. Compared with BGRussia, vaccination with Bdliznmark and BGGapan is
associated with fewer admissiaoriswer irhospital casdatality andfewerdeaths.

Hypothesis BThe proportiorof children having a BCG scar and a positive PPD response is
30% lower among children vaccinated with BR@Gsia compared with B&liznmarkand
BCG&Japan

Hypothesis CBCGraccinesare renowned for their safety. Since BB@markand BCG
Japanare probablymore potent vaccing they might be associatedvith a higher rate of
adverse eventsthen compared to BCBussia

During thedata collection for thi$?h.D.somenew idea evolved From observations and
personal experience of diverse BCG reactions, thB Rtudent decided to studye
importance of theBCGeaction type and size of early BCG skin reactions and the effects of
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these reaction characteristics on subsequenicallise mortalityAnd due to input from our
vaccinators, we compared two BCG straiiih regard to the content of neonatal BCG
doses imvaccine vial.

BCG is shippeaka vial of freezealried bacteriao be reconstitutedwith a vialcontainingl
ml diluentbefore use According to manufacturershésevialscontain 20 BCG dose$ 0.05
ml for infantsor ten doses of 0.1 ml each for childrerore year of age and adultst would,
however, only be possible withdraw and administethesedoses if there wagero
wastageof liquid in the syringessed for recastitution and vaccinatioyas well asn the
diluentand vaccinéottles.

In Paper Iye testedwhetherit is possible to withdrav20 neonataldoses from vials of BEG
Russia and BCBenmark Our experienced vaccinators could only withdra8+to 15 doses
from both types ofvials This has important implicatioras vaccine wastage is calculated
based on the assumption that the content is 20 doses; hence, wastage of BCG is
overestimated and this leads to unnecessary delay8{DG vaccinatiodue torestrictive

vial policiesmposed to reduce vaccine wastage

In Paper I, wsupplemented the data on the effect of B@@nmark on mortality with data
on its effecton hospital admission incidence andhnospital mortality acrosthree RCTs
(6,583 infans). BC@enmarkdid not affect the risk of hospitalizatiobut reducedthe
severity of disease, the neonaARCG/ndBCCCFRRR being 0.58 (0.3594). EarhBCG
especiallyeduced the risk ofatal neonatalsepsis, the CFR RR being @31820.98).

In Paper lll, we investigated the effectsproviding differenBCGstrains on morbidity,
mortality, BCG skin reactions, tuberculin reacticasd adverse eventspSilateral
lymphadenitis)We conductedh largescale RCT evaluating BO&hmark ersusBCGRussia
which wasscheduledo enroll 12,000 neonates at theINSMMaternity Ward. Due to a
production halt occurring in 2015 at the BCG manufacturing unit of Statens Serum Institut in
Copenhagen, our lastock ofBCGDenmarkwas depleted by July 2016, almasidway in
the trial. We had sought the necessary permits to exchange-B&@nark with BCGapan
for the remainder of the triadnd reached 12,000 inclusions in October 2@ur data
indicated no sigificant differences immorbidity nor mortality bysixweeks of agessociated
with different strains of BC®ut the trial had limited powedue to the changén
intervention, especially for the mortality comparisomhere vas however,somewhat fewer
deaths associated with B&Iapan, the Japan/Russia MRR being 0.71-(DQ¥3.BCG
Denmark and BGaparare likely more immunogenithan BCGRussiaince theywere
associated wh moreand larger ear BCG skin reactions, tuberculin reacti@msl adverse
events These strain differencasight have importantmplications bothfor the protection
conferredagainstTB(specific effectandfor overall health(non-specific effecs).

The indications of differences are currenthgingevaluaedin a followup trial. We founda
significantdifference in the proportion of infants with a BCG st¢aurt much less than the
hypothesized 30% differencBCGDenmarkand BC&apartended to be associated with
more adverse events compared to B&UGssia, but we lacked power to provide definitive
conclusions.



Summary

Thee was ahigh BCG scar prevalenice all BCG stias. The proportion with gositive TST
response to 2 TU stimulatiomas65% lower for BCRussiacompared toBCGDenmark and
46% lower for BCRussiaompared toBCGJapan.The incidence of adverse events
(lymphadenitis) among infants with home follewp was 1.0% for BGBenmark ersus0.2%
for BCGRussia (p=0.12) and 1.2% for B&a2@an ersus0.0% for BCRussia (p=0.03).

In Paper IVwe studied the idea that BCG reaction characteristics affeciaalée mortality
and that the BCG strain administered rgecof the main determinants of these
characteristicsln a large cohorof 6,012 infantghat had received BC@ithin one week of
birth, 97% (5,804/6,012) had a B&Knreaction bytwo months and the 212-month
mortality risk among reactors was 1.9%rsus4.8% for norreactors.Reacting to BCG
versus not reactingvas associated with an aMRR of 0.50 (802%5). Interestingly, the
mortality risk was inversely correlated with the sizeled BCG skin reaction, the risk being
2.9% for infants with small reaction$,8% for medium reactionsand 0.8% for large
reactions.The corresponding large/small reaction aMiR&s0.35 (0.20:0.63), and there was
a linear trend of decreasing mortality tviincreasing reaction size (p for trend<0.00A)e
concluded that the main determinant for both developing a BCG skin reaction and the size
of the reaction is the strain of BGflized BCGDenmark and BGTaparare associated

with more and larger reaatns than BC@Russia

In Paper V, wevaluatedthe effect of having &STreaction (defined as >1mnat 2- and 6
monthsof ageversusnot having a reactioon alkcause mortalityup to 12 months of age
Thecohort of infantshadreceivedBCGuringthe neonatal periodHaving al' STreaction at
two monthsversusno reaction was associated with2al2-month aMRR of 0.34 (0.1@.94),
while at sixmonths, theaMRRwas0.66 (0.152.92). We conducted a metanalysis of the
availablestudiesandacross fou cohorts fromGuineaBissauhaving a 2month tuberculin
reactionversusno reactionwas associated with an aMRR of 0.56 (G(B83).Similarly the
effect on mortality ofhaving a @month tuberculin reactiorversusno reactionwasan aMRR
of 0.63 (0.39-1.00)acrossfour cohorts Themain determinants for having a tuberculin
reaction bysixmonths were &rge postvaccination wheal(receiving a large dose of BCG)
andbeing vaccinated witBCGDenmarkor BCGlaparrather thanBCGRussia

In conclusiongur findingssupportthat BCG hamarkedbeneficial NSEs that enhance
survivalsubstantially These effects appear to be on the severity of disease (risk of death, in
hospital casdatality risk) rather than on the incidence of infection,vas found no effect

on hospitalization riskDeveloping a BCG reaction, larger reactionssened positive TSTs

are all associated with reduced-athuse mortality, and the main determinant of these
reactions is the BCG straaiministered Since all BC&rains tested did produce some

degree of BCG reactions am@Treactivity, it would be fair to assume that all are associated
with some degree of beneficial NSEs.

AlargescaleRCT wittadequatepowerto test strain differences for both specific and Ron
specific endpoints have yet to be conduct®de have just finished enrolling neonates in a
large comparison of BCIapan versus BERssia involving 15,600 neonates and now await
a further six months of followap before the important results can be publesh A third RCT
of similar size is planned.



Dansk resumé (summary in Danish)

Triangulation of thecurrentlyavailable dataneverthelessuggessthat there would likely be
substantial public health advantagebtained at lowcost by:

1) Himinating restrictive vial policiesr at last adjusting wastage calculations to reflect the
actual number of doses that can be retrieved from ad2@e vial

2) Ensuiing provision of atbirth BCGraccinationadministered by weltrained personnel
and with monitoing of postvaccination wheal sizes

3) Prioritizingimmunogenic straissuch as BGGapanover BCGRussiaBCGDenmark
produced by SSl is no longer availabled thegenetically identicalBCGDenmark now
produced by AJ Vaccinasour knowledgenot yet been examinedor its ability to induce
scars, TST responses or its overall NSEs

4) Continuously evaluahgboth earlylife BCG vaccination coverage and the prevalence of
BCG reaction8CQeactionsizes, and TST responses to enshigh standardsof
vaccinationprograms Such an approach couttktect whetherlessefficient BCG strains
and/or insufficient vaccination quality are compromising program efficacy

Dansk resumésummary in Danigh

Denne Ph.Dafthandlingundersggte betydningen af forskellige BCG stammer for den
overordnede sygelighed og dgdeligh&tccinatiorved fadslermed Bacille Calmette

Guérin er anbefalet i lande hvor TB og/eller spedalskhed er endemisk og >120 millioner bgrn
bliver vaccineret hvert ar. Mens BCG giver god beskyttelse mod de svaereste former for TB
yder vaccinen kubeskyttdse i starrelssordenen0 til 80%overfor pulmonal TBDer er
voksende evidens fra befolkningsstudier og lodtraekningsstudier der indilarden

danske BCG stamme har gavninps-specifikke effekterN\SEEsom reduceredgdeligheden

fra alle arsager pa 380%.Effekten pa risikoefor hospitalsindlaeggelse var ikke blevet
undersggt far denn@h.D-afhandling Blandt BC&accinerede bgrn har dem dadvikler

en BCG reaktion pa huden og/eller et tuberkulin respons eB@® lavere dadelighed end
dem udenenreaktion.Karakteristika fode forskellige responstyper har ikke veeret
undersggt far denn€h.D-afhandling BCG er en levendeveekket vaccine soproduceres

pa en reekke forskellige laboratorier i verd&faccinen er dédesikke et standardiseret eller
farmakologisk veldefinergtrodukt. Forskellige BCG formulationer er genetisk forskellige
pga. ophobning af genetiske mutationer og forskelle i laboratoriernes produktionsteknik
pavirkerbadedet absolite antal af bakterier og ratioen mellem levende og dade bakterier i
de forskellge vaccinerDet erimidlertid uvist om forskellige BCG stammer er
bioekvivalenteDen globale markedsande2018for de genetisk identiskBCGDanmarkog
BCGGreen Signadr 24%, BC@Bulgaren 20%, BCQapan 9%g BCGRudand41%. Ingen af
disse stgrre BCG stammer er nogensinde blevet evalueretandomiseretrial. Pga BCGs
brede anvendelse og de markaMSE har vi undersggt effektpd overordnet dgdelighed

og sygelighed og pa markarer for beskyttelse mod TB og etngafande immunforsvaaf

at yde neonatal vaccination med forskellige BCG stammer i G#irssauVi havde

falgende hypoteser:

Hypotese ABCG vacciméhar gavnlige, nosspecifikke effekter mht. dadelighed og
sygelighed Eftersom BCG stammer er faenotysikkellige er starrelsen pa disse effekter



Dansk resumé (summary in Danish)

maske ogsa forskellige. Sammenlignet med #0&and er vaccination med BO@nmark
og BC@apan associeret med feerre indleeggelser, lavere dgdelighed blandt indlagte og
feerre dgdsfald.

Hypotese BAndelen abgrn med et BCG ar og et positivt PPD respons er 3@% lalandt
barn vaccineret med B&&usland sammenlignet med BO@nmark og BGGapan.

Hypotese CBCG vaccimesr kendt for deres sikkerhguefil. Eftersom BGGanmark og
BCG&Japan formentlig er merpotente vacciner har de formentlig en starre bivirkningsrate
end BC&rusland.

