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Abstract

Animal models, epidemiological studies and a small number of randomised controlled
trials suggest that BCG might protect infants against diseases other than tuberculosis.
The hypothesis remains contentious because a mechanism to explain such protection
has not been proven in infants. Adult studies suggest that BCG acts via epigenetic
modifications to ‘train’ the innate immune system, enhancing its pro-inflammatory
cytokine response to non-tuberculous pathogens. This thesis describes two randomised
controlled trials, in Uganda and The Gambia, of early vs. delayed BCG vaccination in
neonates. These explored the impact of BCG on the innate immune system through; 1)
histone modifications at the promoter region of pro-inflammatory cytokines, 2) in vitro
pro-inflammatory cytokine production following non-specific stimulation and 3) the
inflammatory-iron axis response following in vivo heterologous stimulation. Clinical
data were collected to explore the global applicability of the non-specific effects of

BCG.

These studies showed that infants BCG vaccinated at birth had significantly reduced all-
cause infectious disease incidence in the first 6 weeks of life compared to infants who
had not received BCG (Incidence Rate Ratio 0.71 95%CI (0.53-0.95)). This was
particularly pronounced in male infants (IRR 0.57 (0.36-0.88)). A corresponding trend
toward reduced H3K4me3 (stimulatory) and H3K9me3 (inhibitory) epigenetic
modification at the promoter region of pro-inflammatory cytokines in PBMCs collected
at 6 weeks of age from BCG vaccinated infants was demonstrated. This was most
significant for H3K9me3 at the TNFa promoter region (p=0.001), suggesting a potential
for greater cytokine production in response to heterologous pathogen challenge. Pro-
inflammatory cytokine concentrations following in vitro and in vivo non-specific
stimulation were significantly increased in BCG vaccinated male infants at the 6 week
time-point subsequent to receipt of Expanded Programme of Immunisation
vaccinations. This thesis, therefore, provides strong evidence for a beneficial non-
specific effect of BCG in healthy neonates, likely mediated through epigenetic training

of the innate immune system.
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1. Glossary

ALRI

BCG
BD
BSA

CD

CFR

Cfu

ChIP

CpG ODN
CRF

CSF

Cul

Cv

DHS
DNA
DSMB
DTH
DTP

DTwP-Hib-HepB

EDTA
EGF
EGTA
ELISA
EPI
EV

GBS
GMCSF
GMR
GPS

Acute lower respiratory tract infection

Bacille Calmette Guérin

Becton Dickinson
Bovine serum albumin

Cluster differentiation

Case fatality rate

Colony forming units
Chromatin immunoprecipitation
CpG oligodeoxynucleotides
Case report form
Cerebro-spinal fluid
Cumulative incidence
Coefficient of variance

Demographic health survey

Deoxyribonucleic acid

Data safety monitoring board

Delayed type hypersensitivity
Diptheria-tetanus-pertussis

Diptheria, tetanus, whole cell pertussis, Haemophilus
influenza and hepatitis B vaccination (aka 5-in-1)

Ethylene diamine tetraacetic acid

Epidermal growth factor

Ethylene glycol-bis(B-aminoethyl ether) tetraacetic acid
Enzyme linked immunosorbant assay

Expanded programme of immunisations

Ectromelia virus

Group-B Streptococcus

Granulocyte-macrophage colony stimulating factor
Geometric mean ratio

Global positioning system
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H3K4me3
H3K9me3
Hb

HCL
HCT
HEPES
Hib

HIV

HK

HR

HRP
HSV

ID
IFN

10
1P
IM
IN
IR
IRR
v

LBW
LPS
LRTI
LSHTM
LTBI

MCH
MCHC
MCHC
MCP
MCV
MIF
MIP
MR
MRI

Histone 3 lysine 4 trimethylation
Histone 3 lysine 9 trimethylation
Haemoglobin

Hydrochloric acid

Haematocrit
4-(2-hydroxyethyl)-1-piperazneethanesulfonic acid
Haemophilus influenza type b
Human immunodeficiency virus
Heat killed

Hazard ratio

Horseradish peroxidase

Herpes simplex virus

Intradermal
Interferon
Immunoglobulin
Intraoccular
Intraperitoneal
Intramuscular
Intranasal
Incidence rate
Incidence rate ratio
Intravenous

Low birthweight

Lipopolysaccharide

Lower respiratory tract infection

London School of Hygiene and Tropical Medicine
Latent tuberculosis infection

Mean cell haemoglobin

Maternal and child health clinic
Mean cell haemoglobin concentration
Monocyte chemoattractant protein
Mean cell volume

Macrophage inhibitory factor
Macrophage inflammatory protein
Mortality rate

Magnetic resonance imaging
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MRR
MRC/UVRI

MS
MTB

NaCl
NaHC03
NDA
NG

NK
NOS
NSE

OFC
014
OR

PBMC

PCR

PCV10
PDGF-AB/AA
PHA

PI

PIC

Poly I:C

PPD

SAE

SAM
SC

Mortality rate ratio

Medical Research Council/Uganda Virus Research
Institute

Multiple sclerosis

Mycobacterium tuberculosis

Sodium chloride

Sodium bicarbonate
National Drugs Authority
Nasogastric

Natural killer

Not otherwise specified
Non-specific effects

Occipito-frontal circumference

Oral polio vaccine
Odds ratio

Peripheral blood mononuclear cell
Polymerase chain reaction

Pneumococcal conjugate vaccine 10-valent
platelet derived growth factor-AB/AA
Phytohaemaglutinin

Principal investigator

Protein inhibitor complex
Polyinosinic:polycytidylic acid

Purified protein derivative

Red blood cells

Randomised controlled trial

Red cell distribution width
Research ethics committee
Reticuloendothelial system
ribonucleic acid

Roswell Park Memorial Institute
Relative risk

Respiratory syncytial virus

Serious adverse event

Severe acute malnutrition
Subcutaneous
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SCID
SD

SDS
SEB
SK/SD
SSI
sTFR
STGG
SUSAR

T1DM
TB
Th
TIBC
TLR
TMB
TNF
Tris
TSAT
TST
TT

UIBC
UK
UNCST
UNICEF
URTI
USA
UTI

WBC
WHO

Severe combined immunodeficiency

Standard deviation

Sodium dodecyl sulfate

Staphylococcus enterotoxin B
Streptokinase/streptodornase

Statens Serum Institut

serum transferrin receptor

Skimmed-milk, tryptophan, glucose, glycerol
Suspected unexpected serious adverse reaction

Type 1 Diabetes Mellitus
Tuberculosis

T-helper cell

Total iron binding capacity
Toll-like receptor

Tetra-methyl benzidine

Tumor necrosis factor
tris(hydroxymethyl)aminomethane
Transferrin saturation

Tuberculin skin test

Tetanus toxoid

Unbound iron binding capacity
United Kingdom

Ugandan National Council for Science and Technology
United Nations Children’s Fund
Upper respiratory tract infection
United States of America

Urinary tract infection

White blood cells
World Health Organization
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3. Introduction

22



The Heterologous Effects of Vaccines

That vaccines may produce effects beyond protection against the targeted disease has
been recognised since the first days of vaccinology. Indeed, the observation in 1768 that
infection with cowpox provided protection against smallpox lead to the development of
the first widely used vaccination, and ultimate eradication of the disease.' In this case,
the smallpox and cowpox viruses are related, and sufficiently similar to induce
immunological cross-protection. Further examples of this type of cross-protection
include the use of Mycobacterium bovis in Bacille Calmette Guérin (BCG) for
protection against Mycobacterium  tuberculosis, Mycobacterium leprae’ and
Mycobacterium ulcerans.” The ability for vaccines to have effects on unrelated diseases
is also widely recognised. Idiosyncratic reactions following vaccinations are a simple
example of this, for instance myopericarditis after small-pox vaccine.* Reductions in
vaccine-preventable diseases can also have down-stream effects on pathogens that
commonly cause super-infections, for instance the prevention of influenza-associated

. . . . . 5
secondary bacterial pneumonias by influenza vaccination.

The possibility that commonly used vaccines may have widespread and durable effects
on non-vaccine targeted diseases, resulting from long-term impacts on the immune
system, is a more contested theory. These effects have variously been described as ‘off-

target effects’, ‘heterologous effects’, or ‘non-specific effects’ (NSE).

The studies described in this thesis were designed to investigate whether BCG
vaccination in neonates can protect infants against heterologous invasive infectious
diseases by non-specifically enhancing the innate immune system. This research was
intended to help clarify some outstanding, contentious issues from the literature to date.
The current evidence surrounding the NSE of BCG is discussed below. Evidence
regarding the NSE of BCG on clinical disease morbidity and mortality outcomes in
humans and animals is discussed first, followed by a review of
immunological/mechanistic studies and finally a discussion of potential modifiers of a

NSE of BCG.
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3.1 Human studies investigating the NSE of BCG on clinical

outcomes

Since BCG vaccination was first introduced for protection against tuberculosis (TB) in
the 1920’s, researchers have suggested that it may produce beneficial effects against
heterologous diseases. During the period of introduction of universal BCG vaccination
in Sweden from 1927-1931, Carl Naeslund observed that infants who had received
BCG vaccination had an almost 3-fold lower all-cause mortality compared to
unvaccinated infants.® This reduction was largely due to reductions in non-tuberculous
related deaths occurring in the neonatal period. As BCG introduction in Sweden was not
randomised, it may be argued that these results served merely as an indicator of the
health or socio-economic status of the vaccine recipients. Subsequent to this a large
number of epidemiological studies, and several randomised controlled trials, have been
conducted to investigate whether BCG may have non-specific beneficial effects. These
are described below. The main focus will be on the effect of BCG in reducing all-cause
mortality and infectious mortality/morbidity, although the evidence for BCG affecting

other diseases will also be reviewed.

3.1.1 The NSE of BCG on all-cause mortality and morbidity

Observational studies

More than twenty epidemiological studies have been published investigating the
potential non-specific effects of BCG on all-cause mortality (Table 3.1). Although
heterogeneous in design, these largely report beneficial effects on all-cause mortality
when assessed by documented BCG vaccine status’'’ or BCG scar/PPD response.'* >
Point estimates for the reduction in all-cause mortality associated with BCG vaccination
in these studies range from 0.18-0.70. Three published studies have not reported

21-23

significant beneficial effects overall of BCG on all-cause mortality, although in all
of these studies a trend toward protection was seen, with point estimates for effects
ranging from 0.47-0.68. Observational studies investigating indicators of all-cause

2 and stunting,*® have all been reported to be lower

morbidity such as hospitalisations
in BCG vaccinated infants compared to unvaccinated infants, although the latter was
only significant in infancy. In all cases the protection afforded by BCG was greater than

would be expected from specific protection against tuberculosis.
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Table 3.1. Epidemiological studies and randomised controlled trials investigating the effects of BCG on all-cause mortality and
hospitalisations

Epidemiological studies

All-cause mortality, hospitalisations or health centre use

Benin Case-control 74 children aged 4- Primary health- RR 0.68 (0.38-1.23) of mortality =~ Vaccination status may just be a proxy marker for Velema
1983-87 35mths who died and care utilization  if BCG vaccinated health centre utilization (‘healthy vaccine bias’). 19917
230 controls matched on  comparing Lack of a similar effect of DTP argues against this.
sex, date of birth and children who Measles vaccination reduced RR
place of residence. died with those  of mortality, DTP had no effect
surviving. on mortality. Low weight for
age increased mortality and low
health centre utilization
associated with increased risk of
death.
Guinea- Prospective 5274 infants MR BCG associated with MR 0.55 Underlying differences in vaccinated vs. Kristensen
Bissau cohort. Followed up to 13mths (0.36-0.85) from 0-6mths of age  unvaccinated subjects noted (mothers of vaccinated ~ 2000"**
1990-96 Landmark of age. children had more frequent health centre contact and  Jensen
updating DTP associated with increased the children had larger arm circumference than 20057*
approach for Adjusted for cluster, age MR 1.84 (1.10-3.10). unvaccinated). Jensen
vaccination and other vaccines. 20077%*
status No changes after adjustment for
background factors
Guinea- Prospective 1813 6mth old children =~ MR from 6mths MRR 0.41 (0.25-0.67) in All infants in study had documented BCG Garly
Bissau cohort. examined for scar. to 18mths children with BCG scar vs. no vaccination. Lack of scar/PPD response maybe a 2003 '**
1989-2001  Cross-sectional 813 vaccinated children scar. Stronger PPD responses in ~ marker of general ill health. However also tested

analysis for scar
at start of study
then followed up
for 12mths
(1996-1998)

also tested for PPD
responses.

vaccinated infants also
associated with reduced
mortality 0.46 (0.23-0.94)
Remained after adjusting for
sex, demographic variables, and

DTH response to diphtheria and tetanus toxoids and
no relationship found with these. Authors also note

previous studies showing BCG scar more related to
strain of BCG and vaccine technique.
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birth weight.
Stronger results for first 6mths
of follow-up, little after 12 mths

Prospective 1617 children from MR over 12mth MRR 0.45 (0.25-0.91) if BCG Roth

cohort. 3mths to Syrs follow-up. scar. 2005'*

As above (1998- Causes of death Reduced deaths from malaria

2001) from verbal 0.32 (0.13-0.76)

autopsy Combined MR with above
cohort = 0.43 (0.28-0.65)

Guinea- Prospective 1657 children aged 0- MR MR 0.63 (0.30-1.33) if BCG Aaby
Bissau cohort 8mths vaccinated. Inverse of those 20047"*
1984-87 Vaccination receiving DTP (MR 1.95 (1.07-

status assessed Adjusted for sex, age, 3.57))

by cards or season, region and other

given by study vaccinations

team, 6mth

intervals.

Landmark

approach to

vaccine status

assignment
Burkino- Prospective 9085 children followed MR MR 0.50 (0.34-0.75) Children only selected for participation if they had Vaugelade
Fasso cohort from 6mths-2yrs of age survived to 6mths (first follow-up). Vaccination 2004°m
1985-93 Vaccination No impact of adjustment for cards tend to be discarded upon death of infant.

status assessed health service utilisation, Infants vaccinated in the intervening period would

by looking at nutritional status and be miss-classified as un-vaccinated, exaggerating

cards. If no card demographic variables. the beneficial effects of vaccinations. 10-15 times

seen then the mortality in unvaccinated infants than

children No sex-differential effect vaccinated.

analysed as un- Independence of vaccination programme from

vaccinated. follow-up and strong effects suggests high risk of

Retrospective vaccine bias.

updating

approach.
Bangladesh Prospective 37894 children from Mortality (HR)  HR 0.88 (0.67-1.16) for effect Maternal education independently associated with Breiman
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1986-2001  cohort. 6wks — 9mths. from 6wks to of BCG on mortality with any risk of death and vaccination status of children, thus ~ 2004'°'®
Information on 9mths of age age of vaccination. Beneficial likely confounder. Aaby
vaccine status effect with early BCG HR 0.59  Likely ‘healthy vaccinee’ effect, with very unwell 2017"*
updated on day (0.47-0.73) children less likely to receive vaccines but more
of vaccination Stronger effect of DTP at any likely to die.
age on mortality HR 0.76 (0.67-  Children not regarded as vaccinated until 30d after
0.88). dose to try to account for this.
No differential effect of sex or BCG vaccination very frequently given with DTP or
vaccination order. measles vaccine, not alone.
Age and educational status of
mother and birth order of child
independent predictors of
mortality.
Re-analysis by Aaby et al 2017
looking at impact of vaccination
order. BCG administered first
associated with higher mortality
to 9 months of age (MRR
1.78(1.03-3.03)) than
BCG+DTP co-administered.
Papua New  Prospective 4048 children followed Mortality (HR)  Mortality if BCG vaccinated HR ~ Children dying before 29d of age were excluded Lehmann
Guinea cohort. from birth to 2yrs 0.40 (0.25-0.66) to 2yrs HR from analysis. 2005"1
1989-94 Vaccine status 0.17 (0.09-0.34) for 1-5mths.

and mortality
assessed at
monthly
intervals.
Retrospective
updating of
vaccine status,
but
immunisation
cards held at
clinic so less
chance of

Mortality if at least 1 DTP
vaccination HR 0.48 (0.22-1.09)

No significant sex-differential
effect

Pigbel vaccine also given at DTP vaccination times.

27



survival bias.

Sub-study of 2079 hospitalised infants CFR of No significant differences in Verium
above aged 5-17mths. hospitalised CFR by vaccination status. 20057%*
children. In BCG vaccinated infants there
was no sex-differential
mortality.
In vaccinated children the F:M
MR was reversed between DTP
and measles vaccinations
(higher post DTP for girls,
lower post-measles).
Senegal Two prospective 7796 + 3573 children MR (HR) for MR for recipients of BCG/DTP  Vaccinated infants also provided with a 3mth supply ~ Elguero
1996-99 cohorts. receiving either the effect of 0.59 (0.46-0.74) and 0.70 (0.50-  of malaria chemoprophylaxis so would have extra 2005
Retrospective BCG+DTP together or vaccinations. 0.97) in two cohorts. No protection against malaria.
updating no vaccinations. significant effect on mortality of BCG vaccination provided at 2mths with DTP, not
Followed up to 2yrs of Adjusted for measles vaccination. at birth.
age. gender and No documented sex-differential
various socio- effect
demographic
factors.
Reanalysis of 4133 children MR and F:M BCG+DTP had lower mortality =~ Unclear why only 4133 children of the above data Aaby
above study. MRR. than unvaccinated children set included in the analysis. Lack of an effect of 20157"*
Landmark Controlled for MRR 0.69 (0.53-0.89) but BCG  BCG first (which was not the recommended
updating age birth year first did not. schedule at the time) suggests that BCG=DTP is a
birth season DTP before BCG associated marker of parents adherent to the recommended
and village. with non-significantly increased  protocols.
MRR 1.34 (0.8-2.3). F:M MRR
1.45 (1.0-2.1) after DTP.
India Prospective 10274 infants MR <6mths of  Receipt of either DTP or BCG Deaths <1wk not included. Moulton
1998-2002  cohort nested age (hazard reduced mortality by 30-50% Vitamin A supplementation could have interacted 2005'
within an RCT ratio). compared to either getting both  (although as an RCT it should have been balanced)
of vitamin A Controlled with  or neither vaccinations. Unclear how vaccine status was updated.
supplementation. various Reduction in beneficial effect of
confounders BCG in females vaccinated with
(vaccine DTP.
propensity
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score created).

Malawi Prospective 803 children followed MRRs by last Non-significant trend toward Rainy season noted to have affected vaccine uptake ~ Aaby
1995-97 cohort. Analysed from birth to 18mths of ~ vaccination reduced mortality with any and may also have impacted on death rates. 20067*
by both age. received, vaccination.
landmark and analysed by Female MR increased post-DTP
retrospective sex. vaccination (p=0.1) but
updating decreased post measles vaccine
(p=0.01).
Ghana Prospective 17967 followed up to Time- Receipt of any vaccination is By lyr most infants received BCG and DTP so Bawah
1998-2004  cohort. Syrs of age conditional strongly protective against death unable to untangle effects. 2010''m
Immunisation HRs for in a time dependent manner Full immunisation by 1yr significantly better
status updated mortality. (BCG 0.18 (0.17-0.20)) survival than partial, which is significantly better
annually Adjusted for than none. Differential effects do not appear to alter
(unclear how) poverty Not reported by sex. by poverty indicators.
indicators.
Guinea- Prospective 11949 children attending  Hospitalisation =~ Hospitalisation risk ratio 1.99 No adjustments for birthweight made (BCG delayed Biai
Bissau cohort. paediatric outpatient risk ratio by last  (1.37-2.89) comparing BCG until children >2.5kg in Guinea-Bissau). 2011%*
2003-2004  Vaccine status clinic appointments vaccination unvaccinated with vaccinated
confirmed by received. children. More significant in
vaccine card Controlled for first 8-30d of life (2.25 (1.42-
review. Children various socio- 3.58)).
with no demographic No difference in hospitalisation
information factors. between children receiving DTP
about after BCG compared to those
vaccination were with BCG alone.
excluded. No sex-differential effect for
BCG vaccination.
India Prospective 4138 children MR to Syrs of ~ MRR 0.60 (0.18-1.97) No adjustment for age. Hirve
1987-89 cohort. age. Children with BCG+DTP or Unvaccinated group included those with missing 2012'*
Vaccine status BCG as most recent vaccination  information.
assessed every had lower mortality than with
3mths. DTP MRR 0.15 (0.03-0.70).
Landmark 2-fold higher F:M mortality in
approach the post-DTP age group (2-
8mths).
India Prospective 12142 children from HR for No difference in F:M MRR after No adjustment for age. Differing times in study by Krishnan

29



2006-11 cohort. birth to 36mths mortality by BCG vaccination (F:M MRR vaccination status. 20137m
Determination of vaccination 1.06 (0.67-1.67)). Significantly =~ Children receiving two vaccines together excluded.
vaccination age status. Adjusted increased after DTP (F:M MRR  35% underlying differential F:M MR.
not specified for 1.65 (1.17-2.32)). Low number of unvaccinated participants.
demographic
variables.
Uganda Prospective 819 children followed- MR (adjusted Non-significant reduction in No information about timing of BCG vaccination Nankabirwa
2006-14 cohort up to 7yrs of age for multiple mortality rate in post-neonatal with respect to HIV status of mother (likely to be 2015
Landmark confounders children (MR 0.47 (0.14-1.53) delayed and mortality 34 times increased in HIV
analysis. using multiple associated with BCG positive mothers in this study).
correspondence  vaccination. Significant
analysis). decrease in children aged 1-5yrs
(MR 0.26 (0.14-0.48). No sex-
differential effect.
Guinea- Prospective 15911 known BCG MRR BCG vaccinated infants with a Storgaard
Bissau cohort vaccinated infants scar associated with 0.48 (0.26- 20157
2009-2011 followed-up to Syrs of 0.90) reduction in mortality to
age 12 months. No significant sex-
differential effect. Effect only in
children vaccinated in neonatal
period.
33 Sub- Retrospective 368,450 children OR of stunting ~ Overall BCG vaccination status ~ Trend of reduced stunting with early receipt of Berendsen
Saharan and cross- in children did not affect stunting OR 1.0 vaccinations suggests that children who receive 2016
countries sectional data under-5. (0.98-1.03). Early BCG vaccines at the right time are different to those who
1998-2014  collected in Controlled for vaccination associated with receive them delayed.
demographic various child, decreased stunting OR 0.92 Children <Imth old excluded.
surveys. maternal and (0.89-0.94)) compared to later Significant variance of groups for measured
Retrospective household co- vaccination (OR 1.64 (1.53- confounders (though adjusted for in the analysis),
updating variates. 1.76)). Trend held for timing of ~ suggesting vaccinated infants healthier than
approach other vaccinations. unvaccinated.
Sex-differential effect not
reported.
Denmark Case-cohort 47622 Danish school MRR (Hazard aHR 0.58 (0.39-0.85) for non- As BCG was phased out and optional, there may Rieckmann
1971-2010  Retrospective children born 1965-76.  rates) accidental mortality in BCG have been unmeasured confounders associated with ~ 20177*
from vaccinated vs. unvaccinated BCG uptake that created a spurious beneficial effect,
Copenhagen Comparison of children subjects. but no differences by social class argues against this,
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Trials

School Health
Record Register,
but information
collected
prospectively.
The period
studied covered
the phasing out
of free BCG
provision on
school entry.

receiving BCG only vs.
vaccinia only vs. BCG
and vaccinia vs. one only
of BCG and vaccinia.
Adjusted for sex, social
class, birth by C-section,
immigration status and
eczema.

as does the lack of effect of BCG on accidental
deaths.