| Igbet af dataindsamlingen til denne Ph.D. opstod nogle nye idéer. Fra observationer og
personlige erfaringer vedr. forskellige BCG hudreaktioner besluttede den Ph.D. stdeleren
sig for at undersgge vigtige af reaktionstypen og stagrrelsen af tidlige BCG hudreaktioner og
effekten af disse reaktionskarakteristika pa den efterfglgende overordnede dadelighed. Og
pga. input fra vores vaccinatgrer sammenlignede vi to BCG stammemuahaldet af
neonatale BCG doser i en vaccinefladdeG afsendes fra fabrikanten som en flaske
indeholdende frysetarrede bakterier som skal opblandes med en flaske indeholdende 1 mi
saltvand Ifglge fabrikanterne indeholder disse flasker i alt 20 do<eGE0.05 ml til barn

under et ar og ti doser a 0.1 ml til bgoweret ar og voksneDet ville dog kun vaere muligt at
udtreekke og dministrereet sadant antatloser hvis der intet tab af vaeske forekomneie
forskellige trin, herunder badesprajterne anvendt til opblanding og vaccination samt i
diluent- og vaccineflaskern&/i harundersggt om det er muligt at udtreekke 20
neonataldoser fra BGBusland og BGBanmark (Artikel 1). Vores erfarne vaccinaiw

kunne kun udtage 13 til 15 doser fioegge typewaccineflaskerDette har vigtige
konsekvensefordi vaccinespild udregnes baseret pa antagelsen om at der er 20 doser i
flaskerne; vaccinespildet overvurderes derfor og dette medfgrer uhensigtsmaessige
forsinkelser i BC@accinationforarsage af restriktive vaccinedbningwolitikker, der er

indfart for at reducere vaccinespiltlartikel 1l har vsupplementeret de eksisterende data
vedr. effekten af BGCGanmark pa dgdelighed med data péa effekiftnincidensenaf
hospitalsindleeggelser og dadelighed blandt indlagte pa tvaers af tre RCTer (6.583 bgrn).
BCGDanmark pavirkede ikke risikoen for hospitalisering, men reducesggdonmens
sveerhedgrad, idet den neonatalBCG versus ingeBCG CFR RR var 0.5850@.34). Tidlig
BCG reducerede seerligt risikoen for fatal neonatal sepsis, for hvilket CFR RR var 0.46 (0.22
0.98). | artikel lll undersggte vi effekten af at give forskellige BCG stammer pa sygelighed,
dadelighed, BCG hud reaktioner, tuberkulin reaktioogmivirkninger (ipsilateral
lymfadenitis).Vi ggnnemfgrte en stor RCT som sammenlignede-B@@nark med BGG
Rusland og var planlagt til at inkludere 12.000 nyfadte pA HNSMs fadeafdRgmget
produktionsstop i 2015 pa BCG produktionsenheden pa St&smsn Institut i Kegbenhavn

lgb vi ter for BC@®@anmark i juli 2016, naesten midtvejs i studiet. Vi havde sggt de
ngdvendige tilladelser for at udskifte BO@nmark med BGEapan i resten af studiet og
naede 12.000 inklusioner i oktober 2017. BCG stammeéné&kede hverken sygeligheden
eller dgdeligheden ved seksugersalderen, men studiet havde ogsa begraenset statistisk
power pga. skiftet i intervention, seerligt ift. dadelighedssammenligningen. Der var dog en
tendens til feerre dadsfald associeret med B&pa og Japan/Rusland MRR var saledes
0.71 (0.431.19). BCanmark og BG@apan er sandsynligvis mere immunogene end-BCG
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Rusland eftersom de gav flere og starre BCG hudreaktioner, flere tuberkulinreaktbigner
flere bivirkninger.Disse forskdé¢ mellem stanmerne har muligvis vigtige implikationer for
bade den specifikke beskyttelse mod TB og for det overordnede helbred (dspeaifikke
effekter). Der var indikationer af vigtige forskelle sonmevived at evaluere i et
opfalgningsstudiumvi fandt en signifikant forskel i andelen af bgrn med et BCG ar, men
meget mindre end hypotesen pa en 30% forskedr varentendens til atbadeBCG
Danmarkog BC&aparnvarassocieret med flereibirkninger sammenlignet med BEG
Rusland, men vi manglede power fiirna definitive konklusioner. Praevalensen af BCG ar
var hgj for alle BCG stammerne. Andelen med et positivt TST respons til 2 TU stimulation var
65% lavere for BGRBusland sammenlignet med BO@nmark og 46% lavere for BCG
Rusland sammenlignet med B3&an.Forekomsten af bivirkninger (lymfadenitidabdt

barn der blev besggt i hjemmet var 1.0% for HigBmark versus 0.2% for B&asland
(p=0.12) og 1.2% for B&Xapan versus 0.0% for B&Gsland (p=0.03) Artikel IV

udforskede vi ideen om at BCGs riaiskarakteristika pavirker den overordnede
dadelighed og at den givhe BCG stamme er den vigtigste determlremstor kohorte pa
6.012 bgrn som havde modtage€B indenfor en uge efter fgdslen havde 97%
(5.804/6.012) en BCG hudreaktion ved to manealg212-maneders mortalite¢nvar 1.9%
blandt barn med en hudreaktion versus 4.8% for dem der ikke havde en hudreaktion.
Saledes var hudreaktioner efter BCG versus ingen hudreaktion associeret med en aMRR pé
0.50 (0.260.96). Af interesse er det ogsa at raditetsrisikoen var omvendt proportional

med starrelsen pa BCG hudreaktionerne, og risikoen var saledes 2.9% for bgrn med sma
reaktioner, 1.8% for medium reaktioner og 0.8% for store reaktioDen tilsvarende stor
versuslille reaktion aMRR var saledes35 (0.200.63) og @r var en lineger trenaf

faldende dgdelighed for stigende reaktionsstgse (p for trend<0.001)i konkluderede at
den vigtigste determinant bade for atiuikle en BCG hudreaktion og stgrrelsen pa
reaktionen var den anvendtBCG stimme; BC&@anmark og BGapan var associeret med
flere og starre reaktioner end B&Ruslandl Artikel V evalueredel effekten af at have en
TST reaktion (defineret som >1mm) vedag seks maneder versus ingen reaktion pa
dadeligheden fra alle arsagep til 12 manederAlle barn i bhorte havde modtaget BCG i
lzbet af neonatalperiodenAt haveen TST reaktion ved to manedersus ingen reaktion

var associeret med en-22-maneders aMRR pa 0.34 (0:0®4).Ved seks maneder var
aMRR 0.66 (0.13.92).Vigennemfagrte en metanalyse af de tilgeengelige studier og pa
tveers af fire kohorter fra GuineBissau dvar en positiv tuberkulin reaktion versus ingen
reaktion associeret med en aMRR pa 0.56 (@.33). Tilsvarende var effekten pa
dadeligheden af at hae en reaktion ved 6 maneder versus ingen reaktion en aMRR pa 0.63
(0.391.00) pétveers affire kohorter. De vigtigste determinanter for at udvikle en
tuberkulinreaktion vedseks maneder vastarrelsen apostvaccinationspaple (at modtage

en stor dosis BCG) og at blive vaccineret med-B&@nark eller BGGapamnog ikkeBCG
RuslandSom konklusion stgtter vores fund at BCG har afggrende NSE som gger
overlevelsen markanDisse effekter er tilsyneladende i hgjere grad pa sygdonsme
sveerhedsgradrisiko for ded, risiko for ded blandt indlagte) end pa incidensen for infektion,
eftersom vi ikke fandt en effekt pa hospitaliseringsrisikd@adeat udvikle en BCG reaktion,
starre reaktionsstarrelse og positive TSTer \&woaieret mededuceret dgdelighed fra alle
arsager, og den vigtigste determinant for disse reaktioner var den administrerede BCG
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stamme. Eftersom alle BCG stammer udlgsteiegrad af BCG reaktioner og TST reaktivitet
ma det veeraimeligt at formode at de alle er assieret med en vis grad af gavnlige NSIE.
RCTi starre skalaned tilstraekkelig power til at testforskelle mellem stammer for bade
specifikke og nospecifikke endepunkter mangler stadig at blive gennemfkniangulering

af de tilgeengelige data tydemidlertid pa at der ille vaere markare fordele for
folkesundheden med fa omkostninger ved at:

1) Eliminere restriktive vaccine abningspolitikkelter i hvert fald justere beregninger af
vaccinespild dédes atde afspejler det reelle indhold af doser i en@6sis flaske.

2) At sikre distribution af BCG@&d-fgdslen administreret af veluddannet personale og med
monitorering af postvaccinations papelstarrelser.

3) Prioritering af immunogene stammer sasom BIggan over BCRusland. BGGenmark
produceret af SSI er ikke leengere tilgaengeligl@g genetisk identiske B&@anmark som

nu produceres af AJ Vaccinedflg. vores informationkke blevet undersgggndnu for sin
evne til at inducere BCG ar, TST respoe#ier nonspecifikke effekter.

4) Lgbende evaluering ahccinationsdaekningen med BQizgevalensen af BCG reaktioner,
reaktionsstgrrelser og TST responser mhp. at sikje standarder i
vaccinationsprogrammerndzn sadan fremgangsmade ville kunne dete&tem mindre
effektive BCG stammer og/ell&avvaccinationskvalitet kompmitterer programmes
effektivitet.

Resumo em portugués (summary in Portuguese)

Esta dissertacdo de Doutorado (Ph.D.) examinou a importancia das diferentes cepas de BCG
relativamente a morbidez e a mortalidade global. A vacinacéo por ocasidao do nascimento
com Bacille Calmett&uérin é recomandada nos paises nos quais a TB e/ou askpra
endémicas e >120 milhdes de criancas sdo vacinadas anualmente. Ao passo que a BCG
proporciona uma boa protec¢éo contra as formas mais severas de TB, a vacina apenas da
uma proteccdo na ordem de 0 a 80% contra a TB pulmonar. H4 uma evidéncia cada vez
maior de estudos de populacdes e estudos randomizados que indica que a cepa
dinamarquesa de BCG tem efeitos reégpecificos (ENE) benéficos, que reduzem a
mortalidade por todas as causas em 30% a 50%. O efeito sobre o risco de hospitalizacao nao
havia sideexaminado antes desta dissertacdo de Doutorado. Dentre as criancas vacinadas
com BCG, as que desenvolvem uma reaccdo a BCG na pele e/ou uma resposta de
tuberculina ttm uma mortalidade 30% a 50% inferior que as que ndo desenvolvem qualquer
reaccdo. As cargeristicas dos diferentes tipos de resposta ndo haviam sido examinadas
antes desta dissertacdo de Doutorado. A BCG é uma vacina viva enfraquecida que é
produzida numa série de diferentes laboratérios ao redor do mundo. Assim sendo, a vacina
nao € um produb padronizado ou farmacologicamente bem definido. As diferentes
formulacdes de BCG sao geneticamente diferentes devido ao acumulo de mutagdes
genéticas, e as diferencas nas técnicas de producédo dos laboratorios influenciam tanto o
numero absoluto de bactéas como a proporcéo entre bactérias vivas e mortas nas
diferentes vacinas. No entanto, ndo se sabe se as diferentes cepas de BCG séo bio
equivalentesA participacao de mercado glokeh 2018do BC@inamarca e do BCG

Green Signdbi de 24%, BCBulgaria 20%, BCIapao 9% e BERssia 41%. Nenhuma
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dessas principais cepas de BCG foi avaliada entre si em um estudo randoDexatina

ampla utilizacdo da vacina BCG e os ENEs marcantes, examinamos, rRissamgo efeito

da vacingdo neonatal com diferentes cepas de BCG sobre a mortalidade e a morbidez
global, sobre os marcadores de proteccéo contra a TB e sobre a obtencdo de uma defesa
imunoldgica optimizada. Tinhamos as seguintes hipoteses:

Hipotese AAs vacinas BCG tém efeitt®o-especificos benéficos sobre a mortalidade e a
morbidez. Dado que as cepas de BCG sao fenotipicamente diferentes, a amplitude destes
efeitos também deveriam ser diferentes. Em comparacao com €RBESE, a BCG

Dinamarca e a BG@apao séo associadasneanenos hospitalizacdes, mortalidade mais
baixa entre os hospitalizados e menos oObitos.

Hipotese BA quotaparte de criancas com uma cicatriz de BCG e uma resposta PPD positiva
€ 30% mais baixa dentre as criangas vacinadas corRBES§ia em comparacaornca BCG
Dinamarca e a BG@pao.

Hipotese CAs vacinas BCG séo conhecidas por seu perfil de seguranca. Dado que a BCG
Dinamarca e a BG@pao provavelmente sdo vacinas mais potentes, é bem possivel terem
uma taxa de efeitos colaterais maior que a BRI&ia.

Durante a colecta dos dados para esta dissertagao, surgiram novas ideias. A partir de
observacfes e experiéncia pessoal, o doutorando decidiu examinar a importancia do tipo de
reaccao e o tamanho das reacc¢des precoces da BCG na pele e o efeitcdemdasisticas

de reaccao sobre a mortalidaderalsubsequente. E devido ao subsidio de nossos
vacinadores, comparamos duas cepas de BCG relativamente ao contéudo de doses de BCG
neonatais num frasco de vacina. A BCG é remetida pelo fabricante naderoma frasco
contendo bactérias secas por liofilizacdo que devem ser diluidas com o contetdo de um
frasco contendo 1 ml de salmoura. Segundo os fabricantess faeas contém um total

de 20 doses de BCG de 0,05 ml para criangcas menores de um ano del0skpara

criangas maiores de um ano, assim como adultos. Porém, so seria possivel extrair e
administrar este numero de doses, se ndao houvesse qualquer perda de liquidos nas
diferentes etapas, nomeadamente nas seringas utilizadas para a diluicdo agéacibem

como nos frascos de diluente e vacina. Examinamos se é possivel extrair 20 doses neonatais
da BC&RUssia e da BA@namarca (Artigo I). Os nossos vacinadores experientes apenas
puderam extrair 13 a 15 doses de ambos os tipos de frasco de vissiodem

consequéncias importantes, porque o desperdicio de vacina é calculado com base na
presuncéo de que ha 20 doses nos frascos; portanto, o desperdicio de vacina é
superestimado e isso implica atrasos inconvenientes na vacinagao de BCG causados por
politicas restritivas de abertura dos frascos de vacina, introduzidas para reduzir o
desperdicio de vacina. No Artigo Il, complementamos os dados existentes sobre o efeito da
BCGDinamarca relativamente a mortalidade dentre os hospitalizados com dadosa&obre
incidéncia das hospitalizagbes e da mortalidade dentre os hospitalizados através de trés
RCTs (6.583 criancas). A H@itamarca néao influenciou o risco de hospitalizacdo, mas
reduziu a gravidade da doenca, visto que o0 CFR RR da BCG neonatal versus B&GuUoi
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de 0,58 (0,3®,94). A BCG precoce reduziu, em especial, o risco de sepse neonatal fatal,
para a qual o CFR RR foi de 0,46 ¢0,28). No Artigo Ill, examindmos o efeito de ministrar
diferentes cepas de BCG sobre a morbidez, mortalidade, reaécBEG na pele, reac¢des

de tuberculina e efeitos colaterais (linfadenite ipsilaterBbalizamos um grande RCT que
comparou a BCGinamarca com a BERIssia e tinhamos planeado incluir 12.000 recém
nascidos na maternidade do HNSM. Devido a uma desgébwda produgdo, em 2015, na
unidade de producédo de BCG do Statens Serum Institut em Copenhagalara@@rca

esgotou em Julho de 26, quase no meio do estudo. Haviamos solicitado as autorizacfes
necessarias para substituir a BOamarca com a BEIa@o no resto do estudo e

chegamos a 12.000 inclusdes em Outubro de 2017. As cepas de BCG néo influenciaram a
morbidezou a mortalidade as seis semanas de idade, porém o estudo tambénpoeles