Deaths due to accidents were
not significantly associated with
BCG vaccination status.

Effects remained when stratified
by social class.

No sex-differential effect.

USA Children and 566 BCG vaccinated Semi: Unknown All-cause mortality ~ 48% reduction in all cause mortality (-4 to 75%) Levine
adolescents aged compared to 528 Alternately with BCG vaccination. 1946
0-16yrs unvaccinated allocated

USA Children and 1551 BCG vaccinated Semi: 0.Img All-cause mortality ~ 19% reduction in all-cause mortality (-21 to 46%) Aronson

1935-98 adolescents aged 1457 placebo vaccinated ~ Alternately Pasteur over 9-11yrs of with BCG vaccination. 1948
0-20yrs allocated follow-up

Canada Native Canadian 306 BCG vaccinated 303 Yes 0.2mg All-cause mortality ~ 12% reduction in all-cause mortality (-33% to 42%)  Fergusen

1933-45 Indian controls Pasteur over 60mths of with BCG vaccination. 1949
populations follow-up
between 0-13yrs
with no prior
BCG
vaccination

USA Neonates 311 BCG vaccinated Semi: Pasteur All-cause mortality 4% increase in all-cause mortality in BCG Rosenthal

1937-1960  exposed to TB 250 Unvaccinated Alternately or Tice vaccinated infants. 1961

allocated

Guinea- Previously BCG revaccination at Yes BCGSSI 1° Mortality No significant difference in mortality (HR 1.20 Roth 2010”

Bissau vaccinated 19mths = 1437 ID0.Iml  2° Hospitalisation, (0.77-1.89)) or hospitalisations (IRR 1.04 (0.81-
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2002-2006  infants with PPD  control =1434 analysis by sex, 1.33)).
reaction <15mm exploratory No differential effect by sex.
diameter analysis by Cluster of deaths seen in BCG arm in infants likely
Aged 19mths- timing of DTP  to have received booster DTP after BCG during
Syrs immunisation revaccination campaign.
Guinea- Low birthweight BCG at first health Yes BCGSSI 1. MRRto Note: early version of the Aaby 2011 trial below, Biering-
Bissau (<2.5kg) centre contact = 51 ID 12mths of age  stopped due to concerns with randomisation in the Sorensen
2002-2004  neonates born BCG at >2.5kg (around 0.05ml hospital part. No concerns with randomisation at 2012
out of hospital 6wks of age) = 54 BCG local health centres so reported.
Russia in
control
group
Guinea- Low birthweight BCG at birth (median Yes BCGSSI 1° All-cause Significant beneficial effect seen in neonatal period,  Aaby 2011
Bissau (<2.5kg) age 2d) = 1182 ID mortality up to  prior to BCG receipt in control group: MRR 0.55
2004-2008  neonates BCG at ~ 6wks (median 0.05ml 12mths of age  (0.34-0.89).
age 49d) = 1161 BCG 2° MRR at Beneficial effect greater in infants <1.5kg at birth
Russia in 12mths BCG at  MRR 0.43 (0.21-0.85).
control birth vs. later: Reduction in deaths due to reduced sepsis,
group 0.83 (0.63- respiratory illness and febrile illness.
1.08)
Growth in first year  No significant difference in weight, length, MUAC Biering-
or head circumference at 2, 6 or 12mths of age. Sorensen
Trend at 2mths toward early BCG being more 2015%
beneficial for girls for growth parameters (p=0.04
for interaction).
Guinea- Low birth BCQG at birth = 2083 Yes BCG SSI  Neonatal all-cause ~ MRR for neonatal period 0.70 (0.47-1.04). For Biering-
Bissau weight (<2.5kg)  BCG at discharge from ID MR (<28d) infectious deaths MRR associated with BCG was Sorensen
2008-2014  neonates maternity ward or first 0.05mlin  All-cause MR at 0.57 (0.35-0.93). Effects most pronounced within 2017%
health centre contact = early 12mths of age. first 3 days after randomisation.
2089 group Non-significant 12% MR reduction at 6 and 12mths
BCG after birth. No sex-differential effect.
Russia in
control
group
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Denmark BCG within 7d of birth Yes BCG SSI  All cause No significant difference in hospitalisations in BCG  Stensballe
2012-2015 =2129 ID hospitalisations to vaccinated vs. controls (HR 1.05 (0.93-1.18)). 2017
Control (no BCG) = 0.05ml 15mths of age. No differences when analysed by sex or prematurity.
2133
1°  Psychomotor No significant differences in Ages and Stages Kjaergaard
development at  Questionnaire score by BCG vaccination status. 2016°’

12mths (Ages
and Stages
Questionnaire)
2°  Psychomotor
development in
premature
infants at 6, 12
and 22mths

d, days; wks, weeks; mths, months; yrs, years; F, Female; M, Male; MR, Mortality Rate; MRR, Mortality Rate Ratio; HR, Hazard Rate; HRR, Hazard Rate Ratio;
IRR, Incidence Rate Ratio; OR, Odds Ratio; RR, Relative risk; ID, Intradermal; MUAC, mid-upper arm circumference; CFR, case-fatality ratio; BCG, Bacille
Calmette Guerin; SSI, Statens Serum Institut, DTP, Diptheria-Tetanus-Pertussis; DTH, Delayed Type Hypersensitivity; PPD, Purified Protein Derivative; HIV,

Human Immunodeficiency Virus, * Studies with direct involvement from the Aaby group "WHO commissioned studies MStudies excluded from the WHO

commissioned systematic review (Higgins et al’®), due to high risk of bias.
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Although the epidemiological evidence largely supports a non-specific beneficial effect
of BCG against all-cause mortality, the studies have a number of methodological flaws
that have hindered their acceptance as proof of such an effect by the research
community. These flaws are also common to the other observational studies of the NSE

of BCG, which are discussed below.

* Unmeasured confounders: Multiple studies have confirmed that children who
receive vaccinations in a timely manner are a fundamentally different population to
children who do not (reviewed in>). Vaccinated children tend to be born to mothers
of higher socio-economic status, who are older, more experienced, have higher
educational attainment and are more proactive in their health-seeking behaviour.
Vaccinated children are also likely to be healthier as health-care staff are generally
unwilling to vaccinate ill children (the ‘healthy vaccine effect’ or frailty bias),
although some have argued that this effect may work in reverse, with unwell
children being seen in clinics more often and therefore having greater opportunities
for receiving routine immunisations.*® Also, in Guinea-Bissau BCG is deferred in
low birthweight (LBW) infants until they reach >2.5kg. LBW infants have higher
mortality rates than normal weight infants, and birthweight was rarely available in
these epidemiological studies sufficiently to allow for adjusted analyses (only

adjusted for in two studies'® "

). These confounders would tend to exaggerate a
beneficial non-specific effects of vaccinations. Although most studies described in
Table 1 have attempted to adjust for potential confounders, the possibility of
residual confounding remains one of the strongest arguments against the
observational evidence for the NSE of BCG. Evidence suggesting differential
effects of vaccinations by sex (where unmeasured confounders would be acting in a
similar fashion for boys and girls) and opposing directions of non-specific effects
for live vs. inactive vaccines have been used as counter arguments against the major
influence of unidentified confounders® (see “Effect Modifiers’ section below).

* Misclassification of vaccination status: The correct determination of the exposure
of interest (BCG vaccinated or not) has been challenging in most of the described
epidemiological studies. Although mainly prospective in design, BCG status was
often determined retrospectively, at intervals, by observation of vaccination cards,
parental recall, or observation of a BCG scar. Each of these approaches has
limitations, which may result in misclassification of BCG status. Vaccination cards

may be lost or unreadable and recall bias may affect parental reporting of vaccine
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status. BCG scar is known to be an imperfect marker of vaccination, with up to 50%
of infants failing to develop a scar following BCG administration in some studies,*"
* with scar development affected by BCG strain and vaccinator technique.* In only
1 study was date of BCG vaccination fully known as it was provided by the study
team,'* or reasonably assumed to be complete as it was entered into primary care

: . . 8, 10, 12
records at the time of vaccination,”

or phased out of use over a known time
period.” Studies with retrospective determination of BCG status have variously used
a retrospective updating approach (status changed to BCG vaccinated on date

9, 14, 26

vaccination received), or a landmark approach (status changed to BCG

vaccinated on date of study visit)'"> !> " 2% 3132 i their analysis. Vaccination cards
are often destroyed upon the death of a child and scars cannot be assessed or parents
may be less willing to be interviewed following their child’s death. As a result the
retrospective updating approach tends to over-estimate the beneficial effects of
vaccines, with children vaccinated and then dying between study visits being
misclassified as unvaccinated or ‘no information’ (which are often analysed
together). In effect, this approach introduces ‘immortal person time’ for vaccinated
individuals; as to be classified as vaccinated they have to have survived to the next
follow-up visit, and thus introduces a survival bias.”” In contrast, the landmark
approach of updating vaccine status from the date the vaccination card was
reviewed tends to nullify any effect of vaccinations. As neither will accurately
represent the true effect of vaccinations such as BCG, it is recommended that both
approaches be reported in observational studies of vaccine effects.”

Selection bias: Several epidemiological studies may have introduced selection bias
into the estimates of the NSE of BCG by not including children during the neonatal
period when BCG vaccination is received. This would mask any early positive or
negative effects of BCG (see “Effect modifiers’ section), and could mean that
surviving infants in either group may be different to those who died prior to study
enrolment. One study may also have introduced selection bias by selecting
participants based on their future DTP status.'”

Reporting and/or publication bias: As with all studies, there is a risk of
reporting/publication bias away from results showing null or negative effects of
vaccinations. This is known to occur in randomised controlled trials** and is likely
to be even stronger in epidemiological studies, due to the lack of formalised
registries of on-going studies. This may exaggerate the perceived beneficial effects

of BCG.
35



* Experimenter bias (+/- confirmation bias and reporting bias): Of particular concern
in the NSE field is the possibility of experimenter bias. More than half of the
epidemiological papers (and many of the trials) investigating the NSE of BCG on
all-cause mortality have been published by the Aaby group, who first formulated the
hypotheses regarding the impact of routine immunisation schedules on all-cause
mortality. This has led to questions regarding the global applicability of their
findings as the majority of evidence comes from Guinea-Bissau, a country with an
extremely high infant mortality rate, although the group has also published studies
from Denmark, Malawi, Bangladesh, India and Senegal. In a number of cases,
several papers have been published from the same cohort, including re-analyses of
old data and including multiple post-hoc hypotheses without corrections for multiple
testing. This could have the effect of over-representing the diversity of evidence for
the NSE of BCG. It should be noted, however, that whilst the Aaby group has
produced a large amount of the supporting evidence, they have also published
results from several studies that do not wholly confirm their theory. This argues
against undue confirmatory/reporting bias from the group. It should also be noted
that cohort studies conducted by the Aaby group use the more conservative
‘landmark approach’ to their analysis, which would tend to diminish perceived

effects of vaccinations, rather than exaggerate them.

Clinical trials

A number of randomised or semi-randomised studies conducted in North America and
the UK in the 1940s and 50s provided early evidence for a NSE of BCG (Table 3.1).
Randomly allocated vaccination of native Indian children aged 0-13 years in
Saskatchewan led to a 12% reduction in mortality rate from diseases other than TB;"
alternately allocated vaccination of people aged 0-20 years in the US produced a 19%
mortality rate reduction from non-tuberculous disease;*® children aged 0-16 years
alternately allocated BCG in New York City had a 48% reduction in mortality from
diseases other than TB;*" and adolescents given Mycobacterium microti, the vole
bacillus, (as opposed to Mycobacterium bovis) in the UK showed a 35-53% non-TB
mortality rate reduction.”® One published study, however, investigating the impact of
BCG vaccination on mortality in TB exposed neonates, showed a small (4%) increase in
mortality rate ratio in BCG vaccinated infants.” Although individually the non-

tuberculous mortality rate changes in these studies were not statistically significant,

36



meta-analysis of these gives a combined estimate for the non-specific mortality rate
reduction of BCG as 25% (95%CI 6%-41%).”° However, the heterogeneity of the
studies and particularly strong weighting (due to large participant numbers and strong
estimates of effects) given to the studies using Mycobacterium microti should caution

against over-interpretation of these results.

The best available evidence for BCG having NSE on all-cause mortality comes from a
large randomised controlled trial (RCT) conducted by the Aaby group, comparing BCG
vaccination (Staten Serum Institute (SSI) 1331 strain) at birth with BCG given around 6
weeks of age in 2343 low birth LBW infants in Guinea-Bissau.’' This study reported a
45% reduction in all-cause mortality (Mortality Rate Ratio (MRR) 0.55 (0.34-0.89)) in
BCG vaccinated infants prior to 6 weeks of age (when non-vaccinated infants were
vaccinated and all infants received Diphtheria-Tetanus-Pertussis (DTP) vaccination).
The authors also reported a non-significant 17% mortality rate reduction (MRR 0.83
(0.68-1.08)) at 1 year of age, although this reduction is almost entirely accounted for by
the early mortality reductions. The beneficial effects appeared strongest in the lowest
birthweight infants. A smaller RCT in 105 LBW infants comparing BCG at first health
centre contact or delayed to 6 weeks of age showed a similar non-significant trend
(MRR 0.41 (0.14-1.18) p=0.098).>* A third trial conducted by the group, essentially
replicating the first trial but recruiting more participants, has recently confirmed the
original findings.” Meta-analysis of all three trials suggests an overall reduction in
neonatal mortality of 38 % (MRR 0.62 (0.46-0.83)) associated with BCG at birth, and a
16% reduction in all-cause mortality at 12 months (MRR 0.84 (0.71-1.0)).” No
differential effects by sex were reported initially in these studies but a recent reanalysis
of these studies suggests that non-specific beneficial effects of BCG may be stronger in
males in the first week following vaccination, and stronger in females thereafter (see

‘Effect Modification’ section below).”

Although these studies provide strong supporting evidence for a NSE of neonatal BCG
on all-cause mortality, a number of concerns remain. The Aaby group in Guinea-Bissau,
where much of the epidemiological data has been produced, performed all of the
studies, leading to suggestions that this may be a localised effect. The study populations
were particularly high-risk LBW infants, in a country with one of the highest neonatal
mortality rates in the world, leading to uncertainty as to whether NSE will be clinically
relevant on a global scale. Indeed, an RCT conducted by the same group in Denmark

investigating the impact of neonatal BCG vaccination on all-cause hospitalisations other

37



than injuries in children <15 months old, did not show any beneficial effect,’ although
a secondary analysis suggested benefit in children born to mothers with BCG
vaccination (data not reported).’® Changes in the growth rate of the BCG strain used
(see ‘Effect Modification’ section below), as well as lower infectious exposures and
genetic differences, may account for the lack of overall benefit of BCG in this study.
Another RCT conducted by the Aaby group in Guinea-Bissau did not show any
reduction in all-cause mortality or hospitalisations with BCG revaccination at 19
months of age, although the authors believe the results may have been confounded by a

national DTP immunisation campaign that occurred concurrently.™

A thorough systematic review of observational and trial evidence up to January 2014,
commissioned by the World Health Organization, concluded that BCG at birth appeared
to reduce mortality by more than would be expected by disease specific mortality
reductions.”® However, it did not find enough evidence to determine optimal timing of
BCG in comparison to other vaccinations, and did not comment about strain effects (see
‘Effect Modification’ section below). It concluded that evidence was not sufficient to
recommend any change in BCG vaccination policy in countries that have phased out its
routine use in neonates, or that routinely delay administration beyond the neonatal

period.

It should be noted that a number of small studies investigating the immunological
effects of BCG in infants have randomised infants to BCG at birth or delayed
vaccination. Several of these have documented all-cause mortality, although it was not
investigated as a specific outcome (Table 3.2). These studies were mainly very small,
reported no deaths in either arm and have not contributed to meta-analyses of the

clinical NSE of BCG.
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Table 3.2. Other randomised controlled trials of neonatal BCG vaccination reporting mortality data

Country  Participant characteristics Intervention BCG Strain Documented deaths References*
and dose

Lithuania  Term neonates >3kg BCG at <6d vs at 3 months of age BCG SSI 0/159 (birth) vs. 0/150 (delayed) Sucillienne 1999
0.05ml followed to 1 year

India Premature infants (<34/40 BCG at 34-35/40 weeks post-conceptional BCG SSI0.1ml  1/30 (early) vs. 0/31 (late) followed  Thayyil-Sudhan1999°°

weeks) age vs. at 38-40/40 weeks 1D) to 6 months

The Neonates >2.5kg BCQG at birth vs BCG at 2mths or 4.5mths BCG Pasteur 0/35 (birth) vs. 0/64 (delayed) Ota 2002

Gambia 0.05ml ID followed to 4.5 months

South Neonates weighing >2.5kg. BCG at birth vs. at 10 weeks BCG SSI 0/25 (birth) vs. 0/21 (delayed) Kagina 2009

Africa HIV unexposed 0.05ml ID followed to 50 weeks

The Neonates >2.5kg BCQG at birth vs. at 4.5 months BCG Russia 1/53 (birth) vs. 2/50 (delayed) Burl 2010”

Gambia 0.05ml ID followed to 9 months

South HIV-exposed uninfected BCQG at birth vs. at 8 weeks BCG SSI 0/71 (birth) vs. 0/69 (delayed) Tchakoute 2015%" and

Africa infants 0.05ml ID followed to 14 weeks Hessling 2016°'

BCG, Bacille Calmette Guerin; SSI, Statens Serum Institut; ID, intradermal; HIV, Human Immunodeficiency Virus.
A number of other randomised studies delaying BCG from birth in neonates have also been conducted (see ‘Mechanistic Studies section) but made no specific
mention of death rates. In most cases a comment was made about baseline and follow-up variables being comparable between groups.
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3.1.2 The NSE of BCG on infectious disease incidence and morbidity

Most of the studies showing a beneficial effect of BCG on all-cause mortality were
conducted in areas where infectious causes of death predominate, making protection
against non-tuberculous pathogens a likely causal mechanism. As such, a number of
studies have investigated whether BCG vaccination alters the incidence of infectious

disease morbidity (Table 3.3).

Observational studies

A case-control study carried out by the Aaby group in Guinea-Bissau reported that
children hospitalised for acute lower respiratory tract infection (ALRI) had higher odds
of being BCG unvaccinated (assessed by vaccination cards or scar status) than age, sex
and district matched controls (adjusted odds ratio (aOR) 2.87 (1.31-6.32)).* The
potential for confounding is high in this study, but it did also report that in children
documented to have received BCG vaccination, the odds of not having a BCG scar were
higher in children hospitalised for ALRI than in the community, although this was not
statistically significant (aOR 1.54 (0.86-2.75)). Although this may simply be a marker
of the responsiveness of the underlying immune system, rather than the efficacy of BCG
vaccination per se, the authors report unpublished studies in the same population which
show that BCG scar is affected most by BCG strain and vaccination technique, rather

than by infant characteristics.

In a case-control study of Bangladeshi children admitted with severe acute malnutrition
and sepsis, lack of BCG vaccination was associated with an aOR of identifiable
bacteraemia of 7.69 (1.67-32.73), which in itself was strongly associated with
mortality.”” It is unclear whether the effect of BCG vaccination was an a priori
hypothesis in this study. Numbers of bacteraemic infants were small in this study
(18/405) and, as with all observational studies, the potential for residual confounding
remains. However, as both cases and controls were severely malnourished with
pneumonia, the difference being presence or absence of bacteraemia, it is hard to
hypothesise a causal link between a demographic factor that reduces the likelihood of
BCG vaccination that also increases the likely haematogenous spread of bacteria above

effects on malnutrition.
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Table 3.3. Epidemiological studies and randomised controlled trials investigating the effects of BCG on non-mycobacterial infectious disease.

Infectious disease incidence

Acute Lower Respiratory Tract Infection (ALRI)

Guinea-Bissau Case-control 386 case-control pairs OR of ALRI by OR 2.73 (1.37-5.44) forrisk ~ Very small numbers of  Stensballe
1994-1995 Matched on sex-age vaccination/scar of ALRI if unvaccinated. birthweights known. 2005%*
and district Adjusted for background factors status Much higher
including birthweight, season of proportion of LBW
birth, and other vaccinations. Association only significant  infants in unvaccinated
amongst girls OR 5.25 (1.8- cases. Non-significant
15.3) due to numbers but
likely to be
confounder.
Non-significant trend
to socio-economic
indicators being higher
in vaccinated infants.
Scar status assessed by
study nurses aware of
hypothesis.
33 countries Retrospective 58021 +93301 children <5 years old  RR for ALRI. 17-37% RR of ALRI ALRI definition = Hollm-
2000-2010 cohort from DHS associated with BCG cough and rapid Delgado
data. Retrospective Adjusted for a vaccination. DTP breathing reported by 2014%
updating of vaccine propensity significantly modified this parents in preceding 2

vaccination status.

score using
determinants of
vaccine use

effect (p<0.001) BCG before
DTP RR 0.78 (0.70-0.89)
BCG with DTP 0.82 (0.71-
0.94) BCG after DTP 1
(0.87-1.13).

Also modified by vaccine
strain used.

weeks. HIV status
unknown, but effects
strongest in areas of
low HIV burden.

Countries contributing
data to the study not
listed.
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Spain Retrospective 464611 hospitalizations due to Hospitalisation rates ~ ALRI: PF 41.4% (40.3-42.5)  Different communities  De Castro
1992-2011 cohort respiratory infections and sepsis of for ALRI (not TB) p<0.001. PF increases with received or did not 2015%
children < 15 years of age and sepsis by BCG age. receive BCG (Basque
status. Documented County vs. rest of
as preventable Sepsis: <1 year old PF 52.8%  Spain). Comparisons
fraction (PF). (43.8-60.7) p<0.001 with neighbouring
regions done to try and
control for this and
results comparable.
No socio-economic
status adjustment.
Stratified by age.
Greenland Retrospective 19363 children followed from 3 All-cause infectious ~ All-cause hospitalisations Infants not recruited Haahr 2016
1989-2004 cohort using months to 3 years of age. disease IRR 1.07 (0.06-1.20) until after 3mths of
electronic health- The period included 5 years where hospitalisations and age, therefore early
care records routine neonatal vaccination was ALRI ALRI: 1.10 (0.98-1.24) effects of BCG would
stopped. hospitalisations IRR not be seen.
comparing BCG No sex-differential effects
vaccinated and
unvaccinated
children
Sepsis
Bangladesh Unmatched case- 405 hospitalised children <5 years OR of having OR for lack of BCG Unclear if vaccination  Chisti
2011-2012 control with severe acute malnutrition (SAM) bacteraemia by BCG  vaccination in bacteraemic status was a pre- 2015%
and pneumonia. Cases = bacteraemia  status patients 7.39 (1.67-32.73) defined end-point for
+ SAM + pneumonia p<0.01.after adjustment for the study.
Controls = SAM + pneumonia potential confounders
HIV
Denmark a) case-cohortin  a) 47622 Danish school children HIV-1 prevalence by aOR for HIV-1 with BCG e Small numbers of  Rieckmann
1971-2010 and Denmark as born 1965-76. BCG and vaccinia vaccination HIV+ve cases 2017
Guinea-Bissau above, b) 1751 adults (>15 years) in vaccination status, Danish study 0.7 (0.41-1.18) e BCG scar used as
2004-2007 comparing Guinea-Bissau (10% of documented (study a) Guinea-Bissau: 0.5 (0.23- proxy for
b) cross-sectional randomly selected houses in DSS  or scar status (study 1.10) vaccination in GB
study in area) b) Combined: aOR 0.63 (0.41- but may just be

Guinea-Bissau

0.98)

marker of immune
system integrity
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Enteropathogens
Guinea-Bissau
1996-1998

Prospective cohort

Trials which included infectious disease end-points

200 children from birth to 2 years

IR of
enteropathogens

F:M IRR

Adjusted for various social
class indicators.
No sex-differential effect.