(power) estatistico limitado devido a mudanca de intervencdo, em especial, relativamente a
comparacao da mortalidade. No entanto, houve uma tendéncia de menos 6bitos associados
com a BCQ@apéao e a aMRR Japéao/Russia foi portanto de 0,71-10143. A BC®inamara

e a BC&apao séo, provavelmente, mais imundgenos que a&Sia, ja que resultaram

em mais e maiores reacc¢des de BCG na pele, mais reaccdes de tuberculina e mais efeitos
colaterais. Essas diferencas entre as cepas tém, provavelmente, implicacOesimtgsor

tanto para a proteccdo especifica contra TB, como para a saude em geral (os efeitos ndo
especificos). Houve indica¢cBes de diferencas importantes que estamos a avaliar num estudo
de acompanhamento. Encontramos uma diferenca significante no nUmecoateas com
cicatrizes de BCG, porém muito menos do que a hipotese sugerida de uma diferenca de
30%. Havia uma tendéncia de, tanto a Hllitamarca, como a BE&Japao estarem

associadas a mais efeitos colaterais em comparacdo com-&B&3&, mas nos falt

poder estatistico para chegar a conclusdes definitivas. A prevaléncia de cicatrizes de BCG era
alta para todas as cepas de BCG. A gpatde com uma resposta de TST positiva para o
estimulo 2 TU foi 65% mais baixa para a-B0&sia em comparacao conB&GDinamarca,

e 46% mais baixa para a BRGssia em comparagcdo com a Bla@ao. Os efeitos colaterais
(linfadenite) entre as criancas visitada® casdoi de 1% para a BE@inamarca versus

0,2% para a BCRuUssia (p=0,03). No Artigo IV, examinamos a mlesas caracteristicas de
reac¢des da BCG influenciarem a mortalidade global e que a respectiva cepa de BCG era o
factor determinante mais importante. Numa grande coorte de 6.012 criancas que haviam
recebido BCG dentro de uma semana apés o nascimento(R8%#/6.012) tinham uma

reaccao a BCG na pele na idade de dois meses, e entre 0os 2 e 12 meses a mortalidade era de
1,9% dentre as criancas com uma reaccao a BCG na pele versus 4,8% para as criancas sem
reaccao na pele. Assim, as reac¢des de BCG nagrsies\nenhuma reaccao na pele

estiveram associadas a uma aMRR de 0,50 {@2®). Interessante foi também o facto de

gue o risco de mortalidade era inversamente proporcional ao tamanho das reacces a BCG
na pele, sendo o risco de 2,9% para as criancaspeguenas reaccoes, de 1,8% para as
reaccoes meédias e de 0,8% para as grandes reacgdes. A aMRR correspondente da reacgéo
pequena versus a grande era, portanto, de 0,35 (@,83) e havia uma tendéncia linear de
mortalidade em queda proporcional ao aumemnto tamanho da reaccéo (p para
tendéncia>0.001). Concluimos que o determinante mais importante, tanto para desenvolver
uma reaccao a BCG na pele, como para o tamanho da reaccéo era a cepa de BCG utilizada; a
BCGDinamarca e a BGIapao estavam associadasiais e maiores reacc¢des do que a BCG



Resumo em portugués (summary in Portuguese)

Russia. No Artigo V, avaliamos o efeito de ter uma reag¢éberculina {STdefinida como
>1mm) aos dois e seis meses versus nao ter nenhuma reaccgéao, relativamente a mortalidade
por varias causas até aos 12 meseslabas criancas na coorte tinham recebido BCG
durante o periodo neonatal. Ter uma reacao de TST aos dois meses versus nao ter nenhuma
reaccéo estava associado a uma aMRR entre 0s 2 e 12 meses de 0;8494),120s seis
meses, a aMRR era de 0,66 (621%2). Realizdmos uma metanalise dos estudos disponiveis
e, através de quatro coortes na GuiB&sau, houve uma reacgéo positiva de tuberculina
versus nenhuma reaccao associada a uma aMRR de 0,58(8338Correspondentemente,
o efeito sobre a mortalidaglde ter uma reac¢cao aos seis meses versus nenhuma reaccéo
era uma aMRR de 0,63 (0;2390) através dguatro coortes. Os principais determinantes
para desenvolver uma reaccéo de tuberculina aos seis meses era o tamanho da papula pés
vacinagéao (receber ungrande dose de BCG) ou ser vacinado comBi@&narca ou BGG
Japao, mas ndo BeRussia. Para concluir, 0 nosso achado sustenta que a BCG tem ENEs
determinantes, que aumentam marcadamente a sobrevida. Aparentemente, esses efeitos
sdo mais fortes sobregravidadeda doenca (risco de morrer, risco de morte entre 0s
hospitalizados) do que sobre a incidéncia da infeccdo, ja que ndo encontramos qualquer
efeito sobre o risco de hospitalizacdo. Tanto o desenvolvimento de uma reaccéo a BCG,
como ter uma maior reg@o e TSTs positivos estava associado a uma mortalidade reduzida
por todas as causas, e 0 determinante mais importante de todas essas reaccdes era a cepa
de BCG ministrada. Ja que todas as cepas de BCG causaram um certo grau de reaccdes a
BCG e reactividadao TST, deve ser razodvel presumir que todas estdo associadas a um
certo grau de ENEs benéficos. Um RCT em grande escaedensuficiente para testar as
diferencas entre as cepas quanto a fins especificos epgecificos ainda falta ser
realizadoNo entanto, a triangulacdo dos dados disponiveis sugere que pode haver
beneficios marcantes para a salude da populacédo, a baixos custos, em:

1) Eliminar as politicas restritivas de abertura de frascos de vacina ou, pelo menos,

reajustar os calculos de desperidis de vacina, de forma que reflitam o contetdo
real de doses num frasco de 20 doses.

2) Assegurar a distribuicdo da vacina BCG por ocasiao do parto, ministrada por um
pessoal bem formado e com monitoracdo do tamanho-y@sna das papulas.

3) Priorizacdo dasepas imundgenas, tais como a B&pao em lugar da B&Rssia. A
BCGDinamarca, produzida pelo Statens Serum Institut (Instituto Pasteur da
Dinamarca), ndo esta mais disponivel e a-B@@marca, geneticamente idéntica,
produzida pela AJ Vaccines, seguiad nossas informacdes ainda n&o foi examinada
pela capacidade de inducéo de cicatrizes de BCG, respostas TST ou efeitos ndo
especificos.

4) Uma avaliacao corrente da cobersuda vacinacdo com BCG, da prevaléncia de
reaccdes a BCG, dos tamanhos das reacc¢des e das respostas TST, visando a assegurar
altos padrdes nos programas de vacinagcdo. Um tal procedimento poderia detectar se
as cepas de BCG menos eficazes e/ou uma bait@ade de vacinacao
comprometem a eficacia do programa.



1 Introduction

BCGQGraccination at births recommendedn TBendemicareasto containMycobacterium
tuberculosisand in lepraendemic areas to contaiycobacterium leprgl] BCG is effective
against the more severe forms of /H8ich as miliary and cerebral ,/ldd provides
moderate protection against pulmonary TH.Interestingly, i has been discovered that
BCGalsoaffects the severity of untargeted infections, lowerithg all-cause mortalityin
areas with high infectious disease pgeire[3] Observational studiefrom GuineaBissau
haveindicated that there aresubstantialbeneficialeffectson allcause mortality among
BCGvaccinatednfantsfor thosethat producea BCG scqt] or a positive tuberculin
reactionversusthosewithout such reaction$5¢7] In a series oORCTgomparing earhBCG
Denmarkversusno BCGconducted in Guine®issatamongLBWinfants, those that
receivedearlyBCGDenmarkhada substantiallyower neonatalmortality risk compared to
those thatwere not vaccinatedl8] These marked beneficial effease notexplained by
protection against TB, which is rare in infantse beneficialeffectsof BCG vaccination
appear most pronounced during thedt months of life during whichthe overallmortality
risk is higheandother vaccinehavenot yetbeenadministered BCG is a strong
immunostimulant andits beneficial effects on the immune system are thought to be
mediated by epigenetic modifications of innate immune céllgs concept iknown as
trained innate immunity9] Astudy in mice has demonstrated that access of BCG to the
bone marrow changes the transcriptidriandscape of hematopoietic stem cells and
multipotent progenitors, inducing immune trainij@0] A recent analysis in humans
demonstrated that BCG induces transcriptomic myeloid priming of the hematopoietic stem
and prayenitor cell compartment, upregulating myeloid and granulocytic pathways and
inducing transcription factors connected to myeloid cell funcfibh] This resulted in
elevated granulocyte numbers in B@&ccinatednfants and induced lasting innate immune
system memory.

In 2014, the WHO commission#te Strategic Advisory Group of Experts on Immunization
(SAGE) to review the evidence of NSEs of several childhood va&A@s concluded that
OEstimated effects (BCG) are in the region of a halving of mortality ¢isk and
recommended further studies into these effe¢i]

SurprisinglyBCG vaccines are not a pharmacologically-gefihed product13] BCGstrains
are liveattenuated mycobacteria thatave accumulated substantial genetic diversity from
the inception of BC@Imost a century agto the introduction of freezedried seedlots in

the 19609.14] Aside fromthe genetic differences, thepecificlaboratory techniques applied
at a given manufacturing unian also alter the properties of a specific BCG stildhis was
seen when a substantial increase in adverse ev®G osteitisafter vaccination with
BCGGothenburgwas noted in Finlanaoinciding withthe 1971 transfer of the BGG
Gothenburg production fronSweden tdStatens Serum Institut in Denmais]

Only afew studieshaveevaluatd the effects ofdifferent BCGtrainsand someof the
strainsthat were previouslytested in RCTare now obsoletd16¢19] A substantial
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difference in protective efficacy against TB was notechiR&T from Hong Konlgut the full
trial results were never publishgd6] No trial ha evaluated NSHsetweendifferent strains
as the main outcomandthe strainscurrently prequalified by WH@vere nevertested
against each othein a largescale RCheforethe presentPh.D project.

Observational studies have indicated that BiXpan andCGDenmarkare more
immunogenic than BGBussigd20,21] These findingswere corroboratedby a small RCT
conduckd inAustralia The trialreported a higher proportion of polyfunctional CD£4lls
and higher concentrations of secreted Thl cytokiassociated with BGGenmark and
BCGJapanwhen compared to BGRussig21] The study also reported a higher BCG
reaction prevalence and larger BCG reactions associated wittDBG@ark and BCGapan
when compared to BGRussiaA retrospective observational study from Kazakhdtas
indicated superior protection against BBsociated with BGGaparwhen compared to BCG
Russig22]

Atthe Maternity Ward of the National Hospital in GuirB&sau, the BHP has conducted
series of RCTevaluating health interventions provideat birth without interruptionssince
2002. This platformand theestablishedHealth Demographic Surveillance Systmabled
usto conduct a largescale RCT evaluating B&i@insfor their effects on morbidity,
mortality, BCG skin reactions, tuberculin reactivétgd adverse events

Aside from thepossible differences ispecificand nonspecific effectassociatedvith
different BCG strainshere are currentlyapproxmately eighteennovel TBvaccine
candidatesunder developmen{23] Many of these are either subnit/booster vaccines
designed to supplemerCG vaccination at birtkiaccines usingBCG as a vectto deliver
additionalvaccine antigensyr recombinant BCGirains designed to overexpress certain
genes associated with immuogenicity[24] With BCQGhus often beingthe building block for
novelvaccine candidateshe characteriation and understandhg of the diverse strainare
important. A givenTBvaccinecandidatewill alsolikely face Phase Itesting against a strain
of BCGo demonstratesafety, immunogenicityand protection against TH isthus
essential to establistvhether there are clinically relevant differences between different
BCG strains and, if possiblehich strain ighe mostefficient and beneficiafor both specific
and nonspecific outcomedf clinically relevant differencesxistandclinicians and
policymakers take actigrthe resultwould be better protection against TBndredudions in
all-cause mortality Ideally, no novel TBraccineshould end up replacing BCG because
having been testedgainst a weak BCG stranbecause NSEsve not taken into
consideation. Given that >120 million infants are B@&ccinated every yefk3], the public
health implication®f BCG vaccinatiocare substantial.
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2 Background

2.1 The nception of the firsBCGstrain

Tuberculosis has been a ubiquitdusmancompanionfor thousands of yearsas evidenced
by the presence oM. tuberculosi©NAIn Egyptian mummies buried in the pyrami@s]
Thehistoricalimpact on societies has been tremendaursd so is the impact togaTB is
one of the top 10 causes of death worldwide and the leading cause of death from a single
infectious agentr@ankingabove HIV/AIDSgJaimingl.5 millionlivesin 2018[26] After the
first vaccine against smallpox wasccessfullyntroducedby Edward Jenner in 179the
hunt for a vaccine against T#asintensfied. Thesmallpoxvaccinewas derived from the
cow (Latin:vacca)after the serendipitousdiscovery thaimilkmaids exposed toowpoxwere
protected against smallpoxgoining theterm for this novel conceptyaccinesFinding a
vaccine that could prtect against TB withoubeing ableto caus TB in the vaccinated
individual wasa challenging exercisé\ virulent bovine strain ofn. tuberculosissolated
from the udder of a Tihfected @w (Lait Nocard)n 1908thus had to bemaintainedin a
potato-bile mediumthroughrepeated growth cycles for 13 yedi&7] This work was carried
out by the two bacteriologists and immunologisBalmette and GuérirThere weregreat
grievances securing ¢ngrowthmediums through World War | and extensive testing of
vaccine safetyvas perfornedin a range of differentaboratoryanimals Finallyoral BCG
was administeredo humansfor the first timein Paris inl921 without indications of major
adverse events in the recipienfd7] By 1924areport of 660 oral BCG vaccinatiotts
infants was publishednd there had been no serious adverse evd@8 Given the disease
burdenand mortalityassociated with TBere washigh demand for BC@hisled to the
rapid dissemination of the early strain maintained at the Pasinstitute,longbefore
uniform standards in terms of culturing protocols and seed lots had been establi@$3d.
BCGPasteurvaccinestrainsthus reacred Russian 1921,Brazil andlapan in 1924Sweden
in 1926and Denmark ir1931(Figurel).[30]
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Figurel. Three vials of BGBasteur with expiry date March 18, 1931. Photo Cre:
Alfred Eisenstaedt/AP/Shutterstock.

When appropriate genetic sequencing techniques had been developed, it was subsequently
shown that significant mutations had already accumulated at the Pasteur Institute within
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the few years that separated thghipmentsof the different straing31] The strains
continued tobe cultivated in the respective laboratories applysightlydifferent
laboratory techniquesDuring this process, the strains accumulated additional genetic
mutations (deletions, duplications and single nucleotide polymorphisms) until lyophilization
with the establishment of BCG sedats for the different strains was introduced by the
WHO in the 1960832] BCCGhasthus been administered iits different strainformulations
since 192Jand isnow approaching its 1af anniversary It is estimated that4 billion
humanshave beervaccinatedand yearlyaccinations amount t&120 million per year[31]
Despite such extensiwgse and researctegarding BCGhere is still plenty tde
understoodabout BCG, and a receaditorial[33] pointed to three important questionthat
remain unanswered

1)WK I G A #nechanidbn®Baction

2) Does BCG provide nespecific protection against infectioasd/or noninfectious
diseases, beyond B

3) What are the consequences of the evolution of BCG (and the assopatédf BCG
straing? Are BCG strains bioequivalént

2.2 BCG strains prequalified by WHO for use by UNICEF

The BCG vaccinearrently prequalified by the WHO for use by UNICEF are the genetically
identica[34] BCGBulgaria & BCRussia, along with BEXapan and théwo genetically
identicalstrainsBCGDenmark & BC&reenSignalFigure2).[35]

Figure2. WHO prequalified BCG strain prodpcesentations from producers. Note: A: BO8nmark (Photo
credit: WHO). B: BCGreenSignal (Photo credit: GreenSignal Bio Pharma Itd). GRB&3@& (Photo credit:
WHO). D: BGapan (Photo credit: WHO). E: BBWgaria (private photo).

WHO prequalificaon is a system that aims to ensure that vaccines used in immunization
programs are safe and effective. The system encompasses a review of the production
process and quality control proceduredong withlaboratory testing and auditsf
manufacturing fatities [36] Prequalified BCG strains are considered ecuad are the most
widely used in the world sinaaostcountries procure vaccines uiae UNICEFoute. The
producersof prequalifiedBCG straineeach 169 countries, whereas an additional fifteen
producers of norprequalified BCG strains can serve 52 countries wihieeir product is
registered[37] In 2013, the BCG vaccine strain quantities delivéoeitie UNICEF supply
division were: BCBulgaria (44 million doses), BA&pan (34 million doses), B&Assia (38
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million doses) and BCBenmark (1 million dose$38] For 2018, the vaccine purchase data
for the major BCG straire summarizedn Tablel.

Tablel. Overview of 2018 vaccine purchase data for major BCG strains, in million®doses.

Manufacturer Strain Self UNICEF Total Market share
procurement procurement

AJ Vaccines Denmark 2.2 0 2.2 1%

GreenSignal Bio Pharma Limiter GreenSignal 22.7 20.4 43.1 23%

Intervax BENCIPD Ltd. Bulgaria 0 37.6 37.6 20%

Japan BCG Laboratory Japan 2.8 13.8 16.6 9%

Serum Institute of India Pvt. Ltd  Russia 22.8 53.7 76.5 41%

Microgen Russia 8.5 0 8.5 5%
Total 59 125.5 184.5 100%

aDataextracted October 18, 201%om the WHO MI4A/V/3P Vaccine Purchase Dataf2@jeCountries that
are selfsupplying with BCG such as Brazil @&@@&au), China (BGGhina) and Vietnam (B8Getnam) do
not procure vaccines via these chann#lsth approx. 14 million birtheccurringper year in Chin@0] and the
possibility thatBCGChina (genetically identical to B@@nmark)is exported to some neighboring countries,
BCGChinais likelyan important BCG strain.

2.3 TheTBdiseaseburden

The German microbiologisRobert Kocttlaimed that BCG accounted for one in seven
deaths when hédirst described the bacteriatiologyof TB on 24 March 1882, an event
since commemorated every year as World TB [2&ayThe bacteriais no longer
omnipresentin Germany and othehigh-income countrieslue to improvements in income
housing, nutritionand theintroduction of effective antiTB drug therapieand BCG
vaccination24,42]HoweverTB remains an endemic diseasdaw-incomecountries and is
as mentionedabovethe most deadly infectious ageft2] An estimated 1.7 billion humans
are infected with TB as carriers of the mycobacteramd of these, 510% will deviop TB
disease during their lifetimecorresponding to around 10 millid®-11 million)new cases
per yearand 1.6 million (1.8..7 million) deathg42] Miliary TB is manifested in around 1%
of all reported cases of TB3] Similarly, i has been suggested that 100,000 individuals
might develop cerebral TB per yeatg, approx. 1% of TB casdmit the actualfigure might
be higher since many cases of cerebral TB remain undiagfé4pd.

2.4 Efficacy oflifferentBCG strains agairiEB

Despite the widespread usd# BCG vaccination to contain TB, the protective efficacy against
pulmonary TB is modesivith an estimated effedbetween 680% in different trial$24] It

has been suggested th#te distanceto the equatorinfluences he efficacy of BC&ncethe
efficacytends tobe higherin trials conductedonger fromthe equator, andlower in tropical
and subtropical regionsloser tothe equator, which coincides with the regions where TB is
most prevalent[2] BCGinduced potection against TBs enhancedvhenvaccination is
providedduringinfancy or at school age, providéaat stringent tuberculin teshg before
vaccinationwas performed?2] The higher presence of environmental mycobacteria in
regions closer to thequator has beersuggestedo be the culprit of the reduced efficacy
This coulceither be by masking the effect of BCG (inducing protection that BC@atan
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further enhance) or by blocking its effect, for example by preventing multiplication of BCG in
the host[45]

Vaccinationat birth or shortly after birthoffers better protection against TBikely because
pre-vaccination exposure to environmental mycobactasi@educed or eliminatedBCG
vaccination during infancy hassoconsistently been associated with high estimates of
efficacy against severe progressive TB disease such as ruilgogrebral TB46] Despite
the relatively weak protection against pulmonary, Badthat widespread BCG vaccination
hasfailed to contain the TB epidemic, B&@sremains a highly cosgffective intervention
against severe childhootB The Numbes-Neededto-Vaccinateo prevent one casef
cerebral or miliary TBas been estimated 18,435 and 8B14, respectivelyandBCG
vaccinationprovidesone year of healthy life gaineat the cost 0fUS$206 (158-272%).[47]
Aside from the distance tthe equator andthe influence ofenvironmental mycobacteria,
the varying efficacy of BCltas been speculated to be causeddifferent trial designs
discrepancies in thageat whichvaccinationwas providedandthe use of different BCG
strains.A large metaanalysigdid not find evidence of different protective efficacy between
strains, but the straingvere also grouped togethaaccordingto major genetic lineages
which meant that strains such aBCGJapan and BGCRBussiavere grouped and analyzed
together.[2] Also, as discussed by Jayaraman §48l.the metaanalysis was an ecologic
analysis prone to confoundingy whichonly two of eigtheenincludedtrials had reported
comparisons by strairNeither reported effects oheonatalvaccination- and thetwo trials
did notevaluateBCGRussia and BCIapanWhile some studies have provided indications
of varyingefficacy associated with different BCG strait& tjuestion as to whethehe
currently usedBCG straisprovide differentprotective efficacy against Td in their NSEs
remains hitherto unanswered due to tlpaucity ofavailableRCTs. As such, none of the
major BCG strainsurrently distributed by UNICHEBr use in low and middleincome
countrieshave been evaluated against each other in a randomidatj despite thatit has
been suggested that thdifferent BCG strainshouldperhaps becharacterized adifferent
vaccineq14] The major RCTs and observaabstudies that hae compared different BCG
strains for their protective efficacy against TB are listediable2.

Table2. Major RCTs and observational studies that have compared different BCG strains for their protective
efficacy against TB.

Strains Vaccine efficacVE) or relative : .
RCT compared () risk (RR) Main conclusion
BCGPhipps Adjusting for BCG strain and BCG dos¢
ATONSo (1,005) VE 44%95% Ct3%to 70%) |not substantially change the vaccine
n ’ effect. Combined VE of 52% (2%6%
Alaska, Unites BCGPast 69%) which persisted for 5®0 years

States, 47‘;3 CUT 1 VE 59%a5% CP5%to 78%) '

200417] (478)
Control ,309 -

; BCGDenmark All participants were stringently
Medical . : ;
Research (14,100) VE 83% (99% CI 71600%) |typerculintested before inclusiopand

Council, The[Control (16,000 - both vaccines were protective againsB
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United
Kingdom,

Vole bacillus
vaccing(6,700)

VE 87%99% CV3%to 96%)

195918]

Control (6,500

BCG doswascorrelated withsubsequen
tuberculin reactivity, but weak batches
also conferred protectionThere were
fewernon-TBdeaths amongaccinated
(either vaccing versus controls

Low dose (0.0]

BCG was of little value in prenting

mg) BCG sputum-positive cases of pulmonaiiBin
Tuberculosis| Denmark or RR O'Jéoé;zl'ls) South Indig but a substantiathareof
Research BCGPasteur participantswere tuberculin positive at
Centre (ICMR (13,315) the onset of the trial Ina subset of
Chennai, Indig High dose (0.1 40,342that weretuberculinnegativeat
2006 mg) BCG inclusion(presented here)a lowoverall
tuberculin Denmark or RR o.\e/sE(ggozo.gz) level of protection 32% (3%2%) (29%
negative BCGPasteur for BC@Denmark and 34% for BEG
subject$19] (13,781) Pasteur) was observe@rotection was
higher (and significantin the group that
Control (13,246 ) receivedthe higher dose of BCG
BCGGlaxo . BCGPasteur was associated with a 459
Hong Kong, | 151 405 TB incidence 6.1/1000 | 550,51 0) lower risk of TB than BCG
1978/1982 .
199716] BCGPasteur TB incidence 3.4/1000 Glaxo.The full results of the trlgl have
(151,667) unfortunately never been publied.
BCGJapan | ClinicalTB incidence 0.6/000. |Observational study repariga natural
(168,664) Culture positive TB risk: |experiment. All three BCG vaccines
Kazakhstan RR 08(0.01-0.61) VE 92% provideq pr_o_tection against Tiicluding
National BCGSerbia | ClinicalTB incid_e_nce 1.1(1,00(TB menlngltls', but BG@pan appeared 1
Tuberculosis (150,938) Culture positive TB risk: pr_oylde superior pr_otchon against botl
Center . RR (L8 (9.04,0.79)VE 82% clmu_:al TB notifications and culture
Kazakhst’an, BCGRussia | ClinicalTB |nC|d_e_nce 1.5/1,00(confirmed TB.
2002200622] (138,059) Culture positive THsk:

RR 019 (0.17-1.38) VE 51%

Unvaccinated
(160,970)

ClinicalTB incidence 1.9/1,00(

A large RCT among 303,092 neonates in Hong Kong reported that tbé TBkvas 45%
(22% t061%) lower among infants vaccinated with BR&&teur when compared to BEG
Glaxo[16] In alarge RCT conducted in South Ingharticipantsthat weretuberculin
negative at enrollmenaindreceived a high doseof BCGDenmark or BC®asteurhad a
reduced risk of TBompared to unvaccinated contro]$9] An RCT from Alaska involving
children and adults vaccinated between 198338 with 50 years of followp
demonstratedBCGnducedlongterm protectionagainst TBthe protective vaccine efficacy
being 52% (27% 69%)[17] Two strains of BCG were us@iCGPhipps and BCBasteu)
and there was ndlifferencebetween them In a retrospective observational study from
Kazakhstan, abirth vaccination in comparable-month time-frames with BC&apanBCG
Serbia and BGBussia was compared to a group of unvaccinated infditts vaccine
efficacy was compared aftéhree years of followup andunvaccinated infants had not
received BCBecausevaccination had beetemporarilysuspended du¢o a spike in
adverse evenbccurrenceassociated with BGSerbia[22] All BCG strains provided some
degree of protection against radiologically confirmedwli2n compared tainvaccinated
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infantsandfor culture-positive TB cases, the B&3ssia g@rsusunvaccinated RR was 0.49
(0.171.38) while the same estinmwas 0.08 (0.0D.61) for BC&Gapan22] AllBCGstrains
were protective against TB meningitis.