No significant differences in
IR or F:M IRR of
enteropathogens by
vaccination status. Trend
toward lower F:M IRR after
BCG and higher after DTP
(interaction p=0.02 for RSV
0.01 for Cryptosporidium)

¢ BCG correlated
with immigrant
status, which
correlates with
HIV in Denmark,
but would expect
this to reduce

observed

protective effect of

BCG.
Many sub-analyses. Rodrigues
Unclear if these were 2006%*
pre-specified. Valentiner-

Children censored if Branth
samples taken within 2 2006°°*
weeks of vaccination

(as assumed that it

would take some time

for vaccinations to

have an effect).

Guinea-Bissau Previously
vaccinated infants
2002-2006 with PPD reaction

<15mm diameter

Aged 19mths-Syrs

BCG
revaccination at
19 months = 713
control = 720

Yes

BCG SSI
ID 0.1ml

[
o

Malaria incidence

2° Hospitalisations,
mortality, analysis by
sex and Mantoux
reaction

No significant Rodrigues
difference in malaria 2007
incidence IRR 1.22

(0.99-1.51).

No sex-differential
effect

All-cause
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hospitalisations

significantly more in
revaccinated children
IRR 2.13 (1.10-4.13)

No significant
difference in overall
mortality, or clinic
presentations.

No difference by
Mantoux reaction.

Denmark BCG within 7d of  Yes BCG SSI Parent-reported childhood No significant Kjaergaard
. _ . . . . . 37
2012-2015 birth = 2129 ID 0.05ml infections filfference', in infectious 2016
illness episodes or GP
Control (no BCG) .
visits by BCG status.
=2133
BCG vaccinated
children born to BCG

vaccinated mothers
had reduced illness
episodes up to 3mths
of age IRR 0.62 (0.39-
0.98)

BCG, Bacille Calmette Guerin; PPD, Purified Protein Derivative; SSI, Statens Serum Institut; ID, Intradermal; IR, Incidence rate; IRR, Incidence Rate Reduction,;
OR, Odds Ratio; RR, Relative Risk; F, Female; M, Male; HIV, Human Immunodeficiency Virus; TB, Tuberculosis; SAM, Serious Acute Malnutrition; PF,
Preventable Fraction; ALRI, Acute Lower Respiratory Tract Infection; DHS, Demographic Health Survey; DTP, Diptheria-Tetanus-Pertussis; TB, Tuberculosis
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An analysis of data collected by Demographic Surveillance Systems (DSS) across 33
countries (largely from Sub-Saharan Africa), suggested a 17-37% relative risk reduction
of ALRI hospital admissions associated with BCG vaccination, which was modified by
subsequent DTP vaccination.®* Although adjusted for a composite ‘vaccine propensity
score’ the potential for residual confounding in this study is high. Particularly
concerning is the lack of documentation about the Human Immunodeficiency Virus
(HIV) status of the mother, as HIV may lead to delays in BCG vaccination of the child
in some settings and is associated with increased morbidity in both HIV-infected and
HIV-exposed uninfected children. However, the observation that the effects of BCG
remained, and in fact were strongest, in areas of low HIV incidence argues against

maternal HIV status unduly confounding the results.®

A large retrospective cohort study comparing two regions of Spain with differing BCG
vaccination policies suggested that if unvaccinated children had received neonatal BCG
the preventable fraction for ALRIs would be 41.4% (40.3-42.5) in children <15 years
old and 52.8% (43.8%-60.7%) for sepsis admissions in infancy.”> Although
demographic and health-care system differences may underlie these regional differences
in hospitalisations, the results remained when only adjacent geographical regions were
compared. However, as BCG vaccination was given throughout Spain prior to the time
period used in this study, it should have been possible to do a comparison of
hospitalisations between regions when under universal BCG to see if there were pre-

existing differences. This was not conducted (or reported) by the study authors.

In 1991 Greenland stopped routinely administering BCG vaccination to neonates at
birth, a policy that was reversed in 1996. A retrospective cohort study has recently been
published comparing all-cause hospitalisation rates, and ALRI-specific hospitalisation
rates, in infants born before, after and during the period of BCG vaccination stoppage.®’
This study failed to confirm any benefits of neonatal BCG vaccination on either all-
cause hospitalisations (Incidence Rate Ratio (IRR) 1.07 (0.06-1.20)) or ALRI related
hospitalisations (IRR 1.10 (0.98-1.24)). However, this study did not include infants
dying before three months of age and could therefore have missed a significant early

effect of BCG vaccination.

Notably two case-control studies of enteropathogen incidence in Guinea-Bissau failed
to show any significant effect of prior BCG vaccination (although there was a trend

toward lower male incidence rate compared with female incidence rate following
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BCG).% % As children were censored within 2 weeks of vaccination, however, an early

effect of BCG would not have been shown.

Clinical trials

No clinical trials of neonatal BCG vaccinations have been conducted with infectious
disease incidence or morbidity as primary outcomes. The Aaby group did collect verbal
autopsy data in their two LBW infant clinical trials, which suggested that the reduction
in deaths shown with neonatal BCG was primarily due to a reduction in neonatal sepsis,
ALRI and all-cause febrile illness.”’ The diversity of pathogenic protection supports the
assertion that BCG mediates its heterologous effects by a NSE on the immune system,
as opposed to antigenic cross-protection against specific pathogens. A trial providing
BCG revaccination to infants at 19 months of age showed no difference in malarial

incidence compared to unvaccinated infants.>*

Thus, although limited in quantity and with some methodological issues, the
observational and trial evidence largely point to any NSE of BCG being mediated

through reductions in ALRI and sepsis in neonates in high mortality settings.

3.1.3 The NSE of BCG on non-infectious disease

In parallel to studies conducted in low-income settings suggesting that BCG may
modulate the immune system to respond in an enhanced manner to infectious
pathogens, studies in high-income settings have been conducted exploring a possible
role for BCG in prevention of allergic, autoimmune and inflammatory diseases. The
hygiene hypothesis suggests that reductions to pathogen exposure in early life resulting
from socio-economic development, bias the immune system to more Th2-mediated
responses and predispose to inflammatory and atopic conditions.®® It has been proposed
that the strong Thl-immune responses induced by BCG vaccination may modulate

propensity to these diseases in the long-term.

46



3.1.3.1 The NSE of BCG on allergy, atopy, asthma and wheeze

Observational studies

Twenty-eight observational studies have investigated an association between BCG

69-71

vaccination and the risk of allergic diseases including eczema and asthma. These are

a combination of retrospective studies utilizing health-care records or parent recall for

72-76

determination of clinical outcome, cross-sectional studies of the prevalence of

clinical and immunological atopic indicators such as skin prick testing and serum IgE®”
7783 and case-control studies.”* ¥ Systematic reviews of these studies suggest that
BCG reduces the likelihood of asthma/wheeze (OR 0.73 (0.56-0.95)),% 7 although this
is not associated with a significant change in serum IgE or skin prick testing.”” This may
indicate that protection is against non-atopic/intrinsic asthma only, possibly due to
reductions in under-lying respiratory pathologies common in early-onset wheeze.
Longer-term follow-up of a cohort from Manchester suggested that protection was only
transient, with difference by BCG status shown at 6-11 years of age but not at 13-17
years.” No clear protection against eczema, allergic rhinitis or food allergies was
identified on systematic review of observational studies.”’ The studies are limited by the
heterogeneity of BCG timings and strains used, difficulties with accurate clinical
diagnosis of wheeze, asthma and eczema, and the varying methods of assessing BCG

status (parental recall, scar observation and PPD response), which all have their

drawbacks.

Clinical trials

There are currently two published randomised controlled trials investigating the effect

-9 with one further on-going study

of neonatal BCG vaccination on atopic outcomes,
waiting to report.”®> The first study investigated the prevalence of allergic diseases
(eczema, wheeze, allergic rhinitis and food allergies) at 4 and 18 months of age in 121
high-risk infants randomised to BCG SSI or placebo at 6 weeks of age.” This showed
no overall reduction in allergic disease but a trend toward reduced eczema incidence
(0.72 (0.5-1.0) p=0.06) and reduced use of eczema medications (0.58 (0.3-1.0) p=0.04)
at 18 months. However the study was only powered to show a 50% reduction in

outcomes. Also, 74% of the BCG vaccinated group did not show a tuberculin reaction at

4 months of age, and 32% had no scar. These infants were subsequently revaccinated
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with BCG, confounding the interpretation of the results, and also leading to concerns

regarding the immunisation techniques used in the study.

The Aaby group conducted a large investigator-blind randomised controlled trial
comparing neonatal BCG vaccination-SSI, given at <7 days of age, with no vaccination
in 4262 Danish children.”’ The primary outcomes of this study were all-cause
hospitalisations (described above), but wheeze, eczema and medication use were
measured as secondary outcomes. The study showed a small trend toward reduced risk
of atopic dermatitis in BCG vaccinated infants (Relative Risk (RR) 0.90 (0.8-1.0)),
becoming significant in infants with a familial allergic predisposition (RR 0.4 (0.74-
0.95)),” but no reduction in food allergy’* or recurrent wheeze in the first year of life.”
In contrast to the infectious disease outcomes in this study, maternal BCG status was
not an effect modifier for the effect of BCG on any of the atopic outcomes. The study
was limited by the lack of blinding of parents, which may have influenced their health-
care seeking behaviour and recall of illness episodes, although clinical interviewers

were blinded to vaccination status.

A trial investigating BCG vaccination as an immunotherapeutic for asthmatic children
in Mexico failed to show any changes in asthma severity or emergency department

attendances compared to placebo.”

3.1.3.2 The NSE of BCG on autoimmune and other Inflammatory diseases

Observational studies

Murine models have shown protection against autoimmune and inflammatory diseases
such as multiple sclerosis (MS) and type 1 diabetes mellitus (T1DM) with prior BCG
vaccination. In contrast, anecdotal observations linking the timing of certain
vaccinations with onset of diseases such as TIDM have led to concerns, particularly
amongst the lay public, about a causal link between the two. Studies investigating
associations between BCG and chronic inflammatory disorders in humans have been

equivocal.

A recent systematic review identified seven case-control studies investigating the odds
of MS debut or relapse by BCG status.”’ No study showed a significant difference in the
odds of MS debut with prior BCG vaccination. These studies were generally small (the

largest involving 140 cases) and were heterogeneous in the age of BCG vaccination. All
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the studies used questionnaires to assess BCG vaccination status, which may lead to
recall bias, although significant effects, either positive or negative, of BCG would be
expected if this had a differential effect in cases and controls. None compared the risk
of relapse or disease progression in cases according to BCG vaccination status. A
recently published study of 97 Japanese patients with various inflammatory
demyelinating disorders suggested a protective effect of BCG vaccination, as evidenced

by greater positivity for anti-BCG IgG levels (p=0.005).”®

A meta-analysis of observational studies investigating an association between childhood
immunisations and inflammatory bowel disease identified eight case-control and three
cohort studies.” No association between childhood BCG vaccination and later
inflammatory bowel disease was found (RR 1.04 (0.78-1.38)). Again these studies were
limited by sample size, the possibility of recall bias for vaccine status and
heterogeneous age of BCG vaccination. A Danish cohort study that analysed the risk of
inflammatory bowel disease by timing of BCG vaccination did suggest a small

reduction in risk with BCG given before 4 months of age (HR 0.43 (0.20-0.93))."®

Relatively few studies have assessed the impact of BCG vaccination on TIDM. Two
large retrospective cohort studies using heath records (in Canada and in Sweden)
showed no association between BCG vaccination at birth or in the first year of life and
later TIDM.'"" 192 A UK-based case-control study showed no association between
childhood immunisations and later T1DM, although BCG was not analysed
independently from other routine immunisations.'”” One case-control study in Canada
suggested a later onset of TIDM in BCG vaccinated infants, possibly pointing to a
temporary protective effect on the immune system.'** However, a prospective cohort of
German children born to mothers with TIDM suggested that BCG vaccination reduced
progression to clinical disease in autoantibody positive children (54% vs. 27%
progression by 5 years, p=0.03),'” although the numbers of BCG vaccinated

autoantibody positive children were very small.

Clinical trials

No randomised controlled trials have been conducted to investigate the effect of
neonatal or infant BCG vaccination on the development of autoimmune disorders. This
is presumably due to the relative rarity of the outcomes of interest in the general

population, the lag-time from infancy to usual onset of the outcomes, and the absence of
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suggested protection in observational studies. A number of trials have been performed
to investigate whether BCG given early in the course of autoimmune disease may be

used as an immunotherapy to modulate its course.

One group in Denmark has conducted two randomised controlled trials investigating the
potential for BCG to act as an immunotherapeutic agent to alter the course of MS in
adults. One small crossover pilot study carried out in 12 MS patients suggested that
BCG given early after diagnosis reduced the degree of disease activity (as assessed by
Gadolinium MRI scans) in the short term, and reduced the risk of developing persistent
T1 hypo-intense lesions when followed up for 2 years.'*” '’ This led to a larger double-

blind placebo-controlled randomised study'®®

of 82 patients with clinically isolated
syndrome, which showed reduced lesion development in the first 6 months following
Pasteur BCG (RR 0.54 p=0.03), with significantly reduced clinical severity and reduced
requirement for disease modifying therapies at 60 months post vaccination.'” Further
larger studies will be required to see if BCG may have a role in disease-modification in

. 109
progressive MS.

Due largely to murine models suggesting that BCG may reduce pancreatic islet cell
destruction and even restore insulin secretion when given in the early stages of the
disease, several small studies have investigated its effect in early TIDM. In 1994
Shehadeh et al. described a small study of BCG vaccination (Connaught strain) in 17
newly diagnosed patients with T1DM, with 29 clinic patients used as historical controls.
Patients receiving BCG went into remission significantly more often than historical
controls (65% vs. 7% p<0.0001), although most of these patients relapsed again after 1-
8 months."'” A subsequent alternately allocated placebo-controlled trial showed no
changes to C-peptide level or clinical course of TIDM in 26 adult patients when

followed-up over 18 months.'"

These findings were confirmed in an RCT of 94
children vaccinated with BCG or placebo within the first four months of TIDM
diagnosis and followed-up for 1 year.''* More recently, however, there has been interest
in the potential for BCG to restore islet cell function in long-term T1DM, possibly
through its TNFa stimulating abilities. A small proof-of-concept RCT gave BCG
(Sanofi-Pasteur) to 3 long-term T1DM patients and showed transient improvements in

C-peptide levels, but it is unclear whether this would have any clinical utility.""

Observed reductions in delayed type hypersensitivity in patients with Crohn’s disease

lead to two small trials of comparing oral BCG (Institut Pasteur) with placebo in

114, 115

established inflammatory bowel disease. Neither reported improvements in
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clinical or laboratory markers of the disease. No studies have been performed using

intradermal BCG as immunotherapy for inflammatory bowel disease.

3.1.3.3 The NSE of BCG and malignancy

It was noted in the early 20" century that patients with tuberculosis rarely developed
malignancies.''® This, combined with the observation that local or systemic bacterial
infections could induce remission of lymphosarcomas, led to interest in the use of BCG

to prevent or treat malignancies.'"’

Observational studies

Since the 1970s epidemiological studies have variously suggested a decrease in

childhood leukaemia and lymphomas incidence with prior BCG vaccination''® ' %

121, 122 123-130

or no effect. Heterogeneity as to age at BCG vaccination may be partly
responsible for these differing results, with neonatal BCG appearing most protective,'
although population based differences cannot be ruled out. A meta-analysis of these,
largely case-control studies, showed reduced odds of childhood leukaemia with any
vaccination received in the first year of life (OR 0.58 (0.36-0.91)) with BCG having the

strongest point estimate of an effect (OR 0.73 (0.50-1.08))."*

A large European multi-centre case control study reported both decreased incidence of
melanoma'” and increased survival** in melanoma patients who have had prior BCG
(or smallpox) vaccination. Epidemiological evidence for early-life BCG providing non-
specific protection against the later development of cancers other than melanoma and

haematological malignancies, is lacking.

As with all observational work, the potential for there being unmeasured environmental
confounders remains high in these studies. The particularly strong association between
attendance at day care and reduction in haematological malignancies may suggest that
diverse immunological challenges in early life could affect the maturation of the
immune system and alter the later propensity to tumour development, rather than it

being a unique NSE of BCG."”
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Clinical trials

One controlled study of BCG vaccination in nearly 35,000 people in USA in the 1950s
was followed up 30 years later to investigate cancer rates in the two groups.'>® Overall
no difference in cancer incidence was shown by BCG vaccination status, and there was
even a suggestion of increased risk of Hodgkin’s Lymphoma. The study was limited by
the relatively small numbers of individual types of cancer, and the fact that all
participants were aged >5 years on BCG vaccination — limiting the ability to detect an

effect of early BCG or the effect of BCG on childhood malignancies.

The use of BCG as an immunotherapeutic agent for superficial bladder cancers and
melanomas is well known, and a review of the clinical trial evidence supporting this
practice is beyond the scope of this thesis.">’ It is worth noting, though, that initial trials
suggesting a use for systemically administered BCG in treatment of cancers'*® were not
subsequently borne-out.'” In fact Zbar and colleagues defined a number of features
required for BCG use in cancer treatment, including long-lasting contact between live
BCG (at a dose of 10°10® colony forming units) and the tumour cells."*" '*' Thus,
although the use of BCG as an immune-modulating agent in cancers is proof that BCG
can have non-disease-specific influences on the immune system, they might act via
different mechanisms to those linking intradermal BCG administration with reduced all-

cause mortality and protection from infectious disease.

3.1.4 Summary: Human studies of the clinical NSE of BCG

Clinical trial and epidemiological data are supportive, though not conclusive, of there
being a non-specific immunological effect of BCG vaccination. Evidence suggests that
this effect may reduce all-cause mortality in high-mortality settings, likely mediated
through reductions in infectious disease. Evidence for a non-specific beneficial effect of

BCG on disease outcomes in high-income, low-mortality settings is more equivocal.
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3.2 Animal studies investigating the NSE of BCG on heterologous
pathogen morbidity and mortality

In the mid-20™ Century, a large number of animal studies were conducted investigating
the ability of BCG to provide protection against heterologous pathogens. Studies
investigating the heterologous effects of BCG on the clinical outcomes of infection,
morbidity and mortality in animals are summarised in Table 3.4, and comprehensively

reviewed by Freyne et al.'*

As outlined in Table 3.4, the majority of published animal studies show at least some
protection against infection, morbidity or mortality from a wide range of pathogen
types, following pre-treatment with BCG. These NSE appear to be conserved across a
range of animal models and experimental conditions used (with heterogeneity in route,
strain and dose of BCG inoculum, age and sex of animals used, duration between BCG
administration and pathogen challenge, route, type and dose of pathogen

143,144 and one of

administration). In fact, only two studies of trypanosomiasis in mice
Treponema pallidum in rabbits'® described no clinical benefits associated with any
form of BCG pre-treatment, although reporting bias in favour of positive results is

acknowledged to be particularly problematic with animal studies.'*°

Animal studies can be useful in understanding human disease, due to the ability to
standardise procedures, manipulate a variety of experimental conditions and perform
more invasive mechanistic studies than may be possible in human populations.
However, extrapolation from animal studies to humans is also notoriously fraught with
difficulties. Many of the described studies varied significantly from the likely
conditions of BCG vaccination in humans. The intravenous (IV) or intraperitoneal (IP)
route of administration was commonly used, as opposed to the intradermal (ID) route
used with human BCG vaccination. BCG inoculating doses were generally much higher
(in the range 10°-10® colony forming units (cfu)) than those received by human infants
(3-4 x 10° cfu). Studies investigating various doses of BCG pre-treatment tended to
show dose-dependent responses, with heterologous effects only observable above 10°

147-149

cfu Indeed some studies showed trends toward increased mortality e.g. from

7 and infection from Escherichia coli'*® following lower

Staphylococcus aureus'
inoculating doses of BCG. The higher BCG inoculums used, combined with the smaller
weight of the animals, results in a much increased cfu/kg inoculating dose in the animal

models which could argue that any heterologous effects of BCG are unlikely to be
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observed at the doses used in humans. The challenge doses of organisms used in the
studies were also much greater than would normally occur in human disease, which
may influence the degree to which BCG-induced heterologous protection is clinically
relevant. Of most concern, however, may be the variation in protective effects of BCG
observed with different durations of time from vaccination to pathogen challenge, with
some studies describing decreased survival benefit or enhanced susceptibility to

147,198 The lack of significant protection

infection with certain durations of pre-treatment.
against schistosomiasis in primate models of prior BCG vaccination, contrasting with
the good protection shown in earlier murine models, exemplifies the caution needed

130 Taken together,

when transposing results from animal studies to primates or humans.
however, the wealth of studies in different animal models and of various pathogen types
provides, at the very least, compelling supporting evidence to continue investigating the
heterologous effect of BCG in humans that have been suggested by the epidemiological

studies and trials.
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Table 3.4. Animal studies investigating the NSE of BCG vaccination