In summary, several studies have indicated that there are possible differences between BCG
strains on TBpecific outcomesStill,no definitive conclusions have been drawn regarding
differences in vaccine efficy associated with specific BCG strains.

2.5 Specific and nespecific immune responsés different strains of BCG
Sudies comparinghe immunogenicity of BCG straioganprovideinsighsinto possible
differences in protectioragainst TBand NSEs associated wdliferent strains.Such studies
will oftenrely on surrogate outcomesowever,and while these makpe correlatedwith
beneficialeffects(specific and norspecific) the clinical significance agten unclear. As
such, a small RCamong 209 infants comparing BO@&nmark, BCGapanand BC&Russia
has beerconducted in Australif21] The trial demonstrated that BCBenmark and BGG
Japan were associated with higher frequencies of mycobactgpedific polyfunctional and
cytotoxic T cells and higher concentrations of Thl cytokines when compared with BCG
Russigd21] Interestingly, he authorsalsoreported thatBCGDenmark and BGCGapanwvere
associated with larger local skin reactions at the BCG injectiotesiteeeks after
immunization when compared to BGBussia (p<0.001The mediarnocal reaction size for
infants immunized with BGBenmarkwas5 mm (IQR, ¥ mm) 5 mm (IQR, 3 mm)for
BCG&Japanand2 mm (IQR, B mm)for BCGRussigFigure3).
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=3 BCG-Japan
15+ E3 BCG-Russia
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2 15-
E L SourceRitz N, Dutta B, Donath S et al: The influence of bacille CahGeitein
R = 104E ; vaccine strain on the immune response against tuberculosis: a randomized tria
‘S = Am J Respir Crit Care Med. 2012 Jan 15;185(2p21Reprinted with permission
o = E of the American Thorac Society. Copyright © 2019 American Thoracic Society.
9  51E E — The American Journal of Respiratory and Critical Care Medicaneofficial journal
§ = g of the American Thoracic Society.
Z 0- = = =
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Figure3. Distribution of BCG scar sizesthg strain of BCG in the small Australian RCT evaluating
immunogenicity of three BCG strains.
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These findings indicate that therelikely a direct relationship between the immunogenicity
of the BCG strain administered, as determined by the objegtigeantifiable immune
responsesandthe characteristics of théocal skin reactions observeen weeks after
immunization.Aside from the substantial size differencése number of infants that did

not develop a BCG reaction is importanteButhors did not report ths, but when

extracted fromthe Figure3, it seemsthat 11% (6/54) of infants randomized to BCG
Denmark developed no reactiondn-reactors) while the number was 13% (7/58r BCG
Japan and 9% (11/57) foBCGRussiaGiven therelatively smalfroupsin the RCTthe
differencesare not significant, the Denmark versus Russia RR for no reaction being 0.58
(0.231.45) and the Japan versus Russiareaction RR being 0.67 (0-281).In an
observational study from Ugandeffects ofthe BC&Russia, BGBulgaria and BGG
Denmark strainsvere evaluated at 12 months of agenong infants vaccinated mainly
duringthe firstweekof life. Both specific and nospecific cytokine responseBCGscar
frequency, adverse eventand mortality ratesvere presented20] Mimicking the results
from the Australian RCT, infantamunized with BC®enmarkshowed the highest cytokine
responsesmost notablyfor IFN* @nd a scar frequency of 93%rsus64% for BC@Bulgaria
and 52% for BGRussig20] Infants vaccinated with BCBenmark had more adverse
events, indicatingan association betweethe strain virulenceand BCG skin reactions
adverse events andytokine responses to both mycobactespecific and norspecific
stimuli. Infants that had a BCG sdaadhigher IFN' | ylRredpdnses to mycobacterial
antigens but no induction of norspecific cytokine respons@gencompared tothose with
no scarjndicating that induction of a scar might be associated with enhanced protection
against TBFuthermore, aecentstudy has evaluated specific and ngpecific immune
responses to BCBenmark, BCRussiaand BC&ulgaria in two cohorts from Nigeria and
Sauth Africa[49] In the study, the infants were bled at 7,,nd 36 weeks after birttand
blood samplesrom the cohortswere stimulated with BCG, Tetanasd Pertuss antigens.
The study concluded that Bei2nmark moungd significantly higher frequencies of BCG
stimulated CD4+ T cell responses at all three pomtsne. The BCG straialsoaffected
heterologous T cell responses to other vaccines and CD4+ &xqudised taBCGBulgaria
and BCQRussia tended to accumulate in a naltke state with fewer polyfunctional cells.
Contrary to this, BGGenmark was associated with a high proportion of fotgtional

CD4+ T cells that expressed4E5IN-2, and TNF & C A y IDéntnarkappedred to push
the cells into a more differentiated memory statnd the results indicate that the BCG
strain used has a profound effect on the magnitude and polyfunetity of CD4+ T cell
responses to unrelated heterologous vaccine antig€ulectively, tlese noveldata

indicate that BC@®enmark induces a more functional immune response in neonates and
that BCGenmark is more immunogenic than the BB@garia and BGRussia strainpi9]

A study from Brazil has compared the BO€&mark, BC®asteurand BCGVioreau

strains[50] BCGMoreau is produced and distributed exclusively in Brazil and isdy e
evolutionary strain like BC&apan. BCGenmark, in contrast, islate evolutionarystrain

that wasseparaed from BC&Pasteurat a later timepoint andBCGDenmark hadhus
accumulated additional genetic mutatioaster the distribution of the early strainsThe
Brazilianstudyfeaturedblood samples from healthy BCG vaccinated adults and from
unvaccinated neonates and focused on the in vitro immune responses in human
mononuclear cells induced by infection with different BCG strains. The authors hypothesize
that the ability to induce apmpriate apoptosis represents a critical innate host response to



Background

M. tuberculosisnfection and that a strain which better induces such responses is more
efficient againsiTB The authors reported that B&@oreau was associated with

significantly increasethonocyte apoptosis in both healthy adults and newborn umbilical
cord blood when compared to B&Rasteur and BGBenmark[50] It was not detailed

which BCG strain the healthy adults had receilvatlit wouldlikely be BCGMoreau, which
could affect their subsequent immune responses to specific BCG siidsiosit was not
detailed whether theparents of the neonates hdgeen BCG vaccinated nor with which BCG
strain, despite that maternal BCG scarring has been shown to affect infant immune
responseg51] The study concluded that the B&@@reau stain is more immunogenic than
BCGPasteur and BGBenmark.

2.6 Efficacy of BCG strains against-narscleinvasive bladder cancer
Following transurethral resection of the bladdeepeated intravesical instillations of BCG
areroutinely used as immunotherapy against ronuscleinvasive bladder cancg¢b2] The
mechanism of action is believed to be an attachminor internalization of BCG by
cancerous cells with secretion of cytokines and chemokines leadithg foresentation of
BCG and/or cancer cell antigens to immune system [E8ldDifferent strains of BCG are
used for this purpose, mainly based thre availability of the vaccines and traditiponly a
few RCTéave investigated theefficacy ofthesedifferent strains Interestingly, whether
maintenance BCG therapy (recommended) is provided or not seems to be a confafinder
the effects by strairf54] A trial testing BCGiceversus BC&onnaughthus found BCdice
to be more effective than BGGonnaughif maintenance therapy was givewhile the
Connaught/Tice RR for cancer recurrence was 0.68-@&) if maintenance therapy was
not provided {Table3).[54] Such differences illustrate that the BCG strain used nhiglkie
important effects on treatment efficacgnd that different strains might be superior
different treatmentprotocols

Table3. Comparison of BCG strains to treat Aomasive carcinoma of the bladder.

Maintenance BC@dministered(recommended) recurrencefree survival Recurrence risl
Lengthof Recurrence Recurrence  Strain 18rain 2
RCT follow-up Strain 1 free/total (%) Strain 2 free/total (%) RR
(95%Cl or P)
Witjes 201654] 5years Tice 136/205 (66% Connaught 319/560(57%) 0.66 (0.470.93)
Ii/lgugkqhseSrj]ee 5years Glaxo 5/12 (44%) Pasteur 4/9 (42%) P =0.62
No maintenance BC@dt recommended} recurrencefree survival Recurrence risl
Witjes 201654] 5years Connaughi199/397(50%) Tice 381/937(41%) 0.68 (0.550.83)
Rentsch 20166] 4 years Connaughi53/71 (74%) Tice 29/60 (48%) 0.64 (0.460.92)
Sengiku 201[37] 2 year Connaughi43/63 (69%) Tokyo 48/66 (73%) P=0.90
Inamoto 201358] 1year Connaught17/20 (84%) Tokyo low dose 13/18 (72%) P =0.70
Fellows 199%69] 3 months Pasteur  18/46 (39%) Evans 12/51 (24%) 0.60 (0.331.11)
Witjes 199660] 5years RIVM 72/134(54%) Tice 42/117 (36%) 0.67 (0.560.89)

Adapted fromProfessor FraniShann (personal communicatigratasourceD”Andrea et al52]
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2.7 World Health Organization recommendatioagarding BCG vaccination
TheWHO recommends universal BCG vaccingtoall neonatesincluding those with low
birth weight in TBendemic countries as part of the End TB Stratédgallywithin 24 hours
after birth.[61] It isestimated that widespread use of BCG in routine infant vaccination
programs could prevent 11800 TBduring the first 15 years of lifdeaths per birth
cohort[1] BCQiven at birthis also b&evedto protect againstMycobacterium leprawith
experimental studies indicating a protectiviEof 26% (14%o 37%)[62] WHO thugecently
expanded the recommendation to includaiversal BCG vaccinationdountries with a high
burden of leprosy regardless of the-irigidence[61] Sudies indicate that BCG might also
prevent othernontuberculousmycobacteria including Buruli ulcer dised6é]

There areseveralnew TB vaccine candidates in the vaccine pipeline, and anedb be
providedafter BCG priming of newborns. It is therefore important to evaluate whether
available BCG vaccine strain preparations vary in their priming and protective efficacy to
engure that a novel vaccine is not tested agaiosbuilt upona weakBCG straifi63] The
Strategic Advisy Group of Experts of the WHO thus recommends continued research into
available BCG vaccine strains for better molecular characterization and quantification of
productspecific aspects, as well as the conduct of comparative effectiveness studies to
inform policymakerd63]

BCG vecination is ontraindicated in HI\Infected persos unless antretroviral therapy has
been started and the person is clinically and immunologically st8@6 is also
contraindicated irthosewith congenital celimnediated or acquired immunodeficiency
diseaseFor neonates born to women known to be HiWected but with unknown HIV
status and no sigisymptoms suggestive of HIV infection, the neonate should be
vaccinated, particularly if the mother is already receiving antiretroviral thefapyhis
recommendationwas already made in 19434]

WHO has considered benefitsrefvaccination witrBCG against TB and leprosy but does not
support this practice due to limited eviden{®3] A large RCT from Malawi indicated that
revaccination with BCG to BCG spasitive infants gives further protection against leprosy,
but no additional protection againdtB[65] WHOnNo longerregardsthe absence of a BCG
scar after vaccination as indicative of a lack of protection and therefore does not
recommend revaccinatioto scarnegative individual$63]

2.7.1 BCG dosage formulatioaad viable bacilli in different BCG strain preparations
The standard dose of reastituted vaccine is 0.05 mL for infants aged <1 year and 0.1 mL
for children >1 year and adulf&] Using tlkese dosesWHO estimates that approximately
10% of vaccine recipients do not develop a scar after vaccination. This is contradicted by
trials conducted in GuineBissawnder weltcontrolled conditionsonly 5%developed no
scaracross the three RCTs of BD@nmark versus nBC@6], 2% in the more recent
BCGIMED trialsing BC®enmark and BGGapaf66] and 3% in the BCGSTRAIN 1 trial
which included BCGenmark, BCQapanand BC&Russid67] These differences indicate
that the experience of the vaccinatand the BCG strain providgdays a role for the
subsequent BCG sgarevalence.
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The current dosage recommendations are mainly based on a balance between ensuring an
adequate immune response and limiting sieffects[68]L Y 21 hQ&a ./ D LI aAGA 2
2004, it is detailed that neonates have a higher risk of vaecideced suppurative

lymphadenitis tharolder children, which is the reason why WHO recommeadeduced
doseespeciallyfor neonates <30 days 0[69] The recommended dose of BCG to newborns
was changed by WHO from 0.1 ml to 0.05 ml in 1993, which led itaceease in the

percentage of childremwithout BCG scarafter vaccinationn Chile[70] Thisagainprompted

a small RCT evaluating tuberculin responses and BCG scar prevalence rates associated with
different doses oBCGMérieux and BCGapan.70] The studyconcluded thata neonatal

dose of 0.1 ml BCfather than 0.05 minducesbetter scar and tberculin response®

study in Indiahat randomized infants to 0.05 ml and 0.1 ml BO&mark and conducted

TST testing H22 weeks reached similar conclusions, dlwat the lower dose was

associated with feweand smallefTST reactions and smaller B&f@rs[71]

Assessmenbf the immunogeretic potentialof a BCGroductcan be performed by
assessingFUsn a standardized dospreparation estimatingthe numberof viable bacilli in
the BCG vaccin@4] Historically in vitro tests have been paired with clinical effects such as
postvaccination scar sizemberculinconversionsand surveillance of adverse events
(regional lymphadenitig)68]

The final BCG product is filleddantainers according to a standard bacterial meassisting
of both living and dead bacilli. The viability (proportion of livilegsusdead bacilli) is an
important characteristiof the final vaccine producthe extent of the local skin reaction at
the injection site ighus proportional to the total bacterial mass due to local inflammatory
processes, and th€STsensitivity is related to the number of culturable partic[é8] The
number of culturable particles per dose is dependalsoon the laboratory techniques
employed It can thus differsubstantially evetbetween laboratories producing the same
strain of BC@68] Manufacturers mightlsobe incentivized to reduce the number of viable
bacilli, however, since the number of viable units likely influarhe risk oflocaladverse
eventsfollowing a dosaesponse relationshipr2,73] The BC&apan strain comes with high
viability and high resistance to freegeying; properties tht have been prioritized by the
Tokyo BCG laboratory, the producer of B&z@an, according to a historical revigid)]

A study evaluating immune responses to falifferent BCGTicedosestestedvery low (1.6

x 10 CFU), low (3.2 x $€CFU, standard (1.6 x £CFU), or higldose(3.2 x 16 CFUBCG
Tice Adelayedtype hypersensitivitf TSTyesponse occurrely eightweeksin 10% of
persons given low or very low doses of BCG compared with 95% and 100% of persons given
standard or high dos€§5] Similar results were reported in a calibration study from
Senegalarandomized, fowarm study provideduberculinrnegativechildren aged 8.0
yearswith either one of two new lots of the BCMérieux vaccinga standarddose of the
WHGQreference strain (BGGapan)r BCGJapan given at 1/10 of its normal
concentration[76] The percentage of subjects with a positive TSTAWeeks later was
>96% for the threstandarddose (Mérieux or Japagyoupsversus82% in thelow-dose
BCGJapan groufp<0.001) The mean induration diametersag alsaeduced for the low
dose group§<0.001)[76] More children in the lowdose group also did not respond with a



Background

BCG scar, and the mean scar diameters were smaller for those that ré¢beséow dose
(p<0.0001) compared to the three other arf¥g]

If the immune responséollows a doseesponse pattern, as indicated by tetudies

described abovgand TST responses and BCG scars are associated with enhanced survival,
then the viable mycobacterial content in the resuspended vacsimnain preparation is likely
veryimportant. These dataare available ineaflet packagensertsandfrom the National

Institute for Biological Standards and Control (NIBSGitfains with establised WHO

reference agent§Tabled). Surprisingly,iere are big difference# the content of viable
mycobacteria amon®CGstraing as measured by theumberof cultural particles and the

ATP contentthe latter beingproportional to the number of viable bacteria contained in the
vaccine preparatiofi77]

Table4. Overview of cultural particles contained in BCG strains that are either established as WHO reference
strains or with vaccine package insert information available.

Mother strain Bacillary NIBSC: Package Insert:
Manufacturer (year) Strain  mass per Cultural particles (SC  CFUsgper 0.1 ml
y ampoule [ng ATP] reconstituted vaccine
: BCGPasteur 7.3million (0.9) -

AJ Vaccines (1931) Denmark 2 mg [56][78] 2 to 8 milliorj79]
GreenSignal Bio BCGDenmark Green WHO Reference stral 2 to 8 milliorj80]
Pharma Limited (2009 Signal not established
Intervax BENCIPD BCGRussia Buloaria NA WHO Reference stral 150,000 to
Ltd. (1950s) 9 not established 600,000(81]
Japan BCG BCGPasteur 49.4million (5.9) I
Laboratory 1173 (1925) “apan  1mg [218][82] 30 milliorp[21]
Serum Institute of BCGRussia Russia  0.5m 3.4 million (0.5) 200,000 to
India Pvt. Ltd. (1924) ~ Mg [8][83] 800,00484]
Fundagd®taulpho BCGPasteur 6.5million (0.7)
de Paiva (1925) Moreau 10 mg [25][85] 200,00086]

Abbreviations: ATP, Adenosifiephosphate CFU, ColoniForming UnitsNIBSC, National Institute for
Biological Standards and ContrhIA, not availableng; nanograms; SD, Standard Deviation.

aAccording to the package leaflet insert. Accordin@1g, the CFU content is 4 Hion.

bAccording to Ritz et §21] p. 215, the CFU conteper vialin BCGJapan is 30 milliowhile it is2 to 8 million
for BCGDenmark.This isasindicated by the package leafletlbeit per 0.1 ml reonstituted vaccine rather
than per vial

In the large MRC trial conducted in the UK, several batches of@fark were used, and

a count of the viable bacterieontent ofeach batch was performed. For participants given a
batch with <20 million viable units per mg, 76% had a positive TST respéns®i3hs

later versus 82% for 2B9 million viable units, 89% for &® million viable unitsand 97%

for >40 million viable nits[18] A summay of studies evaluating the association between
the BCG dose provided and BCG scars, scaas@dd ST conversions is lisiadrable5.
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Table5. Studies that have evaluated the association between the BCG dose provided and the subsequent BCG
scar formation, BCG scar sizes, or TST conversions.

Study Design Dosesor BCG strains tested Outcome(s) Main conclusion(s)
Valenzuela| Doubleblind| BCGJapan and BGMérieux in| TST reactionsral BCG&Japan > BGMérieux, higher dose
199470] RCT doses of 0.05 and 0.1 ml scar size resulted in better scar and TST respons
. 0.05 ml associated with significantly redug
[
Agaarwal m?%?ginrma;rk;?rtifisboigﬁo' TST positivity, TS| TST positity, reduced mean TST reactig
1885{71] RCT was ivén 01mlat® wegeks g reaction size, scar size and reduced mean scar siZ¢o
g ' a0e size difference between 0.1 ml BCG at birth
9 versus at 46 weeks
Ervthema athe 100% of standarthigh-dose vaccinees hal
Percutaneous placebo vs. vel in'e)(/:tion siteafter erythema vs. 50% for low and 0% for ve
Lowr low, low, standard or high dos tjwo weeks TST low dose and placebot&hdard + high-dose
19921%] RCT BCGTice to healy adults with reactivity and size b inducedsignificantly more TSTs aight
no history of BCG or TST civity weeks oneyear. TST size correlated witk
- eightweeks,one : L .
reactivity dose. Higkdose significantly associated v
year . ;
lymphoproliferative response$FN- levels
Two BCOVérieux lots. BCS >96%positive TSTr the three standard
Guérin Japan. BGJapan diluteé 0 1/1 TST reactivity, meadose (Mérieux or Japan) groups vs. 816
199976] RCT topTS'J:'ne ati\F/)e children aged- TST size, BCG sc low-dose (p<0.001)Mean induration
9 10 vears 9 prevalenceand size| diameter reduced (p<0.00Bnd fewer+
y smallerscars irthe low-dose group.
Observationg D|ff_erent BCGDenmark.ba_ltchef L Low viability batch76% positive TSVs
MRC o given to adolescents; viable| TSTreactivity 35 o . L 0 .
195918] study within bacterial count performed for months later 82% fomedium viability batch89% foiigh
RCT and 97% fowery high viability

each batch.

While there seems to be substantial evidence to suggest that a-desg@onse relationship
exiss between the CFU content and beneficial immune responses, it is unlikelyhthat t
immunogenicity associated with different straioanbe predictedsolely fromthe CFU
content andor ATP residue in the vaccine vial preparati@rBCGaccinewith reduced €U
contentmay still show satisfactory properties regarding their ability to induce adequate
sensitivity toTST, BCG scars, immune respoyeegsafety in humang$87] Any packaging
and processing differences (e.glutamate content moisture contenf andgenetic
differencesbetween strainsaffectingthe ability tosurviveand replicatein the hostmight
playtheir separate rols. There is some evidence, however, that BCG seed lots that have
been shown to have protective potency in laboratory animalstandduceTSTconversion
in humansare alsoeffectivein providingprotection againsiBin humang87] Quality tests
of BCG strainm animals include protection testassessmentesf vaccination lesiong' ST
conversiors, andassessment dhe sensitizing efficacy measuwt@as the average dose of
vaccine that will convera negative TST in guingégs to a positive onf87] This indicates
that from a BCGtrain and BCG batajuality perspective, the same factarsuld beusedin
humansto assess quality and efficacy

As mentioned,tiis ofnote that thecontent of viablemycobacterian the dried BCG vaccine
preparation and thel STconversion rateare positively correlated18,70,74,76] The strain
differences detailedn Table4 thusindicatethat BC@Eenmark and BGGapanwould likely
be more immunogenidn terms of the rate of positive TST responses when compared to
BCGBulgaria, BC®oreau and BC&Russia. Furtherore, the CFU and ATP contentBECG
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Japan surpasses BO@&nmark and BGGreenSignal approximately fotfold, and the
implications of these vast differencés the protection againsTBandthe NSEsssociated
with different BCG strainserit further scrutiny.

Oneimportant study elucidating this question was recently publistydAngelidou et al.

who evaluatedfive licensed BCG formulatianBCGDenmark, BCGapan, BCRussia, BGG
Bulgariaand BCdice[88] The strains were testeith terms of bacterial viability, RNA
content,mycobacterial membrane integritand innate immune activatioproperties

(cytokine and chemokinproduction).[88] The study concluded that licensed BCG vaccines
differ markedly in their content of viable mycobacteria and that B@&{sced cytokine
production correlates with the CFU contenttive BCGyroduct BCERwssia and BGG

Bulgaria demonstrated substantially reduced bacterial groaritd fewer coloniesompared

to BC&Japan (>14old to >10006fold lower growth depending on the growth medium)
BCGRussia also demonstrated significantglucedmembrane integrity and lower RNA
content (indicating more dead cells), coupled with weakiole bloodlIFN* A Y RdzOG A 2y X
whencompared tothe other BCG strain88] The BCé@nduced cytokineand chemokine
production inwhole humarblood was CFU concentratialependent, and BGGenmark

and BC&apan induced higher lels of hematopoietic factors and Thl cytokines when
compared to BCRussia and BCRulgaria[88] Theconclusionfrom the authors was that

the viability (CFU) of licensed BCG strains correlated positively with the magnitude of
proinflammatory cytokines and hematopoietic factors, suggesting that the absolute amount
of viable organisms is the key trigger of the B@dkiced immune respons&8]

2.7.2 Route of BCG administration

When te first administration oBCG occurred on July 18, 19R@ilParis, Francet was
provided asanoral doseto an infant born to a mother that had died ®8[27] The use of
subcutaneous and cutaneous routes was also tested at the time, but local reactions were
objected to bycaregiverdo the children and oral administrationwasthus continued.