Pathogen Animal model BCG Numbers Time to Results Reference
intervention pathogen
details
Bacteria
Staphylococcus Mice BCG HK=8 13-19d Reduction in average mortality and survival time in BCG Dubos 1957""
aureus (IV) Male and female,  Philadelphia Live=8 treated mice compared to controls. HK more effective than live-
4wks old (IP). Live 0.1mg  Controls=8 attenuated.
or HK 2.5mg
Salmonella Mice BCG Pasteur Immunised=141 14d Increased average survival time, increased phagocytic index Howard
enteritidis (IV) Male, adult (IV). 0.25mg Controls=85 (colloidal carbon and LPS clearance) but increased 1959'%2
susceptibility to endotoxin in BCG vaccinated animals vs.
controls.
Listeria Mice BCG Rosenthal ~ High dose=5 3dintervals  Significant increase in host resistance to Listeria in the liver and ~ Blanden
monocytogenes (IV)  Female, 6-8wks (route and dose ~ Low dose=5 up to 28d, spleen following high-dose BCG vaccination, with 1969'%
old not specified) Controls =5 then at 35d corresponding increase in clearance of Listeria from the blood
At each or 56d stream. Similar trend but non-significant following low-dose
challenge BCG.
interval
Rapid onset of liver and spleen resistance (within first 48hrs).
Salmonella Mice BCG (IV) 10° Immunised=363 10d Reduction in mortality (37% vs. 63% p<0.001) and reduction in ~ Senterfitt
typhimurium (IP) Female. Agenot  cfu. Strainnot  Controls=343 Salmonella infected cells in BCG pre-treated group. Salmonella 1970
specified specified. antibody levels at 5d post Salmonella infection where no
different in BCG pre-treated group compared to controls.
Shigella flexneri Rabbits BCG Pasteur Immunised=8 22d Reduced Shigella growth in the eye from 2d post-infection (3x), Nakamura
(topical to Age and sex not (IV). 107cfu Controls=8 but no subjective reduction in the severity of conjunctivitis 1972'%
keratoconjunctiva)  specified symptoms (large infecting dose of Shigella noted).
Correlation between the intensity of the DTH reaction to BCG
and the ability to control Shigella multiplication in the eye.
BCG pre-treatment produced Shigella endotoxin hyper-
reactivity.
Streptococcus Mice BCG (strain not  Immunised=3 BCG vaccination followed by tuberculin challenge lead to the Salvin 1974
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Sfaecalis, Female, adult specified) (IV Controls=3 acute production of soluble lymphokines: MIF and IFNy.
Staphylococcus 3x10%cfu) +
aureus, 50ug tuberculin Serum from BCG vaccinated animals inhibited bacterial growth
Pseudomonas challenge IV in-vitro, but not candida.
aeruginosa (and 3wks later
Candida albicans)
culture
Staphylococcus Mice. BCG Brazil Immunised=25 3,7, 14 or Reduced mortality with BCG pre-treatment at any interval prior  Sher 1975"
aureus (IV) Adult, male Various doses Controls=25 28d to challenge when given at 10°%cfu (but not at lower doses, in
Immuno- For each fact some evidence of increased mortality compared to controls
competent and experimental at 7 and 28d), in immuno-competent and immuno-suppressed
supressed. condition mice.
Treponema pallidum Rabbits BCG (IV) 2mg Immunised =6 28d (+/- No modification of syphilitic lesions with either 1 or two doses ~ Graves 1979'%
(D) Age and sex not Strain not Controls =6 BCG booster of BCG pre-treatment.
specified specified on 0d)
Escherichia coli Mice BCG (SC) Immunised=401 3.5,6 or 13d Immunisation 13d prior to infection significantly reduced Fogelman
(surgical wound Adult, male Various doses Controls=167 Escolar growth from surgical infection sites (p<0.004) when 19814
model — IM given at 2-16x10"cfu.
implantation of
suture coated in No significant differences following lower BCG pre-treatment
E.coli) doses given at 3d or 6d of age, with a trend toward enhanced
bacterial growth.
Legionella Guinea pigs BCG (IP) Glaxo BCG alone=12 5-6wks post  No survival benefit with BCG pre-treatment (0/12) compared to ~ Gibson 1985"
pneumophillia Adult, female 5x10°cfu Controls =15 BCG (3,6 or controls (0/15).
(inhaled) BCG+MTB 10d post
infection = 22 MTB) 100% of animals challenged with L.pneumophilia 3d after MTB
infection with BCG pre-treatment survived. Survival decreased
with time from MTB infection (6d and 10d).
Nocardia seriolae Japanese flounder BCG. Strainnot Immunised =28 28d BCG pre-treated fish had lower mortality at 34d (21.4%) than Kato 2012'%®
ar) (P. olivaceous) specified. Control = 30 controls (56.7%).
Adult, no sex 9.4x10° cfu
specified Weak up-regulation in BCG vaccinated fish. Strong up-
regulation of macrophage associated enzymes e.g. lysozymes.
Viruses
Herpes simplex Rabbits BCG Pasteur Immunised=30  4wks Reduction in encephalitis-related mortality with BCG pre- Larson 1972"
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virus-2 Age and sex not-  (IV). 10’cfu Controls=30 treatment (33% mortality cf. 83% mortality).
(intravaginal and specified

intracorneal) Route of HSV-2 infection dependent: best mortality benefit with
corneal scarification rather than injection.
Herpes simplex Rabbits BCG Pasteur Immunised=75 14d Significant reduction in corneal lesions at 7-14d post-HSV Kaufman
virus (McKrae Age and sex not (ID) 0.7ml of Controls=75 infection with BCG pre-treatment, but at no other point up to 1975'%
strain) specified 7.5mg/ml Swks.
solution
Herpes simplex Mice Viable BCG Immunised=31 2,4 or 6d Significant reduction in mortality (p<0.0005) when BCG given  Starr 1976
virus-2 (IP) Neonatal, sex not  Tice (IP and Controls=31 6d prior to HSV infection, but not at 2d or 4d. Both IP and ID
specified ID). 0.05ml of routes protective.

1-8x10%cfu/ml

No mortality benefit from pre-treatment with typhoid or
Brucella vaccines (non-live).

Encephalomyocardi Mice BCG Pasteur Not specified Not Significant improvement in survival with BCG pre-treatment Floc’h 1976'%
tis, murine Age and sex not specified (41% survival with BCG pre-treatment, 18% survival in (abstract only,
hepatitis, HSV-1 specified Inoculation controls). available)
and 2, foot and route not
mouth disease and specified Improvement particularly marked for influenza, HSV-1 and
influenza viruses encephalomyocarditis.
Influenzae A Mice BCG (IPorIN) BCGIP=16 Various Significant survival benefit of mice with BCG pre-treatment 4 Spencer
Adult, female dose and strain ~ BCG IN=18 intervals. +/- and 6wks prior to challenge (p<0.01), but not at 12wks. INBCG 1977
not specified Control = 18 BCG booster administration more effective than IP. Booster doses also

2d prior to provided protection (p<0.05).

challenge
Ectromelia virus Mice Viable BCG Immunised=18  21d Reduction in EV mortality with BCG pre-treatment (6/16 vs. Suenaga
IP) Female, 8wks old  (IP). Strain not Control=21 14/16). 19781

specified. 1mg
wet weight Reduction in EV growth in peritoneal exudate and spleen cells.

Interferon production significantly higher with BCG-pre-
treatment in peritoneal exudate, but lower in liver, spleen and
blood (possibly due to lower growth of EV in these organs).
Spleen cells from BCG infected animals had an 8-fold greater
capacity for in vitro IFN production than controls.
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Vaccinia virus (IP)  Mice BCG Connaught Immunised=25  7d or 12d Reduced mortality with IP BCG pre-treatment (3/25 cf. 25/25).  Werner 1979'®
Male, adult (IP/NG). 10’cfu  Control=25 No effect with NG BCG pre-treatment. No difference in
mortality benefit by time to challenge.
Increased vaccinia virus antibody titres with BCG pre-treatment
(1:128 vs. 1:512).
Ectromelia virus Mice BCG Japan (IP). Immunised=60  4wks or BCG pre-treatment improves survival from EV in both Sakuma
(IP/1V) Female, 8-12wk Viable and heat-  Control=60 3mths splenectomised and normal mice, compared to controls. 1983'%¢
old killed. 1mg wet
weight The survival benefit persists at 1mth post-BCG inoculation but
wanes by 3mth.
Both HK and viable BCG provide resistance to EV compared to
controls.
Significantly increased carbon clearance (RES activity), and
splenic IFNy production with BCG pre-treatment. The increased
IFN production with BCG was reduced by a) splenectomy, b)
anti-thymocyte serum and c) anti-macrophage serum, with the
combination reducing IFNy to control levels.
Fungi
Candida albicans Mice BCG Brazil Not specified 3,7, 14 or Increased mean survival time with BCG pre-treatment in Sher 1975'
av) Adult, male (live 28d immune-competent and supressed mice, but no decreased
Immuno- attenuated). 107, overall mortality.
competent and 10%,10° cfu
supressed
Candida albicans Mice BCG Denmark 1-7d Reduction in candida in the liver and spleen (p<0.01), increased ~ Van t’Wout
av) Adult, male (IV 5x10%fu) H,0, production (6-fold) and reduced germ tube length (p<0.01)  1992'"
with IP PPD in BCG/PPD stimulated macrophages, with BCG pre-treatment
50ug 1d-7d before.
Candida albicans SCID Mice BCG Pasteur Immunised=15 14d BCG pre-treatment significantly increased survival from Kleinnijenhuis
av) Age and sex not  10°cfu IV Control=15 disseminated candidiasis (100% vs.30%, p<0.005), decreased 2012'%°
specified fungal burden in the kidney (p<0.01) and increased splenic
TNFa production following LPS stimulation (p<0.01).
Candida albicans SCID Mice vs. BCG Pasteur SCID 14d BCQG pre-treatment significantly increases survival from lethal Kleinnijenhuis
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av) NOD/SCID/IL2 ~ 10°cfu IV Immunised=15Co disseminated candidiasis in SCID mice. The protective effect of 2014
Ry mice (T,.B ntrol=15 BCG was partly lost in NSG mice, suggesting a role for NK
and NK cell NSG Immunised= cells in BCG conferred protection.
deplete) 15 control=15
Female mice
6-8wks old
Protozoa
Trypanosoma cruzi  Mice Live BCG Immunised=10 21d No significant differences in mean survival time or peak Kuhn 1975'#
IP) Adult (strain not Control=10 parasitaemias. Radiolabelled parasite distribution significantly
specified) (IV). more in kidneys and spleen with BCG pre-treatment, vs. liver in
3mg wet weight controls.
Trypanosoma cruzi Mice BCG Mexico Immunised=10 10d Decreased mortality (100% vs. 60%), increased survival time Ortiz-Ortiz
aP) 4-6 week old (IV) 4x10°cfu Controls=10 (mean 31d vs. 19.4d), reduced blood stream trypanomastigotes ~ 1975'%
in BCG pre-treated group.
Trypanosoma cruzi Mice BCG Glaxo (IP) Immunised=6 3dor 18d Increased in vitro macrophage killing of 7. cruzi in mice pre- Hoff 1975'%
IP) Female, age not  10°cfu Control=6 treated with BCG (p<0.05).
specified
No in vivo protection against mortality or increased time to
mortality in BCG pre-treated mice.
Toxoplasma gondii Rabbits BCG (IV and Immunised 14d Delayed onset and severity of toxoplasma choroidal retinitis Tabbara
(supra-choroidal Male and retrobulbar) V=10, following IV BCG pre-treatment. 1975'7
injection) female retrobulbarly =10
Controls=10
Echinococcus Cotton rats BCG Montreal Immunised=12 1wk BCG pre-treatment reduced growth (p<0.01) and metastasis Rau 1975'""
multilocularis (IP) Sex and age not  (IP) 26.4x10°%fu  Control=12 (p<0.005) of E. multilocularis.
specified 8 animals
also received BCG treatment after established infection does not affect E.
BCG 2wks multilocularis growth, but does significantly reduce metastasis
after (as measured by number of cystic foci) (p<0.005), though to a
pathogen lesser extent than BCG pre-treatment (p<0.025).
challenge
Babesia microtii and Mice BCG Glaxo Immunised=57 14dor28d  BCG pre-treatment protected mice from parasitaemias and lead ~ Clark 1976'"
rodhaini (IP) Female, 6wk old  (IV) 2x10’cfu Control=57 to rapid clearance at all inoculating doses of Babesia spp. and at

14d and 28d post BCG.
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BCG pre-treatment reduced circulating Babesia specific
antibody levels, likely due reduced parasitaemias.

Leishmania Mice BCG Pasteur 30d+14d or  Significantly lower parasite levels in spleens and livers of BCG ~ Smrkovski
donovani (IV) Female, 6wk old  (IV/IP). Various 14d+0d pre-treated mice (p<0.01). 1977'%
doses
BCG given 14d/0d prior to challenge more effective than
30d/14d.
Protection greater at when BCG dose 10 rather than 10> and
with IV rather than IP BCG.
BCG booster inoculation was also effective therapeutically at
reducing parasite burdens of previously infected mice.
Schistamsoma Mice Viable BCG Immunised=6 Various Halving of schistosomule recovery from the lung and adult Civil 1978'7
mansoni Female, adult Tice (IV/IP/SC).  Control=6 worm recovery from the circulation with IV BCG-pre-treatment
(percutaneous) Vs. viable BCG  For each (p<0.01).
Pasteur vs. heat-  experimental
killed BCG Tice ~ condition Rapid protection from S.mansoni infection for up to 8wks,
following viable BCG pre-treatment.
2x107cfu
IV BCG given at time-points from 14d before to 3d after
challenge protected against S.mansoni infection (p<0.01). BCG
given >10wks before cercarial infection conferred no protection.
Protection only induced with high-dose (2x10” cfu), viable, IV
BCG administration. No protection if a) lower dose (<2x10°) b)
heat-killed or c¢) IP/SC administration.
Schistosoma mansoni Baboons BCG Chicago Immunised = 13 4orlld Sub-cutaneous BCG administration 4 days prior to cercarial Sturrock
(Kenyan) (SC,IM orID)  Control =9 challenge lead to a significant reduction in worm burden (38%). 1985
8-10kg, sex not  dose varied IM or ID BCG administration 11 days prior to challenge did
specified not.

No sex differential effects. No differences in the ability of
monocytes to kill shistosomulae.
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Plasmodium yoelii
(IP)

Mice
Age and sex not
specified

BCG Pasteur
(SC) 10° cfu

Immunised=30
Control=30

2wks or
2mths

BCG pre-treatment 2mths prior to challenge produced Parra 2013'™
significant protection against P. yoelii infection (p<0.05) and

parasitaemia (93% reduction at d16 compared to controls) but

not at 2wks prior to challenge.

Elimination of CD8 T-cells, reduces the BCG-induced
protection (p<0.05).

Up-regulation of 15 genes including chemokines, antimicrobial
peptides and IL-1, following plasmodium infection in BCG-
treated mice compared to controls. Treatment with two of these
gene products (lactoferrin and cathelicidin-type peptide)
reduced plasmodium parasitaemias in the absence of BCG pre-
treatment (p<0.05).

IV, intravenous; IP, intraperitoneal; SC, subcutaneous; ID, intradermal; IN, intranasal; IM, intramuscular; NG, nasogastric; HK, heat killed; PPD, Purified protein
derivative; BCG, Bacille Calmette Guerin; SCID, Severe Combined Immunodeficiency Disorder; d, days; wks, weeks; mths, months; yrs, years; cfu, colony forming
units; MIF, macrophage inhibitory factor; IFN, interferon; TNF, Tumor Necrosis Factor; RES, Reticularendothelial system; DTH, Delayed Type Hypersensitivity;
LPS, Lipopolysaccharide; NK, Natural Killer; NSG, NOD SCID gamma mice; HSV, Herpes Simplex Virus;
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3.3 Mechanistic studies

There are a large number of published studies in humans that provide information
regarding potential immunological mechanisms to explain the observed NSE of BCG
vaccination against non-tuberculous pathogens. Many of these studies were designed to
investigate the effect of BCG on mycobacteria-specific cytokine production, but also
provide information about non-specific stimuli responses from their positive and
negative control data. More recently, a number of studies have been designed purposely
to investigate the impact of prior BCG on immunological responses to heterologous
stimuli. Although there is also an abundance of animal data investigating the

175 .
7> these are not reviewed here

immunological mechanisms underlying the NSE of BCG,
because of the known difficulties in translating animal-based immunological findings to

humans, and because of the wealth of more applicable human data available.

3.3.1 The NSE of BCG reported in studies designed to investigate mycobacterial-specific

responses.

The majority of studies designed to investigate the effect of BCG on mycobacteria-
specific immunogenicity, report no significant differences with heterologous positive
control stimuli or with un-stimulated samples:

* Marchant et al. compared BCG Glaxo given at birth vs. 2 months of age vs. 4

'7® They showed no difference in interferon-gamma

months in Gambian infants.
(IFNy), IL-4, IL-5 and IL-13 production or lymphocyte proliferative responses
following 5-day whole blood stimulation with phytohaemaglutinin (PHA), when
comparing BCG vaccinated with unvaccinated infants, or early vs. delayed BCG.'”’

* A subsequent RCT conducted in The Gambia comparing BCG Russia given at birth
compared to 4.5 months of age also showed no differences in IFNy, IL-10, IL-13,
IL-6 and IL-17 cytokine production, or in CD4+ T-cells, CD4+CD25+ activated T-
cells or CD4+CD25+FOXP3+nTreg cells, following 5-day whole blood stimulation
with Staphylococcus enterotoxin B (SEB), PHA or Roswell Park Memorial Institute
(RPMI) unstimulated growth medium as control stimuli.'”®

* Black and Weir et al. report results from several RCTs comparing BCG Glaxo to
placebo in Malawian and UK adolescents. They report no significant differences in

IFNy responses in lymphocyte cultures stimulated for 5 days with PHA,
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streptokinase/streptodornase  (SK/SD) and RPMI up to 12 months post-
vaccination' ”"*!" or TNFo and IL-1B levels from lipopolysaccharide (LPS)
stimulated 24-hour whole blood cultures.'®

In South Africa, Hussey et al. conducted an RCT to investigate the influence of
different BCG strains (Danish SSI vs. Japan), vaccination routes and vaccination
timings (birth vs. 10 weeks) on mycobacterial-specific immunogenicity.'® PHA and
tetanus toxoid (TT) were used as positive controls in lymphocyte stimulation assays
with no significant differences in IFNy, IL-5 and IL-10 or lymphoproliferative
responses shown at 10 weeks post vaccination.

A subsequent South African study comparing BCG SSI at birth with 10 weeks of
age also reported no differences to intracellular TNFa, IFNy and IL-2 expression, or
numbers of polyfunctional T-cells, following 12-hour whole blood simulation with
RPMI or SEB, either at 10 weeks (comparing BCG vaccinated vs. unvaccinated
infants) or at 12 months (comparing early vs. delayed BCG).”® Similarly, a large
study comparing the mycobacterial-specific immunogenicity of BCG SSI given at
birth or 8 weeks of age in HIV-exposed infants in South Africa largely showed no
differences in intracellular cytokine staining for IL-2, IL-13, IL-17 and IFNy
following 6-day whole blood stimulation with Bordetella pertussis, SEB and TT at
either 8 weeks of age (BCG vaccinated vs. unvaccinated) or 14 weeks (early vs.
delayed BCG)."™ A tendency toward lower Bordetella pertussis stimulated IL-13,
and increased CD4+ T-cell proliferation to SEB, was reported at 14 weeks in the
early BCG group.

A small RCT conducted in Turkey investigating the impact of timing of BCG
Pasteur vaccination (birth vs. 2 months of age) showed no differences in the
production of IFNy and IL-10 from PBMCs collected at 2 and 8 months of age and
stimulated for 5 days with PHA, although a non-significant trend toward higher
production of both with BCG vaccination at birth was seen.'®

Two UK based case-control studies, one in infants and another in adolescents, also
reported no significant differences in the concentrations of 42 different cytokines
and chemokines following 7-day whole blood culture with PHA, although a trend
toward higher responses for all analytes from BCG vaccinated participants was seen
at one month post-vaccination.'*®

A study conducted in the USA in adults investigating mycobacterial-specific

responses to two different BCG strains (Connaught and Tice) in adults, showed no
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increased lymphoproliferation following in vitro stimulation with tetanus toxoid or

RPMI at 1 or 2 months post immunisation.'®’

* An Australian cohort study comparing allergic responses in 7-14 year olds from two
adjacent Sydney districts, one providing BCG Glaxo at birth for high-risk
individuals and one not, mainly showed no significant differences for IL-4, IL-5 and
IFNy in whole blood stimulated for 48 hours with PHA or RPML’® A significant
reduction in IL-10 secretion in response to house dust mite was shown in BCG
vaccinated infants, however. The authors also reported significantly lower total IgE

levels in BCG vaccinated infants born to atopic parents, compared to those with no

history of atopy.

Only a few studies not designed purposely to investigate the NSE of BCG have reported
significant differences in non-mycobacterial outcomes. A case-control study conducted
in Indian 5-7 year olds showed significantly increased IFNy production from
lymphocyte cultures stimulated with Concanavalin A (p<0.01) in children reported to
have received BCG (strain unknown) at birth compared to unvaccinated children.'®
This study is at high risk of confounding, however, as it does not describe how cases
and controls were chosen or matched, and whether underlying socio-demographic
variables were comparable between groups. A longitudinal cohort study of Indonesian
infants receiving BCG Pasteur (median age 5 weeks), showed significantly increased
IFNy and significantly decreased TNFa and IL-10 production in whole blood stimulated

189 .
However, as similar

with PHA, comparing pre-BCG samples with 2 years post-BCG.
effects were seen following PPD stimulation, and there was no control group, the
possibility that these results reflect developmental changes as opposed to BCG-induced

NSE is high.

3.3.2 Immunological effects reported in studies designed to investigate NSE of BCG

Studies designed intentionally to investigate the impact of BCG on cytokine responses
to heterologous stimuli have tended to report significant effects, although the magnitude

and timing of these effects vary.

The first such study was conducted by Ota ef al. in The Gambia and was designed to

investigate interactions between BCG and other routine vaccinations.”’ In this study
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infants randomised to receive BCG Pasteur either at birth or at 2 months had
significantly increased IL-5, IL-13, IFNy, lymphoproliferation and antibody levels at
4.5 months of age, in whole blood cultures stimulated for 6 days with Hepatitis B
surface antigen, compared to unvaccinated infants. Increased IL-13 was seen in
response to tetanus toxoid stimulation at 4.5 months and increased polio antibodies at 2
months in BCG vaccinated compared to unvaccinated infants. No differences in any
cytokines were found following PHA stimulation and no lymphoproliferative or
antibody changes in response to tetanus or diphtheria toxoids. As Hepatitis B vaccine
was given at the time of BCG vaccination, the authors suggest that the results may
reflect a priming-ability of BCG when co-administered with other vaccines, a theory
that has been backed up by recently published in vitro and murine studies.'”® A
subsequent study in The Gambia, using BCG Russia instead of BCG Pasteur and
comparing BCG vaccination at 6 weeks vs. 18 weeks of age, did not confirm these
results, with no significant differences in any expanded programme of immunisation
(EPI)-vaccine antibodies shown at 18 weeks of age, comparing BCG vaccinated with
unvaccinated infants.'”” A panel of heterologous stimuli including heat-killed pathogens
and Toll-like receptor (TLR)-ligands were also used in 16-hour PBMC stimulation
assays in this study, with no overall differences in innate cytokines by BCG status
shown. Minimal sex-differential effects of BCG vaccination were shown, but these did
not persist long-term. The differing results between the two studies could reflect the
different BGC strains used and the different BCG vaccine timings. A case-control study
conducted in Australia comparing infants receiving neonatal BCG (Japan or SSI) with
unvaccinated infants, also failed to confirm the findings of the initial Ota study,
showing reduced anti-Hepatitis B surface antigen antibodies at 7 months of age in
infants who had received BCG at birth (p=0.03)."”! The study did suggest some
heterologous effects of prior BCG vaccination on EPI vaccine responses, however, as
there was a trend toward increasing anti-pneumococcal, anti-Haemophilus influenzae
type B (HIB) and anti-tetanus toxoid; this was significantly raised for the pneumococcal
capsular polysaccharide antigens 9v (p=0.01) and 18c (p=0.04). Different blood sample
timings, BCG strains and routine immunisation schedules may account for these
differences, although it should be noted that the hepatitis B schedule was the same in
both studies. As the Australian study was a case-control study, the possibility of
unaccounted for population differences between the BCG vaccinated and unvaccinated
infants explaining differences in antibody levels remains. Infants in the study were only

BCG vaccinated if their parents were originally from a country with high TB-incidence
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whereas BCG unvaccinated infants were recruited from routine Australian vaccination
clinics. No information about the ethnicity or sociodemographic characteristics of the
two groups was reported. Another case-control study conducted in The Philippines
compared infants receiving standard BCG at birth (strain not reported), with BCG
received after the first set of routine immunisations, also showed some effect of BCG
on responses to EPI vaccine antigens, though differing again from both The Gambian

and Australian results.'®?