Today, most BCG vaccines arevagkd via the intradermal routeasrecommended byhe
WHO(Figure4A+5B).[89] The main reason wakat oral vaccination was found to be
associated witlreducedTSTresponses when compared to intradermal vaccina{@d}

An overview of other modes of administration is given in the Appendix (se8tipn

Figure4. A: Intradermal BCG vaccination at HNSM in Bissau. B: Theguustation wheal immediately visible
following theintradermal application of 0.05 ml BCG to a neonate. Photo credits: Sofia Busk.
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2.8 Risk of dverse eventsfter intradermalaccinatiorwith BCG strains
While BCG vaccination is deemed dafeall neonatesincluding those born to Hhgositive
mothers,it is associated with a risk of adverse evetsspite the vast number of
vaccinated infants, reports of adverse events are relatively uncomimmmever,and when
serious reactions occur, they are often thesult of vaccination of immuroompromised
individuals[15] The BC&asteur and BGBenmark strains areonsideredo cause more
adver® event than other strain$91] Following intradermal BCG vaccinatiotmast all
infants develop a papuleithin 2-4 weeksat the injection site The papuletypically
progresses to a smdilister, whichthen ulcerates with purulent discharge. Repeated cycles
of rupturing and partial healing then follow until ti&CQulcer diesup within 6-12 weekgo
leave a permanent superficial sg@2] This is the normal trajectory of BC&ceination but

it canbe mistaken foran adverse everif the mother/caretakerand medical professionals if
sufficient informationis not available

The most common adverse evesgsociated with intradermal BCG vaccinaidovethe
deltoid musclas lymphadenitis impsilateralaxillary lymph nodés) adjacent to the
inoculationsite. The risk of lymphadenitisincreased ithe vaccine is injected too deeply
and isthus coupledto the vaccination techniqugd3] Lymphadenitis can either be simple
(e.g., swelling of the lymph node),an rarer casessuppurative with purulentischarge
(FigurebA+B)

-

Figureb. Simple and suppurative ipsilateral lymphadenitis following BCG vaccination.
Photocredit Chan et alHong Kong Journal Bhediatric§94]

Some have considered simple regional lymphadenopatitiiout erythema or vesicle
formationasa normal reaction to the vacciri®5] The risk of suppurative lymphadenopathy
is higher the younger the infant and the larger the dgseen[95] Such lesionsan
necessitate surgical excisiosthough a conservative approach and reassurance about the
benign course of theondition aregenerallysufficient[93,95]

Themost severe adverse events associated with B&@inationare disseminated BCG
disease anasteitispresenting 1 to 2 years after vaccinationbatth. A Finnish study
evaluating cases of osteit@8snong newborns that werBCGvaccinatedbetween 19601988
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with different BCG straingeported an incidence 06/100,000 using BGCGlaxo,7/100,000
using BC&othenburgand37/100,000 using BGGenmark{96] An increase in osteitis
caseswas alsaeported in Finland and Sweden after the production of B&fhenburg was
movedfrom Swederto Statens Serum Institut in Copenhag@&hisindicatesthat
manufacturing procedures might influence the risk of adverse events associated Bk
strainthat has previously not been associated with adverse evi@ths

Numerous studies have reported an increase or decrease in the incidence of lyemitnead
after a change in the BCG strain provided under national vaccination programs; many
following a change to the BE&@enmark strairf98¢102] For example, a change from using
primarily BC&ulgaria (genetically identical to B&assia) to exclusively using BCG
Denmark in Georgia resulted in &ald increase in BG&ssociated lymphadenitis and an
estimated incidence of 1.1/1,000.02]

A study evaluating adverse events amonfyl8 BC&accinated children included in a
Danish triabf BCGDenmark registered no severe adverse reactions to P33 he study
reported a 6.1/1000 (3.3/1000¢10/1,000) incidence of region&mphadenitis and a
4.7/1,000 (2.3/1000¢8.7/1,000) incidence of suppurative lymphadeniti® cases)Therisk
of suppurative lymphadenitis was nearly fivefold higher ther beenindicated by the
manufacturer. All cases of suppuratiiyenphadenitisvere treated with conservative
measuresand all infants recovereff3]

Since BCG is a live vaccine, the circulation of mycobacteria in the body in the absence of an
adequate immune response can lead to disseminated BCG disease (BCGitis), a disease that is
mortal in 75%86% of cases in Hixfectedinfants[91] While the risk of BCGétfor HIV

negative infants is under 5 per million vaccinated, it is substantially higher fegpdsitive
infants[103] In a study from South Africa country with a high Hitfisease burderthe risk

of BCGitimmong HIMnfected infantswas evaluatedThe studyapplied different vertical
mother-to-child HIV transmission rate assumptions (between 5.4% to 1Qad#b)he

estimated incidence was between 71813 per 100,00611\¢infected,BCGvaccinated

infants, e.g, close to 1%4103] A separate concern for Hixifected children receiving BCG is
immune reconstitution syndrome, which caccur in up to 15% of Hiivifected children

that receive BC(®1] Since universal Histreeningoefore BCG vaccination is not feasible,

the benefits of early BCG vaccination for protection against TB has been weighed against the
risks and WHO maintains the recommendation that BCG is prowideidth to all HIV

negative infants and infants with unknown Hitatus([1]
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2.9 Earlyreports ofspecific and nospecific effects of BCG vaccination

After BCG had been distributed from France to several laboratories around the world and
administered to more than fillion infantsin 193132, one of. / ®deators Albert
Calmette(Figure6), publisheda summary of thesfforts and
the preliminary result$104]In the piece, Calmettattempted
to counter skepticismespecially as to whether the
mycobacteriabhttenuationcouldrevert andbecome capable
of attaining virulence and causalierculous lesiondAt the
time, TBwas a widespread diseasath high mortality, and
BCG was mostjyrovidedto infantsfrom poorer households
heavilyexposdto TB a mother oranother close family
memberwould oftenbe infected Calmettethus encouraged
that BCG vaccinatiowas performedat birth to prevent
infants from being infected before vaccinatioAt the time,
Calmette noted thanot only didthe mortality from TBdrop
markedlyamongthose that were vaccinatedhe allcause o ‘
mortality alsodr.opped fourfold.[104] In a French cohort of iFn'g{gfg_' Egﬁfig dﬁﬂ:bggsiﬁ:g]:;t&(;tsﬁ?a
8,075 BC&vaccinatedand TBexposednfants, the alicause piccolati (Photographer).

infant mortality was 4.6%, whereasserallinfant mortality

levels in Francearied from 16%25% at the timg104] According to Calmette, similar

patterns were reported from Romania, Sweden, Belgium, Holland, Spain, Greece, USA,
Canadaand Uruguay104] The studies weraot randomized but of observational design

and they are not referenced in his articlehas not been possible to find all tistorical

datafor the present thesis

Contemporary critics contested that thenvaccinated infants must have lived under less
favorable conditionse.g, the differences were caused by healthigccinee bias

oOur own first statistics on this subject, published in6t8228, have been sharply criticized
by some professional statisticians, principally by Greenwood (LorRlosgnfeld and Gotzl
(Vienna). They reproached us with not takinto consideration the "tables of life" and
methodological rules, which is justifi@ criticism. But they unjustly reproached us with
choosing infants to be vaccinated among those belonging to betietrolled families who
were protected by better precautions against infection, whereas thevagoinated lived
under less favourable cditions. This criticism is unjust and erroneous, for we took the
utmost care to deal with exactly comparable groups of inf&ft4]

Based on the reportBom a series of countries indicating broad health benefits associated
with BCG vaccinatigi€almette speculated the following:

oHow can this difference between general mortality in vaccinated and irvactinated

groups be explained(?..)does the hasouring of BCG; followed by its digestion and
elimination, confer on the organism a special aptitude to resist other infections which are so
frequent in young childrerdf104]
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which about 2/3 were from France or French colonies, was published in 1932 in the Journal

of the American Medical Associatipt05] Among 44356 infants from 46 countries

outside of France, the infant death rate was 7.9% among-8{Gnated children and

15.3% among noracinated infantd105] AsCalmette died in 193Be did not live to see

his vaccine receive the recognition it deserved.

Swedsh datafrom the introduction of BCG in the northernmaStvedishprovince in 1927
waspublished in French by Carl Naslundl932[106] BCG was provideat birth mainly to
infantsthat were judged to bet high risk ofTBand thusoften those from poorer
householdsThe cohort included 2012 infants, of which 5659 received BC(5,656 of
whichwere vaccinatedvithin five days after birth)The overall mortality in the cohort was
8.7% (1726/20,012)between 1927 and 193Bince it was not feasible to conduct autopsies
on all infants that died, Nasluriabth evaluated thecauses of death based on medical
records andhe allcause mortality for vaccinated and unvaccinated infants.

Since it was logistadly difficult to provide BCG within the firBve days,Naslund reported
mortality numbersbetween G5 days after birth and from 5 days and up to 4 years of age.
The mortality in the first five days was 0.1% (&%6) among vaccinated neonates versus
2.4% (339/14353) for unvaccinated infan{d.06]

In the neonatal period0 to 28 days)the allcause neonatal mortality was@¥%(33/5,659)
among BC@accinated infants and.5%(650/14,353)among the unvaccinatefable
6).[106]

Table6. Causes of death by BCG vaccination status and period of foflaamong 5,659 BG@ccinated and
14,353 BC@nvaccinated infants, Norrbotten, Sweden, 1927.

Neonatal deaths (%) Infant deathsafter the Deaths betweeri to 4

neonatal perioch (%) years of age (%)

Cause of death BCG No BCG BCG No BCG BCG No BCG
(5,659 (n=14,353 (n=5,626) (n=13,703) (n=5,488) (12,979)

Tuberculosis 0(0.0%) 5(0.0%) 2(0.0%) 23(0.2%) 3(0.1%) 36(0.3%)
Meningitis 0(0.0%) 2(0.0%) 5(0.1%) 10(0.1%) 8(0.1%) 4 (0.0%)
Pneumonia 3(0.1%) 16(0.1%) 24(04%) 105(0.8%) 8(0.1%) 32(0.2%)
Bronchitis 2(0.0%) 16(0.1%) 16(0.3%) 64(05%) 5(0.1%) 12 (0.1%)
Influenza 2(0.0%) 4(0.0%) 8(01%) 39(0.3%) 2(0.0%) 11 (0.1%)
Pertussis 0(0.0%) 1(0.0%) 10(0.2%) 48(0.4%) 1(0.0%) 8(0.1%)

Diphtherig measles, scarle

fever, erysipelas or sepsis  4(0.1%) 13(0.1%) 4(0.1%) 19(0.1%) 1(0.0%) 10(0.1%)
Digestive tract infection 2(0.0%) 21(0.1%) 8(01%) 59(0.4%) 0(0.0%) 4 (0.0%)
Hyperventilation 0(0.0%) 14(0.1%) 10(0.2%) 39(0.3%) 1(0.0%) 7 (0.1%)
Congenital conditions 14(0.2%) 360(2.5%) 6(0.1%) 98(0.7%) 2 (0.0%) 4 (0.0%)
Othernon-infectious

diseases 2(0.0%) 61(0.4%) 12(0.2%) 58(04%) 4(0.1%) 13 (0.1%)
Cause unknown 4(0.1%) 137(1.0%) 33(0.6%) 162(1.2%) 5(0.1%) 20(0.2%)

Total 33 (0.6%) 650(4.5%) 138(2.5%) 724(5.3%) 40(0.7%) 161 (1.2%)
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In theinfant period(and after the neonatal periog)nortality was2.5% (138/5,626) for BCG
vaccinated versuS.3% (724/ 13,703 for unvaccinated. Betweehto 4 years, the altause

mortality was0.7% 40/5,488) among BC@®accinated infants and 2% (61 12,979 among
unvaccinatedFigure7).[106]
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Figure7. Distribution of TB deaths and néfB deaths by BCG vaccination status [@exiod of followup, 19271931,
Norrbotten, Sweden.

Not all deaths could be ascribed a cause; 20% (42/211) of the total deaths betwken 0
years in the vaccinated group and 21% (31985b) in the unvaccinated group were of
unknown cause. Furthermore, ¥ (22/211) of the total @-year deaths among vaccinated
versus 30% (462/1,535) of the deaths among unvaccinated were determined to be due to
congenital conditions, a high number for both groups. This discrepancy suggests that a
healthy-vaccinee bias mightave influenced theaccinators e.g, that neonates deemed
too frail were not vaccinatedt also seems likely that infant®uld havedied before they
could be vaccinatesurvival bias)Both sources of bias woufdvor the vaccine in the
comparisonSince2.4% (339/14,353)f the unvaccinated infantsad died already within
the first five days and that waschallengingo provide BCG immediately after birth,
survival biadikelyinfluenced the dataespecially ér the first days after birth. E.g., some
newborns died before they had a chance to be BCG vaccinated and therefoagedin

the unvaccinated groug=inally, 8.5% (18/211) of deaths amahg vaccinated and 9.3%
(142/1,535) ofdeaths amongdhe unvaccinéed were deemed to be caused by ron
infectious diseaselL06] Interpreting the mortality differences between vaccinated and
unvaccinated infants, Naslund speculaig&dench)

0On pourrait évidemment étre tenté de trouver une explication de cette mortalité plus basse
des enfantyaccinés dans l'idée que le vaccin BCG provogeémmunité non spécifique

S'il en était ainsi, les déces causés par les différentes maladies infectieuses devraient étre
relativement plus nombreux parmi les enfants non vaccinés que parenfsts vaccinés.