Infants with prior BCG vaccination showed significantly
increased IFNy production on 48-hour whole blood stimulation with TT and inactivated
polio vaccine antigens (p=0.046), but no differences following PHA, hepatitis B Surface
antigen or RPMI stimulation. Increased IFNy+/TNFo+/CD4+/CD45RO+ T-cells
(p=0.0018) and a trend toward lower circulating FoxP3+CR450+regulatory CD4+ T-
cells was also seen in BCG vaccinated infants following in vitro PMA/ionomycin
stimulation. The authors suggest that this provides evidence of a Thl-polarising effect
of neonatal BCG vaccination upon heterologous stimulation, but the results need to be
interpreted with caution as the infants not receiving BCG at birth were out-born and
from communities living far from health-care facilities which may be very different to
children receiving BCG vaccination at birth (as is standard in The Philippines). The
children were age and sex-matched, however, and there were no significant differences
in infant weight-for-age, maternal age at delivery or educational attainment. Other
studies looking at the impact of prior BCG vaccination on EPI vaccine antibody
responses include studies from Denmark, Guinea-Bissau and South Africa, all of which

61,193, 194
showed no effect.”” "

Two recent randomised controlled trials using live-attenuated
viral vaccines as pathogen challenge models to assess the NSE of prior BCG SSI
vaccination in Dutch adults have also shown contrasting results in terms of antibody
production. Leentjens et al. reported significantly increased haemaglutinin antibodies
and a tendency toward more rapid seroconversion in participants receiving BCG SSI 14
days prior to trivalent influenza vaccine.'”” However, no differences in circulating
yellow fever antibody levels were shown in adult males given BCG SSI or placebo 1
month prior to live-attenuated yellow fever vaccine, despite lower levels of viraemia in

196

the BCG vaccinated group. — Thus, the evidence for BCG mediating its NSE through

alterations in specific antibody production is not clear.

A number of studies have used panels of in vitro heterologous stimuli, including heat-

killed pathogens and specific TLR-ligands, to investigate the NSE of BCG on cytokine
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production. The Aaby group conducted several of these studies, in Guinea-Bissau and
Denmark. The first such study investigated the effects of BCG revaccination in 19-
month old infants in Guinea-Bissau.'”’ This showed no significant differences overall in
IFNy, IL-13, tumour necrosis factor o (TNFa) or IL-10 following PHA or LPS
stimulation in vitro from whole blood samples taken either 11 weeks or 5-9 months
post-vaccination, comparing BCG SSI revaccination at 19-months of age with none,
although a trend toward increased IL-10 levels was suggested. During the course of the
study a national DTP-immunisation catch-up campaign occurred, meaning that some
study participants also received DTP during the study. A significant reduction in the
TNFo/IL-10 (pro/anti-inflammatory) ratio was seen in male infants who had received a
DTP booster by the time their blood was sampled, compared to those who had not (test
for interaction p=0.03), suggesting that in male infants DTP vaccination may reduce a
pro-inflammatory effect of BCG vaccination. This differential effect of DTP was not

seen in female infants.

As part of a further RCT of the impacts of early vs. delayed BCG in low birth weight
infants in Guinea-Bissau (original study described in ‘Clinical trials’ section above),
Jensen et al. conducted an immunological sub-study investigating the heterologous
effects in blood samples taken 4 weeks post-BCG SSI at birth or none (prior to any EPI
Vaccinations).193 The production of IL-18, IL-5, IL-6, IL-10, IL-17, TNFa and IFNy in
whole blood following 24-hour stimulation with a panel of TLR agonists was assessed.
BCG vaccinated infants had significantly increased IL-6, TNFa and IFNy following
Pam3CSK4 (TLR2/1) stimulation and IL-6/IFNy production following PMA/ionomycin
stimulation. Levels of TNFa and IFNy were also higher in the unstimulated cultures of
BCG vaccinated compared to unvaccinated controls. There was a tendency toward
stronger effects in BCG vaccinated females, although only IL-1f in response to
Pam3CSK4 showed a statistically significant sex-differential effect. The ratios of
pro:anti-inflammatory cytokines were also significantly increased following
heterologous stimulation, for both monocyte-derived cytokines (TNFa:IL-10) and T-
cell derived cytokines (IFNy:IL-5), most significantly for Pam3CSK4, but also for
CLO75 (TLR7/8) for monocyte-derived cytokines and PMA for T-cell derived
cytokines. There was no overall difference in leucocyte differentials by BCG
vaccination status, although BCG vaccinated females had significantly increased total
leucocyte, monocyte and basophil counts. The study, therefore, suggests that BCG may

mediated its non-specific beneficial effects in neonates by increasing pro-inflammatory
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cytokine production and the pro:anti-inflammatory cytokine ratio following secondary
stimulation with TLR2/1 and TLR7/8 agonists, and some suggestion of an increased

effect in girls.

In contrast, studies conducted more recently by the group in Denmark have overall
reported no significant differences in heterologous stimulated cytokine production or
EPI-antibody production at 4 days, 3 months or 1 year post-randomisation, comparing

neonatal BCG SSI vaccination with none.'”* '*®

The authors did report a tendency
toward increased TNFo:IL-10 ratio in the BCG vaccinated group to all non-specific
stimuli, similar to their study in Guinea-Bissau, although this was not statistically
significant and did not vary by sex. The authors also reported a tendency toward
increased cytokine production to all non-specific stimuli and trend toward increased
Bordatella pertussis/pneumococcal antibodies in infants who received their neonatal
BCG vaccination between 2-7 days of age rather than 0-1 day, although this was a post-
hoc analysis. The lack of significant immunological results in this study correlates with
a lack of clinical findings. Interestingly, IFNy induction by BCG-stimulation was also
low in the vaccinated group, suggesting poor mycobacterial-specific responses in this
setting, although the detection of IFNy may not have been optimal. This may reflect

changes to BCG SSI growth characteristics with recent batches'”” or genetic differences

of Danish children with children from Guinea-Bissau.

Studies conducted in the UK have also used a panel of heterologous pathogens and
TLR-ligands to interrogate the NSE of BCG vaccination on cytokine production. Smith
et al. randomised UK infants to receive BCG SSI at 6 weeks of age or none and took
blood samples 4 months later for 48-hour whole blood stimulation with LPS,
Pam3CSK4, C.albicans, S.aureus and E.coli”®® This showed increases in epidermal
growth factor (EGF), eotaxin, IL-6, IL-7, IL-8, IL-10 and IL12p40, monocyte chemo-
attractant protein-2 (MCP-2), macrophage inflammatory protein la (MIP-1a), CD40L
and platelet derived growth factor-AB/BB (PDGF-AB/BB), and decreases in IL-2, IL-
13, IL-17, granulocyte-macrophage colony stimulating factor (GMCSF), GRO and
IFNy-inducible protein 10, in various combinations for different non-specific stimuli.
EGF, IL-6 and PDGF-AB/BB were commonly higher after Pam3Cys, C.albicans and
S.aureus. Monocyte activation markers did not differ by vaccination status, but
significant increases in NK cell activation markers were seen (CD69) in response to
Pam3Cys, which correlated with the magnitude of its stimulated IL-12p40 and IL-10

response. The finding of altered cytokine production with prior BCG vaccination,
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particularly in response to Pam3Cys, is similar to the findings of Jensen et al. in
Guinea-Bissau, although the cytokines affected were different. Particularly, no effects
of heterologous stimuli on TNFa or IL-1p production were seen in the Smith study.
Again, the differing vaccination/blood sample timings and ethnicity of the participants
may have affected results, and there may have been interactions with routine

immunisations, which were received in the UK study, but not in Guinea-Bissau.

A recently conducted RCT in Australia is more comparable in design to Jensen et al’s
study. This study randomised infants to BCG SSI at birth or nil and followed up for
clinical allergic outcomes, with immunological sub-studies conducted to investigate the
NSE of BCG. The first immunological results, from samples taken at 7 days post-
randomisation and stimulated for 20 hours with heat-killed E.coli, H.influenzae,
S.aureus, Group B Streptococcus (GBS), S. pneumonia, L.monocytogenes, C.albicans,
peptidoglycan (TLR-2 agonist), Pam3CSK4, resiquimod (TLR-7/8 agonist) and RPMI
have recently been published. These showed increased background IL-6 and IL-1ra in
unstimulated samples, but decreased IL-1Ra, IL-6, IL-10, MIP-1a,, MIP-1B and MCP-1
after TLR2 and TLR7/8 stimulation, and decreased MCP-1 with heterologous pathogen
stimulation. Thus, the authors suggest that there is an overall decreased anti-
inflammatory response to heterologous pathogens, on a background of increased pro-
inflammatory cytokines. They suggest that this might produce a pro-inflammatory bias
upon heterologous pathogen challenge with prior BCG vaccination. The overall
conclusions of this study were similar to studies conducted in Guinea-Bissau and the
UK, but the stimuli and cytokine/chemokine effects were different. The authors also
reported a sex-differential effect on MIF with decreased levels in BCG vaccinated
males and increased levels in BCG vaccinated female infants. Stronger effects were
reported in infants receiving their BCG after 48 hours of age, which is comparable with

the results from Nissen ef al., in Denmark.

Perhaps the most exciting mechanistic studies investigating the NSE of BCG have been
those conducted by the Netea group in The Netherlands. These studies have suggested
that BCG can ‘train’ the innate immune system to increase cytokine production from
monocytes, and possibly natural killer (NK) cells, in response to heterologous
pathogens, by inducing long-term epigenetic modifications at the promoter region of
pro-inflammatory cytokines. This was first shown in humans in a longitudinal study of

29 Dutch adults, comparing stimulated cytokine responses before and at 2 weeks, 3
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months and 1 year following BCG SSI vaccination. In this study PBMCs stimulated for
24 or 48 hours with heat-killed S.aureus or C.albicans showed significantly increased
TNFa and IL-1f (~2 fold higher) at 3-months post-BCG compared to baseline.'®®
Production was also increased at 2 weeks, though non-significantly. E.coli LPS showed
the same trend, although this was only significant for IL-1p production. The increased
cytokine production was associated with significantly increased histone-3 lyseine-4
trimethylation (H3K4me3 - a stimulatory epigenetic modification) at the promoter
regions of TNFa and IL-6 (p<0.05, IL-1pB data not reported), and corresponding
increases in mRNA expression of TNFa and IL-1p (IL-6 data not reported), following
in vitro stimulation with S.aureus and C.albicans at 2 weeks and 3 months post-BCG.
Corresponding in vitro studies incubating PBMCs with BCG to ‘train’ them, showed
that the increased cytokine production to heterologous pathogens, induced by BCG, was
entirely abrogated by addition of a methylation inhibitor. Similar trends toward
increased NK cell cytokine production following heterologous stimulation were seen at
2 weeks and 3 months post-BCG vaccination, being significant for IL-1f production,
although epigenetic modification and mRNA expression data from NK cells were not
reported.”’ Although no changes in monocyte or NK cell numbers were seen, monocyte
activity markers CD14 and CD11b were significantly increased post-BCG vaccination.
As a whole this evidence strongly suggests that the NSE of BCG are mediated by
epigenetic modifications that train the innate immune system to respond in an up-
regulated manner in response to heterologous invasive pathogens. In further support of
these findings, the group showed that BCG was entirely protective against disseminated
Candidiasis in mice without a functioning adaptive immune system (SCID mice),
suggesting that the effects are mediated through alterations in innate immunity. Mice
lacking both T/B cells and NK cells had intermediate protection from prior BCG
vaccination, confirming that monocytes and NK cells are both likely to play a role in
BCG-mediated heterologous protection, at least against Candida. Follow-up studies by
the group showed that the cytokine potentiation in monocytes and NK cells had largely
disappeared 1 year after BCG vaccination, but significant increases in Th17-derived IL-
17 were still seen in response to S.aureus and C.albicans stimulation, with similar
though non-significant responses in IL-22.°> Th1 derived IFNy was also significantly
increased by S.aureus, though not C.albicans, at one year of follow-up. These findings
may suggest that early NSE of BCG are mediated through influences on the innate
immune system, with longer term effects mediated more through epigenetic

modification of adaptive cells. In fact another study by the Netea group using v-
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irradiated BCG failed to show increases in IL-6 or IL-1p with heterologous stimulation,
although significant increases in IFNy and IL-22 were shown.”” This suggests that live-
replicating BCG is required to produce training effects on the innate immune system,
with non-live BCG mediating effects mainly through adaptive immunity. This might,
hypothetically, provide an explanation for the differential timing of effects seen post-

. . . e e . 68, 202
BCG vaccination in the Kleinninjuis studies.'®®

Training of the innate immune
system to respond in an up-regulated manner to heterologous pathogens might occur
whilst live-BCG circulates post-vaccination. When BCG has been killed by the host
immune system, effects mediated through the adaptive immune system take over.
Although the persistence of viable BCG post-vaccination is not known, animal studies
have reported circulating BCG vaccination for up to 16 months post vaccination.””* The
longitudinal nature of the original studies, and the fact that subjects were chosen from a
travel clinic where they presented for BCG prior to overseas travel, means that
potentiating effects of non-tuberculous mycobacterial exposure might confound the
results. However, subsequent randomised controlled studies conducted by the same
group have confirmed increased IL-1fB, IL-6 and TNFa production in response to in
vitro heterologous stimulation at 1-month post-randomisation, in BCG vaccinated
compared to placebo vaccinated adult males. The increase in IL-1B was epigenetically
mediated (H3K27me3 - this correlates with H3K4me3 but is a more dynamic mark) and
strongly predicted subsequent reductions in in vivo yellow fever viraemia following
live-vaccine challenge.'® Interestingly, the BCG pre-treated group had lower levels of
circulating pro-inflammatory cytokines following yellow fever vaccination, though the

authors suggest that this may be due to lower circulating viral loads.

3.3.3 Summary: immunological mechanisms of the NSE of BCG

Immunological studies exploring mechanisms underlying BCG NSE are varied in their
conclusions. A systematic review of studies published prior to January 2014 was
undertaken at the request of the World Health Organization.* This concluded that the
current evidence supported a heterologous effect of BCG, particularly with respect to
increased IFNy production. No strong sex-differential effects or interactions with other
EPI vaccinations were found. The heterogeneity of study design and outcomes
measured precluded meta-analysis, however, and no alterations to BCG vaccination

guidelines were made.
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Many of the studies designed purposely to investigate the NSE of BCG have been
published subsequent to the above systematic review. Overall these studies support the
hypothesis that BCG induced protection against heterologous pathogens occurs via
upregulation of pro-inflammatory cytokines and chemokines (or alteration of the
pro/anti-inflammatory cytokine balance). There are strong suggestions that this is
mediated through epigenetic modification of monocytes +/- NK cells. However, the
magnitude, direction and duration of cytokine responses to non-mycobacterial stimuli
are extremely heterogeneous between studies. This may reflect differences in BCG
strain used, participant ages, population genetics, blood sample timings, stimulants and
blood cell types used for assays, assay durations and the impact of routine
immunisations. Importantly, the epigenetic studies have all been carried out in adults
from high-income settings, and whether similar effects occur in low-income neonatal

populations has not been investigated.

Whether BCG produces heterologous effects on the adaptive immune system is less
clear. Many of the studies investigating mycobacterial-specific responses of BCG that
reported non-specific responses from positive and negative control stimuli used
prolonged in vitro stimulation assays. Cytokine levels in these studies are likely to be
more reflective of adaptive cell activation and tended to show no difference, or
increases only in IFNy in response to heterologous stimulation. Alterations in adaptive
cell numbers, distribution or activity markers have generally not been described.
Although alterations in antibody production to EPI vaccinations has been shown in
some studies with prior BCG vaccination these have tended to be weak and inconsistent

effects.
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3.4 Possible effect modifiers of the NSE of BCG

As has been alluded to in the reviews of the clinical and immunological evidence
surrounding the NSE of BCG, several studies have suggested that the magnitude and/or

durability of effects may be influenced by a number of factors.

3.4.1 Interactions with other routine immunisations and age at immunisation

Although the evidence reviewed for this thesis concerns the NSE of BCG, the theory
extends to other routine immunisations. The Aaby group has proposed that live vaccines
(particularly BCG, measles and OPV, but also smallpox) have non-specific beneficial
effects in terms of all-cause mortality, but that inactive vaccines (particularly the alum-
containing DTP vaccines) have negative non-specific effects, increasing all-cause
mortality, particularly in girls (see ‘Effect modification by sex’ section below). This
highly controversial theory was first proposed following a trial of measles vaccine in
Guinea-Bissau, where all-cause female mortality was shown to be two-fold higher in
infants receiving high-titre measles vaccine at 5 months of age than in infants who
received standard-titre measles at 10 months of age.””® Subsequent analysis showed that
altering the timing of measles vaccination in the study had resulted in many infants
receiving DTP after measles vaccine, and the higher mortality was confined to these
infants.””” Longitudinal cohort studies from the group also suggest divergent mortality
rates by vaccination status, with infants who have not received DTP vaccination having
a lower mortality rate than DTP vaccinated infants of the same age."” This pattern
reverses for BCG and measles vaccinations, with infants missing vaccinations having
increased all-cause mortality rates. This finding appears consistent, if not always
significantly so, in other studies.”® The finding of altered patterns of mortality rates by
vaccination type is one of the strongest arguments against there being unmeasured
confounders that unduly affect the interpretation of epidemiological studies on the NSE
of vaccinations, because a confounder such as frailty bias is unlikely to act in an
opposing way for different immunisations. However, the evidence for routine
immunisations other than BCG having non-specific effects is limited by the ethical
difficulties in conducting RCTs of established immunisations, and the resultant reliance

208 No RCTs of DTP immunisations have

on epidemiological studies at high risk of bias.
been conducted to date. Meta-analysis of epidemiological studies of DTP showed a

tendency toward a negative effect of DTP for all-cause mortality (RR 1.38 (0.92-2.08)),
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which became significant when one study at very high risk of bias was excluded (RR
1.53 (1.02-2.30)).® The WHO has concluded that the observational evidence is
currently insufficient to recommend a change of policy but recommends that further

high quality trials are conducted.’”®

Further studies are particularly important as the
number of antigens received concurrently with DTP in the EPI-schedule has increased,
all of which may have interacting NSE. For measles vaccine epidemiological studies
overall suggest strong beneficial effects, particularly in girls. However, a meta-analysis
of four randomised controlled trials was not statistically significant (RR 0.74 (0.51-
1.07)), with low numbers of deaths and short follow-up limiting conclusions.’® Potential
NSE of live oral polio vaccine (OPV) may be of particular interest, as it is given
concurrently with both BCG and DTP containing regimes in many areas of the world.
The Aaby group has conducted a number of studies utilising the impact of national OPV

catch-up days to investigate its NSE.**"

These studies tend to suggest a beneficial
NSE of OPV for all-cause mortality particularly in children <6 months, although one
study notably suggested increased male infant mortality with OPV given at birth.?'* A
recent RCT from the group suggested that BCG and OPV at birth in normal birthweight
infants produces increased beneficial NSE, with lower all-cause mortality prior to other
EPI vaccine administration at 6-weeks of age (HR 0.65 (0.45-1.0)) compared to BCG

214

alone.”” These effects were particularly strong in boys.

If routine immunisations do have differing NSE, then the timing of vaccinations may
influence the overall effect of mortality. The Aaby group have proposed that
administration of a live vaccine, either with or shortly after inactive/DTP containing
vaccines may abrogate their negative NSE. Higgins ef al., in their meta-analysis
comparing various vaccination regimes (BCG before DTP vs. BCG after DTP vs. BCG
with DTP), showed a consistent trend to mortality benefit when BCG was given with or
after DTP, compared to DTP after BCG.”® These findings were corroborated in a
recently published re-analysis of a study from Bangladesh.'” Conversely, the three trials
of early vs. delayed BCG vaccination in Guinea-Bissau suggest that early BCG (before
DTP) is superior to BCG given with DTP, although the marked early effects on
neonatal deaths may account for this. Revaccination with BCG at 19 months of age in
Guinea-Bissau (theoretically after all routine-EPI vaccinations) did not show any non-
specific beneficial effects, although the occurrence of a national DTP catch-up

campaign during the study was thought to have confounded results.'”’
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The rapid developmental changes that occur to the immune system in the first year of
post-natal life mean that altering the age at which BCG is administered may
theoretically modify its beneficial NSE quite apart from affecting its interactions with
other routine immunisations. Although neonates produce robust Thl responses to BCG
when it is given at birth*"> a number of studies have investigated whether delaying
administration might enhance anti-tuberculous protection. Trials delaying BCG from

55,216

birth have tended to show larger scar formation, enhanced magnitude and duration

55, 216, 217

of tuberculin/PPD reactivity and enhanced Thl cytokine and memory T-cell

responses,”” '® although not exclusively.'”® However, as most deaths in infancy occur
in the neonatal period, if BCG does reduce all-cause mortality non-specifically then
neonatal administration may still have the greatest overall benefit, even if the actual
immunological effect is lower. The trials of early BCG administration in LBW infants
in Guinea-Bissau support this, with much of the protective effect of BCG being
confined to the neonatal period, as do epidemiological studies.”® Notably, trials

comparing BCG vaccination with placebo at later time-points have tended not to report

significant effects.*'®

3.4.2 Sex

Males and females differ in their immunological responses.””” In general, adult females
have stronger innate and adaptive immune responses compared to adult males. These
result in greater protection against many infectious pathogens and a reduced incidence
of malignant cancers but increased rates of autoimmune disorders, particularly during
the reproductive years. Sex differences are mediated through a combination of
hormonal, genetic and epigenetic mechanisms, although environmental factors such as

health-seeking behaviour also alter the clinical sequalae of such differences.

Due to altering hormonal status throughout the life-course, the influence of sex on
immune response also varies. Although this is less well studied, evidence from cord
blood suggests that male infants may produce more robust immune responses than
female infants, with increased numbers of CD8+ T-cells, monocytes, basophils and NK

. . . . . . 202 .
220221 increased innate cytokine production to LPS stimulation®** and increased

cells,
IgE levels. Cord blood from female infants shows increased CD4+ T-cells and a higher
CD4+/CD8+ ratio than male. There is no current evidence of differences in T-reg cells

by sex.**
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Sex differences in the response to vaccines are well documented.”'® Antibody responses
to childhood vaccines against hepatitis B, diphtheria, pertussis, rabies, pneumococci,
human papilloma virus, and to the RTS,S malaria vaccine are greater in females.***
Adverse reactions are also reported more frequently and have greater severity in
females compared to males, suggesting stronger immune responses.”'® Whether these
immunological differences translate to altered clinical protection against vaccine-
specific diseases is harder to ascertain, although females have lower attack rates of
influenza, hepatitis A and hepatitis B post-vaccination, and males have lower clinical

: : 218
disease post-pneumococcal vaccine.

Evidence for a sex-differential effect of BCG in neonates, either specifically or non-
specifically, is debatable. Many early studies either did not undertake, or did not
mention, analysis by sex. Several large meta-analyses of TB-specific clinical protection

225,226 peither has one

afforded by BCG have not interrogated the impact of sex,
investigating IFNy specific immune responses.””> Male infants in The Gambia have
larger scars and TST responses than females,” though mycobacterial-specific Th1/Th2
responses have not been shown to differ between sexes in infants.”*” A recent analysis
of the durability of PPD-induced IFNy responses from childhood vaccination showed a

weak trend toward higher long-term responses in adult males.**®

That the NSE of vaccines may act differently in males and females was proposed by the
Aaby group from the earliest days of the theory. In general, they proposed that both the
beneficial effects of live vaccines, and the detrimental effects of inactive vaccines,
occur to a greater extent in females than males. The WHO-sponsored analysis of NSE
studies up to 2014 found evidence to suggest that beneficial effects of measles vaccine
were stronger in females than males, but concluded that there was not enough evidence
regarding BCG and DTP vaccinations.” Table 3.5 summarises the current evidence for
BCG having sex-differential effects. The majority of studies investigating sex effects
were conducted by the Aaby group and have varying results, most tending to suggest no
effects. Epidemiological studies suggest that if sex-differential beneficial effects do
exist for BCG, they act by modifying a negative effect of subsequent DTP in females.
Conversely, clinical studies suggest that males have early non-specific benefits from
BCG and that females have later benefits, but provide no clear evidence for a
subsequent interaction with DTP vaccination. Immunological studies have produced

varying sex-differential results.
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Table 3.5. Evidence of sex-differential effects of BCG

Evidence for Epidemiological studies Immunological studies
sex-differential
effects of BCG
NSE of BCG more Meta-analysis of three Guinea-Bissau studies:  No difference with BCG vaccination alone but Guinea-Bissau.'” Increased total leucocytes,
in females BCG vaccinated female infants MRR 0.56 DTP reduces beneficial effect in girls with F:-M monocytes and basophils with BCG vaccination in
(0.31-1.0) vs. unvaccinated, in weeks 2-4 post MRR increased post-DTP but equal pre-DTP. females only. Tendency to increased pro-inflammatory
vaccination. No significant differences at 1 Shown in studies from India'"*'** Malawi** and cytokine responses in females (significant for IL-1f to
week post-vaccination.™ Senegal.’! Pam3Cys and IFNy to PPD).
ALRI hospitalisation more in unvaccinated Australia.”® Higher MIF in BCG vaccinated females
females than vaccinated. No effect of BCG on than unvaccinated.
male hospitalisations in Guinea-Bissau.”
NSE of BCG more Meta-analysis of three Guinea-Bissau studies: Australia.”” Lower MIF in BCG vaccinated males than
in males Male infants MRR in first week of life 0.36 females to intracellular heterologous stimuli

(0.20-0.67) in BCG vaccinated vs.
unvaccinated. No significant differences

after.”
No sex-differential No significant effect reported in any Guinea-Bissau™ *" 2"+ ¢ The Gambia.”'® Some sex-differential immunological
NSE of BCG individual trial of BCG: Burkino-fasso’ changes were shown over time but minimally impacted
Guinea-Bissau> "> > Bangladesh' by BCG and not persistent. In this study BCG Russia
Denmark™ Papua New Guinea'> > was used and infants were vaccinated at 6wks not birth.
Uganda®
Denmark’ Denmark'** '*® No sex-differential effects on pro-
Greenland®’ inflammatory cytokine production at 4d, 3mth or

13mth of age or antibody production at 13mth of age
after BCG at birth vs. nil.

RCT, randomised controlled trial; NSE, non-specific effects; BCG, Bacille Calmette Guerin; MRR, mortality rate reduction; DTP, Diptheria-Tetanus-Pertussis; F:M,
female:male; ALRI, acute lower respiratory tract infection; IFN, interferon; PPD, purified protein derivative; MIF, macrophage migration inhibitory factor; d, days;
wks, weeks; mth, months;
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3.4.3 Strain and batch differences

Calmette and Guérin first developed BCG by serial passage from a virulent
Mycobacterium bovis strain in 1921. Since then it has been estimated to have been

** When it was first used widely, lyophilisation

given more than 4 billion times.
techniques were not available. Live BCG was therefore distributed around the world to
be grown and maintained for local use. With continual serial passage and genetic
mutations, more than 14 sub-strains of BCG developed world-wide.”® In the 1960s
lyophilisation techniques became available and BCG seed-lots were produced, with a
maximum of 12 serial passages from each seed-lot recommended, which reduced
further deviation from the original BCG. Strains that have remained in use for routine

immunisations today can be divided into groups, according to when they mutated away

from the original strain, and therefore how genetically similar they are to it:

e Early (Group 1): BCG Moscow (Russia — also used in BCG India and BCG
Bulgaria), BCG Tokyo (Japan)

*  Mid (Groups 2 and 3): BCG Glaxo, BCG SSI (Danish)

e Late (Group 4): BCG Pasteur (Paris)

Of these, only BCG Danish, Japan and Russia are WHO-prequalified vaccines and
hence provide much of the worldwide supply. Other strains include Moreau (Early),
Sweden, Berkhaug, Jena (mid), Connaught (Toronto) and Tice (Chicago) (late). These
are no longer in routine clinical use, apart from Connaught and Tice, which are used for

bladder cancer immunotherapy only."’

The genetic variation of BCG strains has led to concerns that this may result in
downstream variation in mycobacterial-specific, and non-specific, immunogenicity.”'
In vitro studies suggest that earlier strains are more immunostimulatory than later
strains.”> Murine studies suggest that protection against pulmonary TB and delayed-
type hypersensitivity reactions are stronger from BCG Pasteur and BCG SSI strains,
compared to BCG Glaxo and BCG Japan.*® Comparison of cytokine production,
lymphocyte proliferation and CD8+ T-cell cytotoxicity in mice has also suggested that
protective activity is higher in BCG Pasteur compared to BCG Glaxo and BCG Russia,
although BCG Russia showed the highest cytotoxicity.”***> A more recent guinea-pig
model comparing early with late strains suggested that TB-specific protection did not

vary greatly by strain.”*® Studies conducted in infants in South Africa comparing BCG

SSI with BCG Japan suggested higher lymphoproliferative and cytotoxic responses in
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the later."™ *’ A RCT comparing BCG strains in Australian neonates showed
significantly higher mycobacterial-specific polyfunctional CD4-Tcells in infants
immunized with BCG Denmark or BCG Japan than with BCG Russia (p=0.018 and
p=0.003 respectively).”*® Infants immunised with BCG Japan in this study had the
highest levels of soluble Thl-cytokine production. BCG Pasteur and BCG Danish
strains have long been reported as more ‘reactogenic’ with increased reports of
ulceration at vaccination sites, suppurative lymphadenitis and local lymphadenopathy
compared to BCG Japan, BCG Glaxo or BCG Moreau strains.”’ Studies in Guinea-
Bissau suggested that infants vaccinated with BCG Russia developed a scar less
frequently than those with BCG Danish (87% vs. 97%).>*° Comparison of neonatal
vaccination with BCG Danish, BCG Russia and BCG Bulgaria (a sub-strain of BCG
Russia) was also made in a longitudinal cohort study of infants in Uganda.** Presence of
a scar at one year of age was significantly increased in infants receiving BCG Danish
(p<0.0001), as were BCG related adverse events (p=0.03). Specific IFNy and IL-10
responses were higher in BCG Danish vaccinated infants, as were [FNy, IL-10 and IL-
13 responses to PHA stimulation. A large RCT in neonates in Hong Kong showed a
45% (22%-61%) reduction in TB incidence following BCG Pasteur, rather than BCG
Glaxo administration.**' A cohort study in Kazakhstan showed a 69% (61%-75%)
reduced risk of TB diagnosis following BCG Japan, compared to 43% (31%-53% and
22% (7%-35%) following BCG Serbia and BCG Russia respectively.***

Thus, in general, in vitro, murine and human studies suggest that there are variations in
BCG-induced immunogenicity by strain. On balance the evidence suggests greater
immunogenicity and reactogenicity with BCG Japan, BCG Pasteur and BCG SSI
compared to BCG Russia and BCG Glaxo. This may explain some of the differing
results seen in clinical and immunological studies of the NSE of BCG. How important
these differences are, however, remains to be seen. A meta-analysis of studies
investigating human TB-specific protection from BCG has shown limited evidence of
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strain effects.”” Neither of the two WHO-commissioned systematic reviews of the

.. . . 205
clinical®® and immunological

NSE of vaccines investigated the effect modification of
strains. Notably, the majority of studies reporting NSE of BCG have used BCG SSI or
BCG Pasteur as the immunising strain, and many studies showing limited effects have
used BCG Russia or BCG Glaxo (see Tables 3.1, 3.3 and 3.5). The most common strain

in use worldwide at present is BCG Russia.
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Aside from strain differences, batch variations amongst the same strain may also
influence the specific and non-specific effects of BCG. This was highlighted in a report

from the Aaby group.'”

They noted that known differences in the growth characteristics
of batches of BCG SSI used in their clinical trials were associated with different
specific and non-specific effects of vaccination. Infants immunised with slow-growing
batches of BCG had larger scars and PPD reactions at one year, than those with normal
growing batches. Monocytes primed in vitro with slow growing BCG SSI had increased
IL-6 and TNFa (p=0.03) production following secondary heterologous stimulation,
compared to monocytes primed with normal growing batches. This has led to concerns
that the large beneficial NSE of BCG reported in their original low birthweight infant
RCT may have been a batch specific effect, although the recent publication of

confirmatory results from a subsequent trial (using BCG with normal/fast growth),

suggests that this may not be a major issue.”

3.4.4 Maternal BCG vaccination and TB exposure

Interactions between maternal immunity and neonatal vaccine responses are well
documented. The presence of maternal antibodies in early life may block the
development of immunological memory and protective responses for vaccines such as
measles and tetanus, which have primarily antibody mediated immunological
protection.”” This has previously been thought to be less of a concern for BCG
vaccination, as antibody production has not been considered an important component of
the specific immune response and strong Thl mediated reactions are produced when
BCG is given in the neonatal period.”** However, there is increasing evidence to suggest
that maternal BCG vaccination or latent TB infection (LTBI) may modify the
subsequent specific and non-specific immune responses in infants to BCG. Work
conducted by the Ugandan group has shown that maternal LTBI is associated with
significantly reduced infant anti-mycobacterial T-cell responses at one-week post-BCG
vaccination.”” In contrast, pro-inflammatory cytokine production in response to both
mycobacterial specific and non-specific antigens is increased in cord blood and samples
taken 1 and 6 weeks post-BCG vaccination, in infants born to mothers with a BCG
scar.”*® (Appendix 1. Mawa et al.’*®). Corresponding up-regulation of interferon and
inflammatory pathway gene expression was also shown in these infants. Immunological

results from the Australian RCT investigating the NSE of BCG on allergic outcomes
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have similarly suggested that cytokine production in response to heterologous stimuli is
altered by maternal BCG vaccination status, with a tendency toward higher pro-
inflammatory cytokine production in BCG vaccinated infants born to vaccinated
mothers.”” Clinical evidence for an interaction between maternal and infant BCG
vaccination was reported in The Danish Calmette study, which showed reduced illness
presentations exclusively in BCG vaccinated infants of vaccinated mothers (IRR 0.62
(0.39-0.98)).° However, no effect of maternal BCG status on the allergic or

immunological effects of BCG was described.

The mechanisms by which a potentiating effect of maternal BCG on NSE of infant
BCG might occur are obscure, but may include in utero priming,**’ or trans-

generational epigenetic modification.

3.4.5 Micronutrient supplementation

The possibility of interactions between routine immunisations and potentially immuno-
modulatory vitamin supplementation (especially vitamin A), have been highlighted by
the Aaby group, who have conducted a number of studies to investigate this.*** No
conclusive evidence for an interaction with BCG has been found,*® and as neonatal
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vitamin A supplementation is no longer recommended worldwide™ (Appendix 2,

Frontiers article) this will not be further discussed.

3.4.6 Latitude

A comprehensive meta-analysis of studies investigating mycobacterial-specific
immunogenicity of BCG has shown large variations in protection against pulmonary TB

. 225
worldwide.

Protection tends to be highest in latitudes closer to the poles, with
reduced efficacy toward the equator. The reasons for this are unclear but may include
higher environmental mycobacterial exposure in equatorial/tropical countries, genetic
differences and differences in maternal exposure/vaccination. It is possible that the NSE
of BCG are similarly variable, although current evidence does not suggest that this is
the case, with some beneficial effects described both clinically and immunologically in

temperate and equatorial countries.
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3.5 Summary, statement of existing problems with the evidence and

rationale for conducting further investigations.

That BCG may have beneficial NSE against all-cause mortality has been suggested by
animal studies, epidemiological studies and randomised controlled trials. However,
there are a number of outstanding problems with the evidence, which need to be

addressed before the theory can be accepted sufficiently to produce policy changes:

1. Are the NSE of BCG globally applicable?

One group, working in an area of extremely high infant mortality, has produced much
of the data supporting the NSE of BCG and other vaccines. A trial from the same group
in a high-income country has failed to show any benefit. In fact, in their three major,
related trials showing benefit of early BCG, infants were low birthweight, and thus a
particularly high-risk group. Whether these results translate to normal-weight infants,

even in areas of high infant mortality, has yet to be confirmed.
2. What immunological mechanisms underlie the NSE of BCG in neonates?

Experiments in adults in high-income countries suggest that the NSE of BCG may be
induced by epigenetic modification of monocytes and NK cells to produce long-term
changes in innate cytokine production in response to heterologous stimuli. However,
whether similar effects occur in the context of the rapid immunological development of
neonates, and particularly in high-mortality settings where exposure to other pathogens

may be theorised to produce similar, confounding effects, has never been studied.
3. What is the optimal timing for BCG for overall non-specific benefit?

High-quality, trial evidence regarding the best timing of BCG vaccination for overall

benefit, given its possible interactions with other EPI vaccinations, is not available.
4. Are there sex-differential effects of neonatal BCG?

Most studies investigating the NSE of BCG have not investigated a possible sex-
differential effect. Studies reporting sex-differential effects have produced contrasting
results, and in many of these studies it was not clear whether the decision to analyse by
sex was built into the study design, or was a post-hoc finding. If vaccinations have
different effects on all-cause mortality by sex, this may argue for the need for different

vaccine schedules for boys and girls.
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It may be argued that as current WHO BCG immunisation guidelines recommend that
infants in areas with high rates of tuberculosis are BCG vaccinated as soon as possible
after birth,>® further investigation of the NSE of neonatal BCG are futile as they are
unlikely to change BCG vaccination policy. There are a number of reasons why

continued investigations into the NSE of BCG are imperative:

* Although recommended at birth in high TB-incidence settings, BCG vaccination
is often delayed well beyond the first day of life for logistical reasons. Deliveries
outside of health-care settings remain commonplace in many areas of the world.
In these cases, first contact with a trained health-care provider may be
significantly delayed, often occurring at the 6-week health check. Combined
estimates of vaccination timings in low-income countries suggest that BCG
vaccination may be delayed past the neonatal period in nearly half of all

infants.>!

Even with earlier presentations or delivery within a health-care
setting, timely receipt of BCG vaccination is not guaranteed. UNICEF-procured
BCG formulations supplied to the majority of high-burden settings come in 20-
dose vials, which expire within 4 hours of opening. Vaccinators are often
advised not to open a vial if only a small number of infants require BCG, but to
ask them to return to clinic at a later date, again often at the 6-week
immunisation visit. Recent global manufacturing issues for BCG have also led
to prolonged durations of stock-outs within countries. If BCG does provide
protection against all-cause mortality, even small delays to receipt may be
important in the high-risk neonatal period.

* In low-burden areas (average annual risk of TB <0.1%), BCG vaccination of
neonates is generally limited to groups at high risk of TB or omitted entirely in
favour of intensified case detection and supervised early treatment.”® If BCG
does protect against heterologous invasive infectious disease, then neonatal
administration for high-risk infants in these settings (e.g. low birthweight babies
in neonatal intensive care settings) may also prove to be of benefit.

* Protection afforded by BCG against pulmonary TB is notoriously poor in high-
incidence settings (although it does provide good protection against meningeal
and miliary TB in childhood).®* Alternative immunisation strategies against TB
are therefore being sought. If a superior vaccination for TB-specific protection is

discovered, BCG use might be phased out worldwide. However, if it does
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provide substantial protection against all-cause mortality and invasive infectious

disease, then its maintenance in immunisation regimes would be essential.

Thus, addressing some of the issues surrounding the evidence for a non-specific effect
of BCG may influence policy decisions regarding vaccination, with resultant impacts on

global child health.
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4. Rationale for the studies conducted and

their design
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To investigate whether BCG vaccination in neonates can protect infants against
heterologous infectious disease by stimulating the innate immune system, I conducted

two trials:

* A pilot study conducted in The Gambia to investigate the novel theory that BCG
may ultimately mediate its non-specific protective effects by innate immune
system-induced reductions in serum iron. The rationale for, and design of, this
study is discussed in Chapter 5.

* A larger randomised controlled trial in Ugandan neonates. This trial forms the
main part of the thesis. The rationale for, and design of, the main study is
addressed below, with the detailed methods and results of the study described in
Chapters 6 and 7.

These studies were specifically designed to address some of the outstanding issues with
the evidence for the NSE of BCG in neonates, principally: its global applicability,
identification of a putative biological mechanism for such effects, exploration of sex-
differential effects and exploration of the impact of vaccination timings and

interactions.

4.1 Study Design: Main trial

I conducted an investigator-blind randomised controlled trial comparing BCG
vaccination at birth, with BCG vaccination at 6 weeks, in healthy Ugandan neonates.

The schema for the trial is shown in Figure 4.1.
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Figure 4.1. Study Schema; main trial
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n, participant numbers; OPV, oral polio vaccine; EPI, expanded programme of immunisations; DTP, diphtheria-tetanus-pertussis; Hib, haemophilus influenza type

B; HepB, hepatitis B; PCV, pneumococcal vaccine; BCG, Bacille Calmette Guerin; S1, blood sample time-point 1; S2(e/c), blood sample time-point 2 in the
epigenetic/cytokine sub-studies; S2(i) — blood sample time-point 2 in the iron sub-study; S3, blood sample time-point 3; S4(c), blood sample time-point 4 in the
cytokine sub-study; S4, blood sample time-point 4 in the iron sub-study
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4.1.1 Study population

Healthy Ugandan neonates were recruited to this study. This provided a geographically
distinct setting from the majority of previous studies, whilst still being an area with high
infant mortality and infectious disease incidence. Any infant well enough to be
discharged directly from hospital, without the need for medical intervention, was
eligible for recruitment, regardless of their gestational age and birthweight. This was to
provide ‘real-world’ estimates of BCG effects. Low birthweight and premature infants
were not excluded, because previous studies had suggested that BCG may be
particularly effective in these populations.”® Other exclusion and inclusion criteria and

their rationale are described in Table 4.1.

4.1.2 Primary outcomes

The primary outcomes for the study were immunological. The evidence available at the
time of study design suggested that in adults, NSE of BCG were mediated through
epigenetic modification of monocytes, leading to increased innate cytokine production

. . . 168, 201, 253
in response to heterologous stimulation.™ =

Whether this occurs similarly in
neonates was not known and was therefore interrogated in this study, with additional
investigations as to whether alterations in innate cytokine production might have down-
stream effects on the inflammatory iron-axis. Ethical considerations limiting blood
sample volumes in research studies conducted in neonates meant that it was not possible
to investigate all immunological outcomes for every infant. Therefore infants were
recruited to one of three sub-studies utilising the same overall study schema. A brief

overview of these sub-studies and their rationale is provided below, with detailed

description of the methods used found in Chapter 6.
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Table 4.1. Exclusion criteria

Exclusion Criteria Explanatory notes

Mother or father not interested in the study or
withholding consent

Expected residence outside Wakiso district study
area during the 10-week study period

Mother known to be HIV positive

TB risk:
Mother known to have TB or
Household contacts known to have TB or
Mother or household contacts with clinical features
suggestive of TB:
*  Cough>2 weeks
* Recent haemoptysis
* >3kg of unintended weight loss in past month
* Recurrent fevers/chills or night sweats for the
past 3 days or more.
Complicated delivery (including C-section) or infant
unwell at delivery/before randomisation or infant
born with major congenital malformations

Cord blood not collected

Previous studies conducted in the area had problems with retention of participants, as many mothers in
urban areas travel to their parent’s home for support during the immediate post-natal period.

Infants born to mothers with HIV have different immunological responses to routine vaccinations than
infants born to mothers without HIV, even if they remain uninfected.*”’

As half of our study infants would receive BCG vaccination delayed to 6 weeks of age, they would be at
greater risk of acquiring TB during this period. Previous studies in the study area showed that in children,
the vast majority of TB infections were transmitted from household contacts.”* This is likely to be
particularly true of neonates, where the cultural norm is to keep them largely within the home for the first
few months of life. A fuller discussion of the ethical arguments surrounding the delay of BCG vaccination
are given in the supplementary sections of the published Trials article (paper 3).>*

These exclusion criteria were for the following reasons:
* The aim of the study was to investigate the impact of BCG on healthy infants.
* BCG vaccination is often delayed until the child is well (often >24 hours), and thus the impact of
early BCG would be more difficult to assess in these children.
e FEarly immunological samples may be altered due to the reason for the infant to be unwell,
confounding the ability to detect the impact of BCG.
Cord blood was the baseline sample in this study, being the only pre-intervention sample. It was therefore
deemed critical for the interpretation of the changes to infant immune responses over time by BCG
vaccination status.
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1. Epigenetic sub-study
Aims

To compare histone-3-lyseine-4 trimethylation (H3K4me3) and histone-3-lyseine-9
trimethylation (H3K9me3) at the promoter regions of pro-inflammatory cytokines

(TNFa, IL-6 and IL-1B) in whole blood of BCG vaccinated and naive infants.
Primary objectives

Cross-sectional between-group comparison of epigenetic modification in PBMCs

collected at:

1. Cord blood (baseline)

2. 6 weeks of age (pre-routine immunisations) (S2.)

Note: blood samples were also collected at 5 days of age, but were not analysed for

this thesis due to funding and time constraints.
Secondary objectives

Comparison of within-infant changes to epigenetic modification over time by BCG

vaccination timing

Rationale

This sub-study was designed to investigate whether the training effects of BCG on innate
immunity previously shown in Dutch adults also occur in neonates in a high-mortality

setting.'%®

The epigenetic marks were chosen as they provided a stimulatory (H3K4me3) and
inhibitory (H3K9me3) mark. These marks had previously been shown to be important in

BCG-induced trained immunity in adults, as had the pro-inflammatory cytokines chosen.'®®

PBMCs was used in these experiments, as opposed to the monocytes used in adult

experiments, due to low neonatal sample volume.

The blood sampling points chosen allowed the longer-term influences of BCG on

epigenetic modifications to be assessed, comparing BCG vaccinated with naive infants,
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prior to the potential confounding influence of EPI vaccinations. Further time-points were

not collected due to funding constraints.

2. Cytokine sub-study
Aims
Comparison of TNFa, IL-1p, IL-6, IFNy and IL-10 production in whole blood
stimulated for 24 hours with Staphylococcus aureus, Streptococcus pneumonia,
Escherichia coli, Candida albicans, polyinosinic:polycytidylic acid (Poly I:C) and
CpG-oligodeoxynuclotides (CpG ODN), Purified Protein Derivative (PPD) and RPMI,

between infants who were BCG vaccinated at birth and infants who were BCG

vaccinated at 6 weeks.
Primary objectives

Cross-sectional between-group comparison of in vitro inflammatory cytokine
production following heterologous pathogen stimulation in whole-blood collected

at:
1. 5 days of age (S1).

Comparison of BCG vaccinated vs. naive, short-term effects post-

vaccination
2. 6 weeks of age, pre-EPI-1 vaccinations (S2.).

Comparison of BCG vaccinated vs. naive infants, longer-term effects post-

vaccination

3. 6 weeks + 5 days of age (post-EPI-1 vaccinations and BCG in 6-week
group) (S3)

Comparison of early BCG vs. delayed BCG, short-term effects post-

vaccination
4. 10 weeks of age, pre-EPI-2 vaccinations (S4.)

Comparison of early vs. delayed BCG, longer-term effects post-vaccination
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Secondary objectives

Comparison of within-infant changes with inflammatory cytokine production

following in-vitro heterologous stimulation over time, by BCG vaccination timing.