Tel ne fut cependant pas le cas et le tableau |V fait parfaitement ressorta] b@6].
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English translation:

0One might of course be tempted to find an explanation for this lower mortality of
vaccinated children in the belief that the BCG vaccine causespecific immunity If this

were the case, the deaths caused by the different infectious diseases should be relatively
more numerous among the unvaccinated children than among the vaccinated children. This
was not the case, however, and Table IV makes fepty cleare

Naslund then examined the mortality data by cause of death and noted that a substantial
share of the unvaccinated infants died from congenital caudefrtunately, hedid not
conduct a separate analysis of the data stribbigusing onnfectious disease deathk.
recently did the analysis.

By eccludingall deaths deemed biNaslundto be caused byeither congenitalconditions
non-infectious diseaseandunknown causs, conservative estimatesan be obtained
Thesemightunderestimate the trueeffect of BCG omfectious diseasedue to the
uncertainty related to the diagnostic accuracy in this large coldsing this approacand
assuming that deaths due ®pasmophilighyperventilation) were caused by infecticine
neonatal mortalityfrom infectious diseasesas 02% (13/5,639) among BC@accinated
infants and0.7% ©2/14,063) amongunvaccinated Table7, deathsdue to other causes
censored. The corresponding neonatd8CGrersusno BCGRRwas thus0.35 (0.20-0.63)

0 CA & Ksigediedct tast).

Table7. Causes of death by BCG vaccination status and period of fofjaamong 5,659 BG@ccinated and
14,353 BC@nvaccinated infants, Norrbotten, Sweden, 1927.

Infant deaths after the Deaths between 1 to £
neonatal period n (%) years of age n (%)
BCG No BCG BCG No BCG BCG No BCG
(n=5,659) (n=14,353) (n=5,626) (n=13,703) (n=5,488) (12,979)
Infectious conditions 13 (0.2%) 92 (07%) 87 (16%) 406 (3.0%, 29 (0.5%) 124 (1.0%

Neonatal deaths n (%

Cause of death

BCGunvaccinatedRR 0.35 (020-0.63) 0.51 (0.410.65) 0.55 (0.370.83)
Congenital conditions 14 (0.2%) 360 (26%) 6 (0.1%) 98 (0.7%) 2 (0.0%) 4 (0.0%)
BCGlnvaccinatecdRR 0.10 (0.060.17) 0.15 (0.060.33) 1.18 (0.226.42)
Norrinfectious disease 2(0.0%) 61 (0.4%) 12 (0.2%) 58 (0.4%) 4 (0.1%) 13 (0.1%)
BCGunvaccinatedRR 0.08 (0.020.33) 0.49 (0.260.91) 0.72 (0.242.22)
Unknown 4 (0.1%) 137 (1.0%. 33 (0.6%) 162 (1.2% 5 (0.1%) 20 (0.2%)
BCGiunvaccinatedRR 0.07 (0.020.20) 0.48(0.330.70) 0.59 (0.221.57)

All causes 33 (0.6%) 650(4.5%) 138 (2.5%. 724 (5.3%, 40 (0.7%) 161 (1.2%,
BCGunvaccinatedRR 0.13 (0.090.18) 0.46 (0.390.56) 0.59 (0.420.83)

Note: Deathsfrom other causes are censored in each subgroup.

Similarly for infant infectious diseasdeaths after the neonatal periodhe mortality was
1.6% @7/5,575) for BCGraccinated infants versus®b6 (D6/13,385) for unvaccinated
infants, the BCG/n8CG RRBeing 0.3 (0.41-0.65) (Table7). Betweenl-4 years, the
mortality risk wag.5% (29/5477) versusl.0% (24/12,942) and the BCG/nBCG RFD.5
(0.37-0.83) (Figure8). It is quiteclearfrom Table7 that there was a substantial
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overrepresentation of deaths due to congenital conditions, 4ndfiectious diseasesnd
unknown causes in the unvaccinated group during infancy. lBufibding ofa substantial
beneficial effect of BCG in all three age grouqutuding from 14 years of agewhen the
other causeso longerhad a sibstantialimpact on mortality indicates that BCG wdigely
associated witHong-term beneficial effect on deaths fran infectious diseases this

cohort This effecttannot be explained entirely by healtwaccinee bias and survival bias
since the importance of these effects should decline over tivfet,the apparent beneficial
effect of BCG remained stable and similaough the infant period (excluding the neonatal
period) and the subsequent three years of life

Carl Naslund, 1932
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Figure8. Distribution of deaths from infectious diseases by BCG vaccination status and period ofufollow
1927-1931, Norrbotten, Sweden.

Unfortunately, these initiatlataindicating BC@duced beneficialNSE®n the severity of
infectious diseases were not pursued until many decades lAsade from these early
observational datasix controlled trials with different designs that investigated the effects of
BCGnd included data oonverall mortality weregpublished between 1948 and 196After

the first studies from GuineBissau indicating a beneficial effect of BCG had appeared,
meta-analysigublished in 201@f the sixhistoricaltrials indicated that BCG was associated
with a 25% (6%0 41%) reduction in mortalitwhen compared to n8CG107]

2.10DiscoveingNSE$ YR (1 KS 0 O]l INE dzy RNSE# NJ Ay JSa
Bissau

Theparadigmchangingconcept ofnon-specific effect®f vaccines was firgiroposed

ProfessoPeter Aaby, who had come to GuinB&sau in 1978ndwitnessed a severe

measles epidemic with a casatality rate of 25% among children undiaree years of

age[107] Aabyhadconducted a census and established that the urfile mortality in

Bissau waalmost500/1,000. Importantlythe very high mortality was not caused by

malnutrition. For examplehere was no difference in the nutritional stato$infants tha

had diedfrom measles compared to other children in the community, which contradicted
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the existingmedicalparadigmof the time[108] Instead, the main determinasfor measles

mortality was the intensity of exposu@09] Index casesjat hadcontracted measles in

the community) thus had lower mortality than those infected at home, where the intensity

of exposure was highgi.10] Another important observatiomnvas that measles infection

was more severe whepassed orby the opposite sekl11] Thiswas discovered

serendipitouslydue to the tanslationby none other than my fathe? FsibfdA fi2 ¢ G A N n 2 €
in Portuguese (which has no word fsibling irméo means brothér The translationmade

the investigators go back to the original recotdscheck the sex of the infantand make the
discovery.

After having arranged for the provision wfeasles/acciresto childrenthat had not already
had measles infection arttiat were present for an anthropometric survefxaby noted that
vaccination wasssociated with a substantial reduction in mortalityspite thatthere was
little circulating measles after the epidenjitl2] A recent reanalysis estimated the
mortality reduction tohave been/0% (27%0 88%)[113] This led to two possibilities: either
measles infection was associated with lelegm immune suppressioand thus higher
mortality relative to those that had not been infected (and therefore were vaccinatad)
measles vaccinatiowas associated with beneficiAlSESTo answer this questioren

cohort studies with data on mortality and measles infectionsag unvaccinated infants
has beemnalyzedWhen excluding atases of measles (and thus the possible skemn

and longterm consequences on the immune system) in the analysis, the protective effect
on mortality associated with measles vaccinatwasunaffected[114]

In an RCT conducted in GuiABBsauijt was testedwhetherthe provision of an additional
dose of MV provided at 4.5 months (tvelose group) versus MV atne months (provided
to all infants) was associated with a 25% reduction in mortality betweei3@ months.
Between 4.5 months to 3 yeas age, the MRRor infants that received two doses of MV
(at 4.5 and 9 months) versus MYrane months (standard practice) was 0.78 (0-595);
for girls the same MRR was 0.64 (0-@28)versus).95 (0.641.42)for boys[115] There
was a measles epidemat the beginning of the trial, but th differential pattern in mortality
for infants that received two doses of MV versus one dose was the same in the cohort
included after the measkeepidemic and the cohort included during the epidefdit5]In
the perprotocol analysis, twoases of MV was associated with a 30% (6%8%) lower
mortality between 4.536 months and the reduction was 26% (Q%45%) when measles
cases were censored in the analysis. Hence, the mortality reduction was mostbpeoifiG
and the theory of immunauppression after measles infectiagainfails to explairthe
findings.[115] The theory hasmevertheless recently reemergdd16]

An analysis of hospitalization patterns between 4.5 to 9 moatheindicated that receiving
early MV was associated with a reduced risk of hospital admission, the MV verdllg R&R
being 0.70 (0.5®.95) the RRwas0.53 (0.320.86) for girls ad 0.86 (0.58L.26) for
boys[117] These findings have important implications since measles vaccinmaagie
stoppedor the number of doses could be reducdtthe disease is eradicated

The discovey of nonspecific effects related to measles vaccinationl theestablishment
of the BHP HDSS paved the way for the study of the-forgptten NSE®f BCG
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2.10.10bservational studiemsvaluating effectsf BCG vaccinatiopBCG sars, and TST

responses
When attempting to evaluate the effects of a vaccine on subsequent health outcomes using
observational data, it is important to bear in mind that vaccinators generally refrain from
vaccinating overtly sick or underweight infanarentsmight also be hesitartb hawe their

child vaccinated in such a situatiohs mentioned, his phenomenon is referred to dlse
healthyvaccineebias[118] Relevant anthropometric data points such as weight, MU&
sociceconomicbackground factors should be taken into considerato®nsure that the

group of vaccinated infants is comparable to the unvaccinatednalyseshould be

conducted withadjusiment for knowndifferences Also, survival bias is an important issue,
sincedataon vaccinationss revercomplete in longitudinal study sitgd$19] The \accine
informationmight be updatedn a certain day for an infant, whone month later might

receive a vaccine and subsequently die. If the vaccinationwascot inspected again

shortly before the death or poshortem, such an infantightend up analyzed in the nen
vaccinated grougmisclassification biasgven thoughthe infant hadbeen vaccinated
Applyingsurvival analysis with interfiked vaccination statudgndmark approachcan

alleviate this problemwhile providing a conservative estimate of the true effect of the

vaccine on mortality119]

In Bissau, the obsertians regarding measles meant that BHP started investigating whether
other vaccines also hae non-specific effectsA pivotalobservational studyvas published in
the year 200@Gndincluded dateon 10,298 childretborn between 1996 in the rural
areas ofGuineaBissaywhere mortality was higl120] The studyevaluated the effects of
MV, BCG, DTBNd polio vaccinatiopractically always given togethaith DTH. While
receiving anyf the vaccine comparedto not receiving a vaccin@as associated withra
MR of 0.74 (0.53..03), there was a remarkable dispeacy between the effects of the
different vaccines. Receiving MV versus no MV tasassociated with aMR of 0.48
(0.27-0.87) and receiving BCG versus no BCG was associatednWtR &f 0.55 (0.3®.85)
yet receiving DTP/polio was associated with\dR of 1.84 (1.143.10)[120] The very
opposite tendenciebetween the different vaccines ni@ selection bias unlikelsincesuch
a bias should have affected the different vaccines in a similar @grolling for
differences in cultural and social background factsodid not affect the mortality
estimates for the dikrent vaccines.

In arecent large observational study involvi@§,421 children, of which 84% had received
neonatal BC(eonatal BCG was beneficial for both-&Bosed and TBnexposed infants,
the BCG/ndBCG HR up tiiree years of age bein@.54 (0.450.65)[121]

A series of observational studies frdow-incomecountriessummarized by Higgins et
al[122] have shown a similar pattern, e, that BCG vaccination is associated with reduced
all-cause mortality The fixed effects metanalysis estimate acrogsght cohortstudiesand
one casecontrol studywas0.47 (0.320.69)(Figure9).
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The aboveBCG datavas reported in thestatistical analysis commissioned by WRI®
Strategic Advisory Group of Experts on Vaccination (SAGE) to evaluate whether the evidence
concerning norspecific effects of vaccines is sufficient to warrant adjustments in the
routine immunization scheduland or further researc{122] The authors estimated that
MV is associated with a halving inedluse mortality risk, RR=0.51 (:d53)and thatBCG
was likewise associated with an RR of 0.52 (0.82) in the more receritBWRCTsBCG
was associated with aRR of 0.47 (0.3@.69) in the nine observational studies incluged
while DTP vaccination was associated with an RR of 1.38-2008P[122] The unlikely
pattern of oppositeeffectsbetweenMV and BCG (beneficial) and DTP (detrimental)
reportedin the landmark study from Bissavas thus also evident i | h féta-analysis.
The authors concluded that the data does not support immediate changes in either the
choiceof vaccinestiming northe sequence of immunizations provided routinely to infants
and childrenBut it wasstrongly recommendedo conductfurther studies into theNSE®f
vaccineg122] Several RCEvaluatingNSE®f BCG or BCG straimBissa(l23¢125],
Ugand#126,127] and Indig128] are currently recruiting participantsr awaiting

publication We do not know of RCTs that are either planned or enrotbngst the NSE®f
DTR despite the urgency of such a trial

Aside fromevaluatingthe effects of BC@ comparisons o¥accinatedversusunvaccinated
individualsthere is also theossibility to evaluat¢he effectsamong infants that develop
the characteristiBCGscaron theskin Figurel0-Figurell) versusthose that do not


























































































































































































































































































































































































































































































































































