Rationale

Training experiments using BCG in Dutch adults suggest that epigenetic modification at
the promoter region of pro-inflammatory cytokines leads to increased production of these
cytokines in response to heterologous pathogens in vitro.'® Investigation of both epigenetic
modifications and resultant heterologous cytokine production in this study was not possible
in the same infant, due to limitations in blood sample volumes. Therefore a separate cohort

of infants was recruited to investigate this.

The heterologous stimuli used were chosen to represent a range of pathogen types (gram
positive and gram negative bacteria, fungal and viral-type stimulants), and to provide

consistency with the adult studies (which used S.aureus and C.albicans).

Whole pathogens were chosen in preference to specific Toll-like receptor ligands in an
attempt to better mimic in-vivo conditions. A similar argument explains the use of whole

blood, rather than separated PBMCs, along with the limitations in neonatal sample volume.

The chosen cytokines reflected those previously investigated in Dutch adults (monocyte
derived cytokines TNFa, IL-6 and IL-1f) with IFNy to assess Thl T-cell responses, and IL-
10 as more representative of Th2/anti-inflammatory responses. Evidence of non-specific
effects in NK cells had not been published at the time of study design, so IL-17 and IL-22

were not measured.

The blood sample time-points were chosen to enable investigation of both the short (S1 and
S3) and longer-term (S2. and S4.) effects of BCG vaccination on heterologous cytokine
production, and exploration of the impact of BCG timing and interactions with EPI

vaccinations (see ‘Rationale for blood sample timings’ section below).
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3. Iron sub-study

Aims

Comparison of the inflammatory-iron axis following in-vivo heterologous inflammatory

stimulation between infants receiving BCG at birth vs. BCG at 6 weeks of age.

Primary objectives

Cross-sectional between-group comparison of transferrin saturation (TSAT),

hepcidin, IL-6 and ferritin levels in whole blood at:

1.

5 days of age (S1).

Comparison of BCG vaccinated vs. naive, short-term effects.

Unstimulated sample

6 weeks of age, 1 day post-EPI-1 vaccination (but pre-BCG vaccination

in the delayed group) (S2;).

Comparison of BCG vaccinated vs. naive infants, longer-term effects. /n

vivo stimulated sample.

6 weeks + 5 days of age (post-EPI-1 vaccinations and BCG in 6-week
group) (S3)

Comparison of early BCG vs. delayed BCG, short-term effects.

Unstimulated sample.
10 weeks of age, post-EPI-2 vaccinations (S4)

Comparison of early vs. delayed BCG, longer-term effects. In vivo

stimulated sample.

Secondary objectives

Comparisons of within-infant changes in TSAT, hepcidin, IL-6 and ferritin

following in-vitro heterologous stimulation over time, by BCG vaccination timing.
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Comparisons of cross-sectional and within-infant changes over time in other

elements of the inflammatory-iron axis, red blood cell indices and leucocyte counts.

Rationale

Induction of hepcidin production in response to pro-inflammatory cytokines reduces serum
iron, limiting its availability for pathogen growth and virulence.”” This could be a
downstream mechanism by which increased innate cytokine production from BCG-trained
monocytes exerts a protective effect non-specifically against invasive heterologous
pathogens (see Chapter 5: Pilot study section). This may be particularly important in the

perinatal period due to high iron flux.

Hepcidin, the primary regulator of iron homeostasis, is produced in the liver. Alterations to
the iron-inflammatory axis can therefore not be measured following in vitro non-specific
stimulation. A safe in vivo heterologous stimulant was required to investigate the impacts
of BCG on the inflammatory-iron axis. Although not ideal, because of potential interactions
with the NSE of BCG, routine immunisations received at 6 weeks and 10 weeks of age
were chosen as in vivo non-specific stimuli. Confirmation of their inflammatory effects on
the immune system is described in Chapter 6. Other potential in vivo pathogen challenge

models, such as live yellow fever vaccine, are not licensed for use in neonatal populations.

The blood sample time-points were chosen to enable investigation of both the short (S1 and
S3) and longer-term (S2; and S4;) effects of BCG vaccination on heterologous cytokine
production, as well as comparison of unstimulated and in vivo stimulated samples. The
time-points also allowed exploration of the impact of altered BCG vaccination timings on

its NSE on the iron-inflammatory axis.
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4.1.3 Secondary outcomes

Infants were actively followed-up for all-cause morbidity and mortality during the 10-week

study duration by:

o Open access to physician review at the study clinic where investigations and
medications were provided free of charge

o Weekly telephone follow-up, with recommendation to attend clinic if there were
parental concerns about participant illness

o Interview at routine clinic visits regarding interim illnesses for which the participant
was not reviewed in clinic

o Physician review at all routine clinic visits for current illness

o Close links to the neighbouring district general hospital allowed presentations of

participants directly to hospital to be identified.

The study was not powered to look at clinical end-points, due to the funding and time
constraints incumbent on PhD studies. However, the combined number of participants in
the immunological studies provided 80% power to detect a >40% difference in all-cause

illness events in this setting.

Nasal swab samples and stool samples were taken at the 6- and 10-week study visits (prior
to routine-immunisations), to allow future investigations of the impact of neonatal BCG on

the microbiome and mucosal immunity.

4.1.4 Rationale for the intervention and blinding strategy used

BCG SSI 1331 (BCG Danish) was used in this study. It was chosen to provide homology

35,36, 175
G

with other clinical trials investigating the NSE of BC and the adult studies in The

Netherlands that suggested trained-immunity as the immunological mechanism underlying

the NSE of BCG.!®

A single batch was used throughout the study (113033c), to mitigate against possible

between-batch differences in immunogenicity.'*’
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A placebo vaccination was not used in this study for ethical reasons: a) to minimise
unnecessary painful procedures in neonates and b) so that mothers were aware of the
vaccination status of their child, meaning that any unvaccinated child lost to follow-up
would be likely to receive BCG in the community. The latter argument also underlies why
mothers were not blinded to vaccination status of the participant. All investigators were
blinded to intervention status (see Chapter 6 for detailed methods). As the primary end-
points were immunological, it was reasoned that maternal blinding should not unduly alter
these outcomes. For the secondary, clinical outcomes, maternal knowledge of vaccination
status might alter health-care seeking behaviour, and thus the number of attendances for
clinician review. It was presumed that clinician blinding should ensure that the numbers of
physician-diagnosed infectious illnesses was not majorly influenced by maternal

knowledge of vaccination status.

4.1.5 Rationale for vaccination timings
A 6-week delay in BCG was used for the delayed group for several reasons:

o Infants who do not receive BCG at birth in low-income settings are most likely to
receive it at 6 weeks of age when other routine immunisations are received. The
comparison of BCG at birth with BCG at 6 weeks of age therefore had real-world
significance. It was not considered ethical to delay it beyond when it might
reasonably be given, for TB-specific protection.

o Other clinical trials of early vs. delayed BCG vaccination have tended to delay
administration to 6 weeks, allowing direct comparison of results.

o Administration with EPI vaccinations allowed some exploration of their potential

confounding influence.

Due to the need for EPI vaccinations to be used as in vivo non-specific stimulants in the
iron sub-study, BCG was administered one day after EPI vaccinations in this sub-study, as

opposed to their concurrent administration in the epigenetic and cytokine sub-studies.
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4.1.6 Rationale for blood sample timings

Cord blood was collected in all infants to provide a baseline, pre-vaccination, blood sample

for all infants in this study.

Post-natal blood collection time-points were at 5 days of age (S1) and 6 weeks of age (S2)
to allow comparison of short and longer-term NSE of BCG, comparing BCG vaccinated vs.
naive infants. Similar time-points were conducted following BCG vaccination at 6 weeks (6
weeks + 5 days (S3) and 10 weeks (S4)). This allowed investigation of the short and
longer-term NSE of BCG, by comparing early vs. delayed administration.

The timings of the longer-term blood samples (S2 and S4) were chosen because they were
the longest durations available without the potentially confounding influences of routine
immunisations. This explains the differences in weeks between BCG vaccination for S2 (6
weeks) and S4 (10 weeks). Timings of these samples varied between sub-studies. In the
epigenetic and cytokine sub-studies blood was taken pre-EPI immunisations (and pre-BCG
in the delayed group at S2), to avoid potential confounding effects. As EPI immunisations
were used as in-vivo non-specific stimuli in the iron sub-study, S2; and S4; were taken one

day after EPI (but pre-BCG in the delayed group at S2).

For ethical reasons each infant was only sampled at two out of the possible four post-natal
time-points. The blood sampling time-points that an infant was assigned to were randomly
allocated (see Chapter 6, Randomisation section) allowing within-infant changes over time

to be compared.

4.1.7 Rationale for study numbers

Sample size calculations were made for each individual sub-study, based on evidence
available at the time of study design (in 2013). The total study numbers, and therefore the
numbers available for investigation of clinical illness outcomes, was the summation of

those required for the three sub-studies.
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Epigenetic sub-study: n=80

The only previous study available to base sample size calculations on was the

1% which required 20 subjects followed

Kleinnijenhuis study in Dutch adults,
longitudinally. 40 subjects were recruited to each intervention arm in this study to
allow for attrition and due to the requirement of 2ml blood for epigenetic analysis,

which was unlikely to be obtained for all subjects.

Cytokine sub-study: n=240

Due to paucity of published data in this area, an approach based on standard
deviation (SD) change in average population cytokine levels was used. 48 subjects
per intervention group were needed at each blood sampling time-point to show a
0.66 SD change in average population cytokine levels at 90% power and 5%
significance. 60 infants per intervention group per time-point were recruited to
allow for attrition. As each child was bled at a maximum of two post-natal time-
points, double the required infants were recruited to provide samples at all four

post-natal time-points. Thus, 240 infants in total were recruited:

60 infants x 2 intervention groups x 4 time-points = 240 infants

Each child bled at 2 time-points

Iron sub-study: n=240

Sample size determination was performed using TSAT, as it is the only primary
outcome parameter of clinical relevance. Average neonatal TSAT in low-income
settings is 55%.%°® Substantial responses in this end-point would be required to
support its role on the causal pathway of the NSE of BCG. 50 infants per group at
each time-point were needed to show a 30% reduction in TSAT (reduction to
average adult levels in low income settings) at 90% power and 5% significance. 60
subjects were recruited to each intervention group at each time-point to allow for
attrition. As with the cytokine sub-study, each child was bled at a maximum of two

post-natal time-points. Therefore double the number of required infants were
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recruited to provide samples at all four post-natal time-points. Thus, 240 infants in

total were recruited:

60 infants x 2 intervention groups x 4 time-points = 240 infants

Each child bled at 2 time-points

Overall sample size: n=560

Based on data from a previous study in Entebbe®’ 560 infants would provide 80%
power to detect a >40% reduction in physician diagnosed invasive infections with
p<0.05. The effect of BCG was felt unlikely to be this pronounced, but it was
reasoned that these preliminary data should provide sufficient evidence to determine
whether there were indications of differences by group, which may support further

investigation in a larger study.

Recruitment to the study was stratified by sex, to allow for analysis of any sex-differential
effects of BCG.
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5. Preliminary study: the inflammatory-iron
axis in neonates and the effect of

vaccinations
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The possibility that some of the NSE of BCG might be mediated via impacts on the
inflammatory-iron axis has never previously been considered. As discussed in the
introductory sections of the following two papers, iron is an essential element for the
growth and virulence of the majority of human pathogens.”> In adults and older children,
regulatory mechanisms reduce serum iron during infections, limiting its availability to
pathogens. Increases in innate cytokines (particularly IL-6, but also IL-22, IL-1 and
IFNa)*® induce production of the hormone hepcidin, which decreases serum iron by
reducing uptake in duodenal enterocytes, and locking circulating iron in macrophages until
the inflammatory challenge has receded. As studies in adults have suggested that epigenetic
modification of the promoter region of pro-inflammatory cytokines such as IL-6 and IL-1f3
in monocytes, and IL-22 in NK cells, can lead to long-term up-regulation of their

198, 201 it was theorised that effects on the

production in response to heterologous stimuli,
inflammatory-iron pathway might be one of the effector mechanisms by which BCG might
mediate its NSE. This might be particularly important in the early neonatal period (when
the beneficial NSE of BCG appear to be most concentrated), as it is a period of high iron-
flux resulting from the breakdown of the excess red cells that occurs during transition from

fetal to neonatal life.

As this had never been studied before, I conducted a small trial in The Gambia to

investigate:

1) Whether the inflammatory-iron axis was intact in early neonatal life (previous
studies had been conducted only in cord blood, and had not shown strong
correlations between hepcidin and iron parameters) (Paper 1>°)

2) Whether the inflammatory-iron axis was affected by BCG, OPV and Hepatitis B in
the first 4 days of life (Paper 1)

3) Whether alterations in serum iron might play an important role in innate immune
protection against common neonatal pathogens (Paper 2. Prentice ef al., Submitted

to JAMA Pacediatrics)
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5.1 Paper 1: The effect of BCG on iron metabolism in the early

neonatal period: a controlled trial in Gambian neonates.
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I was responsible for the study design, statistical analysis and manuscript preparation in
collaboration with AMP. I conducted the participant recruitment and clinical follow-up
with assistance from ES. I conducted the inflammatory-iron parameter laboratory analysis
with MJW.
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Bacillus Calmette-Guerin (BCG) vaccination has been reported to protect neonates from non-tuberculous
pathogens, but no biological mechanism to explain such effects is known. We hypothesised that BCG
produces broad-spectrum anti-microbial protection via a hepcidin-mediated hypoferraemia, limiting
iron availability for pathogens.

To test this we conducted a trial in 120 Gambian neonates comparing iron status in the first 5-days
of life after allocation to: (1) All routine vaccinations at birth (BCG/Oral Polio Vaccine (OPV)/Hepatitis B

fgﬁggz%[;“z Vaccine (HBV)); (2) BCG delayed until after the study period (at day 5); and (3) All routine vaccinations
BCG delayed until after the study period.

Iron Vaccine regime at birth did not significantly impact on any measured parameter of iron metabolism.
Hepcidin However, the ability to detect an effect of BCG on iron metabolism may have been limited by short
Heterologous effects follow-up time and high activation of the inflammatory-iron axis in the study population.

Neonate © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Background

The possibility that BCG vaccination might protect neonates
against non-tuberculous infections has been suggested by two
randomised controlled trials [1,2] and numerous epidemiological
studies [3-7]. However, the theory has failed to gain acceptance,
partly due to the lack of a putative biological mechanism to explain
such effects. The randomised trials indicated that protection was
strongest within 3 days post-vaccination thus implicating an effect
on innate immunity [2]. We theorised that BCG might mediate its
heterologous effects by stimulating an iron-withholding response,
as part of an acute phase reaction to vaccination.

Iron is critical for the growth and virulence of the majority of
human pathogens [8]. The acute phase response produces a rapid
reduction in serum iron limiting its availability for pathogens.
This hypoferraemia is thought to be primarily orchestrated by
IL-6 (and possibly other inflammatory cytokines) up-regulating

Abbreviations: BCG, Bacillus Calmette-Guerin; EDTA, ethylenediaminetetraace-
tic acid; ELISA, enzyme linked immunosorbant assay; HBV, Hepatitis B Vaccine; IL-6,
interleukin 6; OPV, oral polio vaccine; TSAT, transferrin saturation.
* Corresponding author. Tel.: +44 207 958 8125.
E-mail addresses: sarah.prentice@lshtm.ac.uk (S. Prentice), mwjallow@mrc.gm
(M.W. Jallow), Andrew.prentice@lshtm.ac.uk (A.M. Prentice).

http://dx.doi.org/10.1016/j.vaccine.2015.04.087

hepcidinin the liver. The iron-regulatory hormone hepcidin acts on
macrophages and enterocytes to internalise the transmembrane
iron-transporter protein ferroportin. This sequesters circulating
iron within macrophages and reduces enteric absorption of dietary
iron.

The kinetics of iron metabolism in the early neonatal period
are poorly described, but it is believed to be a period of high iron
flux. Fetal red cell mass is higher than post-natally [9], with excess
erythrocytes broken down in the first few days following birth. Dif-
ficulties metabolising the haem component of haemoglobin are
commonly seen in neonates, in the form of jaundice. High iron
loads may contribute to the enhanced risk of infections that occur
during the neonatal period, exemplified by the 20-fold increased
risk of Escherichia coli sepsis that occurred in Polynesian infants
following provision of iron dextran at birth [10]. Thus, reduc-
tion of serum iron as an innate immune strategy to limit the
growth of pathogens may be particularly beneficial in the neonatal
period.

The effects of BCG, and other vaccines, on the inflammatory-
iron pathway in humans are unknown. Several lines of evidence,
however, suggest that impacts on this pathway do occur: (1) BCG is
astrong inducer of IL-6 [ 11] and other innate cytokines [ 12] in-vivo;
(2) live-vaccinations similar to BCG produce strong up-regulation
of hepcidin in fish [13]; and (3) BCG in guinea-pigs leads to a rapid
bacteriostatic hypoferraemia [14].

0264-410X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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We therefore conducted a proof-of-principal controlled trial in
Gambian neonates to investigate the impact of BCG, and other vac-
cines received at birth, on iron metabolism in the first five days of
life.

2. Methods

80 healthy Gambian neonates were randomly allocated to
receive BCG (Danish Strain 1331, Batch 11023B, 0.05ml intra-
dermally into the left deltoid) either at birth, or after completion
of study procedures at five days old. All other routine immuni-
sations (Oral Polio Vaccine (OPV)) and Hepatitis B Vaccine (HBV)
were given at birth as normal. A data manager not directly involved
in the study, conducted randomisation using Microsoft Access,
upon delivery of an eligible infant. Blocked randomisation using
blocks of six with a 1:1 allocation ratio was used. Due to concerns
regarding the potential confounding influence of OPV and HBV at
birth, a third non-randomised group of 40 infants was subsequently
recruited and received all vaccinations after completion of study
procedures at five days of age. Recruitment ran from May 2013 until
February 2014, with the first two, randomised groups, recruited
during both rainy and dry seasons, and the third non-randomised
group recruited during the dry season.

All participants had a 2 ml baseline venous blood sample taken
within 24 h of delivery, prior to receipt of any vaccinations, and a
further 2 ml venous blood sample taken either 24-48 or 72-96 h
post-intervention. Blood was collected directly into microtain-
ers (Becton-Dickson: 0.5 ml collected into EDTA containing tubes,
1.5ml into lithium-heparin containing tubes) from the dorsum
of the hand. Full blood counts were assessed from EDTA blood
using the automated Medonic analyser. Lithium-heparinised blood
was centrifuged for 4min at 3600 g within 4h of collection and
the plasma stored at —70oC until analysis. [ron parameters were
measured using the automated Cobas Integra 400 plus (Roche Diag-
nostics). Plasma hepcidin was measured in duplicate, using a 1:20
dilution by competitive ELISA (Bachem-25, USA) with detection
range 0.02-25 ng/ml. Plasma IL-6 was measured in duplicate using
a 1:2 dilution by competitive ELISA (BD OptEIA, Oxford, UK), with
detection range 0.49-250 pg/ml. Samples with readings outside the
linear portion of the curve were re-run at alternative dilutions.
Values below the limit of detection were imputed using limit of
detection/,/2. Any samples with an intra-assay co-efficient of vari-
ance >15% were re-analysed.

Demographic, birth details and anthropometry were collected
at enrolment. Due to the rural nature of the study site, all births
were vaginal. Deliveries and follow-up visits were conducted at
the participant’s home.

Full informed consent was obtained from mothers antenatally
by a trained midwife. Inclusion criteria were (1) Consenting mother
(2) Residence within the study area. Exclusion criteria were (1)
Infant weighing <2000 g (2) Maternal HIV or TB (3) TB contact in
the home (4) complicated delivery (5) major congenital anomaly
(6) infant unwell as judged by a doctor or a midwife. The Consort
flow diagram for the study can be found as supplementary material.

Clinical investigators and mothers were not blinded to inter-
vention allocation due to lack of feasibility (BCG produces a visible
reaction) and for safety, so that any mothers would be aware
of the vaccination status of the child. Laboratory investigators
were blinded to intervention allocation, with assays conducted by
anonymous study number. Data were analysed using Stata Version
11.0. Categorical variables were compared using the chi-squared
test and continuous variables by one-way ANOVA. Hepcidin and IL-
6 results were not normally distributed and were log-transformed
prior to comparison. Intervention allocation code was not broken
until the data were cleaned and locked.

As this study was a small proof-of-principal trial, with short
follow-up and no clinical endpoints, no data safety monitoring
board was appointed. Safety data were monitored in real time by
clinical investigators who were not blinded to intervention allo-
cation. There was no significant difference in incidence of serious
adverse events by intervention allocation group (see Table 1).

Ethical approval was obtained from the joint Gambia Govern-
ment/MRC Unit The Gambia ethics committee (Ref: SCC1325) and
the London School of Hygiene and Tropical Medicine ethics com-
mittee (Ref: 012-045). This trial was conducted according to the
principles of the Declaration of Helsinki.

3. Results

Baseline demographic variables were balanced amongst the
three intervention groups (Table 1), suggesting that adequate ran-
domisation occurred and that the third, non-randomised arm, was
comparable.

As shown in Fig. 1, there was no significant impact of BCG or
other routine immunisations received at birth on any measured
parameters of the inflammatory-iron axis at either 24-48h or
72-96 h post-intervention. No significant differences were found
when comparing (1) intervention groups at each blood sampling
point (Table 2), (2) within-infant changes to parameters over time
by intervention group and (3) infants receiving any vaccines at birth
(groups 1 and (2) with vaccination naive infants (group 3) (data not
shown, all p-values > 0.05). The hepcidin levels in group 3 (recruited
separately in the dry season) showed a trend toward being lower at
all time-points. However this finding was not significant and was

Table 1
Population characteristics by intervention group.
Group 1 Group 2 Group 3 p-Value©
BCG/OPV/HBV OPV/HBV No vaccines
n=40 n=40 n=40
Gender (male, %) 51.2 48.7 47.5 0.94
Gestational age (weeks) 38.2 38.0 38.1 0.89
Birth weight (g) 3065 3069 3045 0.71
Length (cm) 50.8 50.5 50.7 0.91
Head circumference (cm) 344 34.1 34.1 0.48
Parity 32 36 43 0.48
Maternal iron supplementation 95.1% 100% 97.5% 038
Timing of pre-intervention blood sample (hours) 6.85 5.92 7.69 0.29
Admissions to hospital during study period? 1 2 1 1.0
Deaths during study period” 0 0 1 0.33

2 All admissions were for presumed neonatal sepsis. All infants received antibiotics and improved within 48 h. They were discharged when blood cultures were negative.
b One study participant died at home between the first and second study visits, cause of death unknown.
¢ Categorical variables were compared using the Chi-squared test. Continuous variables were compared using one-way ANOVA.
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Fig. 1. Iron parameters (means & 95% confidence intervals) by intervention group and time post-intervention.

not reflected by higher iron or TSAT levels. It is thus unlikely to
represent a true difference.

As previous trials reported more significant effects of BCG in
male infants results were also analysed by gender (Table 2). In gen-
eral no differences in the impact of vaccine timing on parameters by
gender was found. However, IL-6 was significantly higher in male
infants receiving BCG at birth than delayed (p =0.02), and hepcidin
which was significantly lower in girls who had received all vaccines
delayed (p=0.004). As these findings were not reflected in changes
to any other parameters of the inflammatory-iron axis, they may
reflect multiple testing artefacts.

4. Discussion

This study found no evidence that BCG or other routine immuni-
sations at birth impact significantly on iron metabolism. However,
we may have failed to identify an inherent ability for vaccinations to
stimulate the inflammatory-iron pathway for a number of reasons:

First, BCG is a slowly replicating live-organism and may take
time to reach a level in the body able to stimulate a systemic
response. The later time-point of 72-96 h post-vaccination may
have been too early to identify any impact of BCG on iron
metabolism.
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Table 2

Comparison of mean iron metabolism pathway parameters by intervention group and time post-intervention.

S. Prentice et al. / Vaccine 33 (2015) 2963-2967

Pre-intervention (<24 h of age)

24-48 h post-intervention

72-96 h post-intervention

Group 1 Group 2 Group 3 p-Value? Group 1 Group 2 Group3  p-Value Group 1 Group 2 Group 3 p-Value
n=39° n=37 n=35 n=17 n=15 n=0° n=20 n=20 n=25
Iron (wmol/L) 12.2 14.2 10.6 0.08 12.0 113 - 0.65 14.0 12.7 13.2 0.72
Male 115 134 114 0.55 113 10.5 0.49 14.0 12.0 125 0.55
Female 12.9 153 9.6 0.08 12.7 12.8 0.98 14.0 13.1 13.9 097
TSAT (%) 22.8 275 231 037 225 222 - 0.89 294 28.1 274 0.88
Male 21.1 264 229 0.46 228 212 0.72 30.5 272 243 030
Female 253 289 234 0.71 220 24.1 0.79 282 289 30.9 0.93
Hepcidin (ng/ml)? 745 729 56.9 0.52 40.9 49.8 - 0.41 91.0 91.7 66.5 032
Male 76.7 100.2 63.1 0.74 35.1 49.4 0.51 80.9 85.1 89.2 0.87
Female 72.0 54.0 51.6 0.33 49.7 503 0.86 101.3 98.8 48.4 0.004
IL-6 (pg/ml)? 22.0 226 216 0.71 214 21.7 - 0.12 6.3 7.5 71 0.90
Male 30.6 281 213 0.62 245 18.1 0.02 5.8 10.3 7.6 0.54
Female 158 17.4 22.0 0.44 16.7 26.1 0.39 6.8 53 6.6 0.94
Ferritin (ug/L) 3336 3242 3309 0.99 308.7 3373 - 043 259.1 256.3 2835 0.75
Male 287.0 282.8 367.0 0.85 2504 293.9 0.54 227.9 235.1 285.0 0.53
Female 393.6 3715 240.6 0.27 396.2 380.7 0.92 304.3 268.2 281.6 0.86
Haemoglobin (g/dL) 17.9 17.2 17.8 0.47 18.8 19.5 - 0.45 18.5 17.4 17.7 0.65
Male 174 16.8 17.2 0.72 18.0 19.5 0.10 183 15.7 17.5 0.15
Female 184 17.7 185 0.70 20.0 194 0.60 186 19.5 17.9 0.68

2 Number for each group is the maximum number of blood samples available. Not all parameters were available for all samples due to volume constraints.

b One-way ANOVA.
¢ Infants in group 3 were only sampled at the 72-96 h sampling time-point.
4 Geometric means.

Second, mean IL-6, hepcidin and ferritin levels in these neonates
were high, with IL-6 initially 10-20 fold higher [15], hepcidin
1.5-2 fold higher [16] and ferritin 5-10 fold higher [17] than
reported circulating levels in older children. Correspondingly TSAT
and iron levels were at the lower end of the normal range, approx-
imately 50% lower than previously reported ranges from cord
blood [18]. This suggests that the inflammatory-iron axis, whether
mediated by hepcidin-dependent or independent pathways [19]
was already stimulated in all of our study participants, perhaps
due to acute inflammation precipitated by the birth process [20].
If the axis is already maximally stimulated in these infants any
additional impact of BCG or other vaccines would not have been
detectable. The non-specific effects of BCG are reportedly highest
in low birth-weight/premature infants. It may be that stimulation
of the inflammatory-iron axis at birth is blunted in this popu-
lation and is enhanced by immunisations. Thus, impacts on the
iron-inflammatory axis cannot be ruled out as a potential biolog-
ical mechanism to explain the non-specific effects of BCG in such
babies.

To fully understand whether BCG and other routine immu-
nisations have an impact on iron metabolism, similar studies in
premature neonates and older infants, from different geograph-
ical regions and with longer blood sampling time points, are
necessary.
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Key Points
Question

Do changes to neonatal iron parameters in the first four post-natal days influence neonatal

susceptibility to bacterial pathogens?

Findings

Infants undergo a rapid post-natal hypoferraemia during the first 12 post-natal hours, which
is sustained to at least four days of age. This reduction in serum iron correlates with

inhibition of ex-vivo growth of common neonatal pathogens.

Meaning

Augmentation of the rapid post-natal reduction of serum iron in neonates may represent a
novel therapeutic target to aid prevention or treatment of infections that is not susceptible to

anti-microbial resistance.
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Abstract:

Importance: Septicemia is a leading cause of death among neonates in low-income
settings, a situation that is deteriorating due to high levels of antimicrobial resistance.
Novel interventions are urgently needed. Iron stimulates the growth of most bacteria and
the hypoferraemia of the acute phase response is a key element of innate immunity. Cord
blood, which has high levels of hemoglobin, iron and transferrin saturation, has hitherto
been used as a proxy for the iron status of neonates. We investigated whether iron
metabolism in the immediate post-natal period might influence pathogen susceptibility and

represent a therapeutic target for neonatal sepsis.

Objective: To describe iron metabolism in the first four post-natal days and investigate its

effects on ex-vivo growth of common neonatal pathogens.

Design: Nested cohort study within a randomized control trial. Cord blood and two further
blood samples up to 96 hours of age were analysed for parameters of iron metabolism.
Samples pooled by transferrin saturation were used to conduct ex-vivo growth assays with
Staphylococcus aureus, Streptococcus agalactiae, Escherichia coli and Klebsiella

pneumonia.
Setting: Single-Centre, rural Gambia.
Participants: 120 healthy, vaginally-delivered neonates.

Main outcome and measures: Primary outcomes were 1) transferrin saturation at birth,

24h, 48h and 96h of age. 2) 6hr ex-vivo bacterial growth.

Results: A profound reduction in transferrin saturation occurred within the first 12h of life,
from high mean levels in cord blood (47.6% (95% CI 43.7-51.5%)) to levels at the lower
end of the normal reference range by 24h of age (24.4% (21.2-27.6%)). These levels
remained suppressed to 48h of age with some recovery by 96h. Reductions in serum iron
were associated with high hepcidin and IL-6 levels. Ex-vivo growth of all studied neonatal

pathogens was strongly associated with serum transferrin saturation.

Conclusions and relevance: Human neonates elicit a rapid post-natal hypoferremia that
supports lower rates of bacterial replication than cord serum for some common causes of
neonatal bacteremia. Early post-natal iron and transferrin saturation levels were inversely

associated with IL-6 and hepcidin suggesting the possibility that the hypoferremia could be
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augmented (e.g. by mini-hepcidins) as a novel therapeutic option that would not be

vulnerable to antimicrobial resistance.

Trial registration: The original trial in which this study was nested is registered at

ISRCTN, number 93854442
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Introduction

The recent Lancet Every Newborn Series estimated that 2.9 million neonates die each year
from largely preventable causes; 600,000 of these from neonatal infections.”®® With the
rapid spread of antimicrobial resistance (AMR), these statistics are likely to worsen.*®’
AMR frequently contributes to neonatal septicemia in low-income countries (Klebsiella
spp, E. coli and S. aureus), and is almost certainly rising.*** Poor susceptibility to almost all
commonly-used antibiotics has been reported for Klebsiella species and S. aureus in

neonatal settings.*®

AMR is especially devastating for neonatal care units because babies
succumb rapidly and often before it is possible to screen for AMR or try alternative
antibiotics. For the very reasons that AMR has already emerged (rapid microbial
mutation/selection enhanced by drug pressure, horizontal transmission of resistance
plasmids from non-human pathogens, indiscriminate antibiotic usage), it is likely to remain
a problem with new generations of antibiotics.®' Against this background, there is a
pressing need to better understand why neonates are so susceptible to blood-borne

infections and to develop adjunctive therapies that could aid their protection perhaps by

augmenting first-line innate responses.

The growth and virulence of most human pathogens is contingent on their ability to
assimilate iron from their human host. High host iron states can lead to increased
susceptibility to many infectious diseases.” As a result, systemic iron homeostasis in
humans is tightly controlled; a process mediated primarily by hepcidin,> and possibly also

264

by hepcidin-independent pathways in response to infectious threat.”" In the acute phase

response hepcidin is rapidly up-regulated by inflammatory cytokines (primarily IL-6). This
leads to internalization of the transmembrane protein, ferroportin, in enterocytes and
macrophages, which reduces serum iron by blocking enteric absorption of dietary iron and

255

sequestering transferrin-bound iron in macrophages.”” The reduction in serum iron with

inflammation is believed to be an evolutionary mechanism designed to withhold iron from
microbes and thus limit their growth and virulence. This has now been clearly demonstrated

. 265-26
1n mouse models. 7

Neonates are born with high levels of fetal hemoglobin, ferritin, serum iron and transferrin

268

saturation (TSAT) as evidenced by cord blood levels.”" The physiological challenge of

dealing with high heme levels at birth is illustrated by the fact that around half of all
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neonates show transient jaundice.”®

We therefore hypothesized that these elevated iron
levels and fluxes might contribute to the high susceptibility of neonates to septicemia,
especially preterm and low birth-weight babies, and may partially explain the characteristic
spectrum of causal organisms. Here we report that healthy vaginally-delivered African
babies display a very rapid post-natal hypoferremia that is correlated with changes in IL6
and hepcidin. We suggest that this represents an evolved protective mechanism that could
potentially be augmented to provide a broad-spectrum innate protection against neonatal

septicemia.

Methods
Participants and study procedures

Blood samples for this study were collected during a trial investigating the impact of
different vaccination strategies at birth on the iron status of neonates. A detailed description
of the study methods can be found elsewhere.” In summary, 120 healthy Gambian
neonates were recruited on the first day of life and randomly allocated to receive either 1)
routine immunisations at birth (Bacillus Calmette Guerin (BCG), Hepatitis B and Oral
Polio Vaccine (OPV)) 2) Hepatitis B and OPV at birth, BCG vaccination delayed to after
study completion (>72h of age) or 3) all immunisations delayed until after study
completion (BCG, Hepatitis B and OPV at >72h of age). All infants had a placental cord
blood sample, a neonatal blood sample taken within 24h of birth (S1) and were then
randomly assigned to have one further blood sample taken at either 24-48 (S2) or 72-96
(S3) hours of age. As none of the different vaccination strategies had a significant impact
on neonatal iron metabolism,”” the results from all groups were combined in this study to

investigate the physiological changes in iron metabolism within the first 4 post-natal days.

Full informed consent for infant involvement in the study was obtained from pregnant
mothers antenatally and eligible infants were enrolled on the day of birth. Any healthy
infant born to a consenting mother within the West Kiang region of The Gambia was
eligible for inclusion, providing that they were not already enrolled in another research
study. No gestational age limit was set, however infants weighing <2000g (more than 2
standard deviations from the average Gambian birth-weight) were excluded (one

exclusion). Other criteria for infant exclusion were; severe birth complications (six
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exclusions), major congenital malformations (no exclusions), unwell at birth (two
exclusions), mother with known HIV or TB (no exclusions), and infants with a known case
of active TB within the same compound of residence (no exclusions). Most mothers
received supplementary iron and folic acid as part of their routine antenatal care, as per

WHO guidelines.

Ethical approvals

The study was approved by The Gambia Government/MRC Joint Ethics Committee
(SCC1325) and the London School of Hygiene and Tropical Medicine ethics committee
(012-045). The study was conducted according to the principles of the Declaration of
Helsinki.

Laboratory methods
Blood collection and iron parameter analysis

Whole blood was drawn from the umbilical vein at birth or from the dorsum of the hand at
the indicated time points after birth, into Becton Dickson microtainer SST II Advanced
collection tubes. Red cell parameters were measured on fresh whole blood drawn into
EDTA microtainers (Becton Dickson, Oxford, UK) using a Medonic M-series haematology
analyser (Boule Diagnostics Int AB, Stockholm, Sweden). Iron parameters were analysed
using plasma collected into lithium-heparin anti-coagulant using the automated Cobas
Integra 400 plus (Roche Diagnostics, Basel, Switzerland). Plasma hepcidin and IL6 were
measured in duplicate by ELISA, Bachem-25, USA and BD OptEIA, Oxford, UK

respectively, as per manufacturers’ instructions as previously described.*’

Due to low volume of residual blood, bacterial growth assays were performed on plasma
samples that were pooled according to time of collection (Cord, S1 (6-24h after birth), S2
(25-48h after birth), and S3 (72-96h after birth)) and then according to TSAT. The
following sample pools were made and run in triplicate through the bacterial growth assays:
Cord 70-100% (n=6, pools=4); Cord 60-69% (n=12, pools=6); Cord 50-59% (n=15,
pools=5); Cord 40-49% (n=20, pools=9); Cord 30-39% (n=14, pools=2); Cord 20-29%
(n=10, pools=3); Cord 10-29% (n=4, pools=1); S1 30-60% (n=12, pools= 2); S1 20-30%
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(n=26, pools= 2); S1 0-20% (n=30, pools= 2); S2 20-30% (n=12, pools= 2); S2 10-20%
(n=9, pools= 2); S3 30-40% (n=15, pools= 2); S3 20-30% (n=21, pools= 3); and S3 0-20%
(n=13, pools= 2).

Bacterial growth assays

Staphylococcus aureus (strain NCTC8325), Escherichia coli (strain Crooks, ATCC8739),
Streptococcus agalactiae Lehmann and Neumann (ATCC 13813, Lancefield’s group B)
and Klebsiella pneumoniae (ATCC13883, strain NCTC96633) were grown overnight for
18h at 37°C in Smls iron-free minimal growth media, Iscove’s Modified Dulbecco’s
Medium (IMDM, Invitrogen) with continuous shaking (250 rpm). All growth assays were
run in triplicate in IMDM containing 50% heat-inactivated human neonatal serum.
Bacterial growth was monitored by measuring the optical density at 620 (ODg2) hourly for
12h using a Multiscan FC ELISA plate reader (Thermo Scientific).

Statistical analysis

Statistical analysis and preparation of graphs was conducted using STATA vl14.1 (Stat-
Corp LP, College Station, TX, USA), DataDesk version 7.0.2 (Data Description Inc),
GraphPad Prism (GraphPad Software INC, CA 92037, USA) and R (r-project, Lucent
Technologies, New Jersey, USA). Non-normally distributed parameters (hepcidin and IL-6)
were log-transformed prior to any analysis. Bacterial growth rates were compared using
repeated measures ANOVA with pooled sample (discrete variable), cord/neonatal sampling
period (discrete variable) and growth rate incubation time (continuous variable) as
independent variables. Pearson product-moment correlation was used to obtain pair-wise
correlations between parameters. Graphs of changes in parameters overtime were generated

using local polynomial regression fitting.

Results
Neonatal characteristics

Baseline demographics for the 120 study participants are shown in Table 1. Children in this
cohort were healthy term infants, with median anthropometric measurements falling

between the 25™ and 50" centile on the WHO growth charts for gestational age. Nearly all
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(97.5%) of mothers received iron and folic acid antenatally, as per WHO guidelines. Six
infants in the cohort became unwell during the study period (five with suspected sepsis, one

with suspected meconium aspiration) and were excluded from analysis.

Alterations to iron metabolism in the acute post-natal period

Iron metabolism parameters in the first 96h of life are shown in Table 2 and Figure 1.
Mean TSAT was high in cord blood (47.6%, 95% confidence interval (CI) 43.7-51.5%)
with levels higher than the reported reference range for older children. TSAT levels had
halved by 12h post-partum (24.4%, CI 21.2-27.6%) and remained low until 72-96h when
levels began to rise again (30.9%, CI 26.9-34.8%). TSAT alterations were largely driven by
alterations in serum iron rather than by changes to the chaperone protein transferrin, as total
iron binding capacity (TIBC) remained relatively constant, though showing a slight fall by
72-96h of age. Geometric mean hepcidin levels in cord blood (43.8ng/ml, CI 36.8-
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52.3ng/ml) were within the expected reference range for healthy older children,
had almost doubled by the first post-natal blood draw at a median time of 6h post-partum
(79.4, CI 68.1-92.4; p<0.0001). This was followed by a decline at the subsequent sampling
point at 24-48h (p<0.0002)) and a rise again by 72-96h (p<0.0001). Geometric mean IL-6
levels were moderately raised in cord blood, remained raised until 24-48h of age, but had
halved by 72-96h. Cord blood hemoglobin levels (14.4g/dl, CI 13.8-14.9g/dl) were within
previously reported reference ranges.”®® Levels then rose until 24-48h of age (19.2g/dl, CI
18.3-20.0g/dl) and began to fall subsequently (17.9g/dl, CI 17.0-18.7g/dl) at 72-96h of age

as expected for this age group.

Likely effectors of changes in iron metabolism in the acute post-natal period

Pearson pairwise correlation coefficients between the iron parameters (serum iron, TIBC,
TSAT and Hb) and the putative regulators of these parameters (IL-6 and hepcidin) are
shown in Supplementary Table 1. We focus the discussion here on the possible mediators
of the acute post-natal hypoferremia. Day 1 hepcidin and IL-6 values were correlated with
their respective cord levels (+0.66; p<0.001 and +0.37; p<0.05 respectively) and Day 1
hepcidin was correlated with Day 1 IL-6 (+0.38; p<0.01). Day 1 TSAT was correlated with
cord TSAT (+0.54; p<0.0001) and there were similar correlations between cord and Day 1
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serum iron (+0.55; p<0.0001) and TIBC (+0.64; p<0.0001). Day 1 TSAT was inversely
correlated with Day 1 hepcidin (-0.47; p<0.001) and IL-6 (-0.40; p<0.05) and similarly for
serum iron which was the major determinant of TSAT. At the later sampling points TSAT
levels were not significantly associated with hepcidin but showed a strong inverse
association with IL-6 in the 72-96h interval (-0.70; p<0.0001). Hemoglobin levels were
strongly correlated across time within babies but did not appear to influence any of the iron

parameters, hepcidin or IL-6.

Ex vivo assays of growth of sentinel organisms

The ex vivo growth patterns of standard lab strains of Escherichia coli, Staphylococcus
aureus, Klebsiella pneumoniae and Streptococcus agalactiae were assayed in iron-free
medium supplemented with cord and neonatal serum pooled according to time and TSAT
(Figure 2, Table 3). Post-natal sera clearly supported lower growth levels of all organisms
and this was especially true of the Day 1 sera. The effect was least pronounced for S.
aureus. Repeated measures ANOVA including incubation time and cord/neonatal sampling
time confirmed that growth rates of all four organisms were significantly associated with

TSAT (p<0.001) (Table 3).

Discussion

We demonstrate that normal healthy term newborns display a rapid and profound
suppression of serum iron and TSAT within the first 6-24h post-partum. This reduction in
extracellular iron persisted until 2-3d of age, with a slight increase subsequently. The
correlation of suppressed iron and TSAT levels with raised hepcidin levels, particularly in
the first 24h of life, suggests that hepcidin regulation of iron homeostasis is intact in the
human neonate and that this is likely to be the key mediator of the hypoferremia through
redistribution of iron to macrophages. Similar correlations with raised IL-6 levels (10-20
fold higher than adult normal levels), suggest that inflammatory stimulation of hepcidin
also occurs in early life, and that the inflammatory conditions induced by the birth process
may be at least partly driving the hypoferremia of early post-natal life. However,
correlations between iron parameters and IL-6 were weak, and have not been observed in
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previous studies looking at cord blood parameters of iron metabolism.”"” This could suggest
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that other unmeasured inflammatory mediators, such as IL-22°"" may also be up-regulating

hepcidin in response to the birth process.

Two previous reports have similarly reported low iron levels in post-natal blood

275,276
draws.

The data from Szabo were based on 10 infants who were sampled due to
clinical indications (jaundice or infection) at a mean post-natal age of 48+4h.>”> Serum iron
decreased from 23.2umol/l in cord to 7.2umol/l post-natally (arithmetic means). The data
from Sturgeon based on 72 infants sampled by 12h post-partum showed a decrease from
193ug/100cc (34.5umol/L) to 46ug/100cc (8.2umol/L) (arithmetic means). These compare
favourably with our values of 24.7 vs. 13.6umol/L (geometric means) by 6h (IQR 2-
11h).”’® Thus, there can be no doubt that normal neonates elicit a rapid and profound (2-4
fold) hepcidin-mediated decrease in extracellular iron in the early post-natal period. Since
newborns have a negligible iron intake from colostrum the hypoferremia must be achieved

by redistribution of iron; presumably in macrophages where iron egress is blocked by

hepcidin’s inactivation of the transmembrane iron exporter, ferroportin.

A previous study linked a fall in serum iron with an increase in the anti-oxidant capacity of
post-natal serum, suggesting that this may protect new-born infants against free-radical

damage during the transition from fetal to post-natal life.””

In this study we hypothesized
that the hypoferremia may be a protective mechanism to withhold iron from bacteria and
other human pathogens. Early post-natal life is characterized by massive colonization of the
skin and gastrointestinal tract with a variety of commensal organisms.”’” A reduction in the
availability of serum iron may be an evolved innate mechanism to help prevent these
organisms overwhelming the immature adaptive immune responses of neonates. To test this
we devised micro culture methods based on lab isolates of four organisms that frequently
cause neonatal sepsis in sub-Saharan Africa. The growth rates of E. coli, S. aureus, S.
pneumoniae and S. agalactiae were highly significantly lower in neonatal serum than in
cord serum and for each organism growth rates were significantly associated with TSAT. S.
aureus, which favours heme iron as a source’”® was least responsive though still clearly
influenced by TSAT. E. coli was most responsive which is consistent with the findings of
the infamous studies of Polynesian neonates given intramuscular iron, where the
intervention caused an increase in neonatal septicemia and a major shift towards E. coli as
the most frequently identified causal organism.”” Our ex vivo assays need to be interpreted

with caution and will certainly not replicate conditions in vivo, but have been validated by
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titrating with differing concentrations of exogenous iron and are coherent with the known

dependence of bacterial growth on iron supply.

The wider applicability of these findings may be limited because the study population was
restricted to vaginally delivered, healthy neonates above 2000g from one area of West
Africa. Nearly all (97.5%) of infants were born to mothers receiving antenatal iron and folic
acid supplementation, which may have altered levels of iron parameters at birth. TSAT
levels in our study were lower than those reported in a recent systematic review of cord
blood iron parameters (weighted mean TSAT 61.2%), although fell within the reported
2.5".97.5™ centile range.**® Cord blood hepcidin in our study was also lower than has been
previously reported,*®® 27> 280 281 a]though the lack of a standardized immunoassay for
hepcidin detection makes comparing levels between studies difficult. However, these
results could suggest that despite almost universal iron supplementation, our study infants’
iron stores remained relatively lower at term than in other populations. This may indicate
low adherence rates to supplementation or might reflect physiological differences in this
population, for instance reduced gut absorption of elemental iron. It would therefore be
interesting to see whether neonatal hypoferremia is even more exaggerated in different, iron

276 A recent

replete, settings as hinted by the previous studies of Szabo®”> and Sturgeon.
prospective study characterizing hepcidin levels in cord blood also showed lower levels in
premature infants, those born small-for-gestational-age and those delivered by elective

caesarcan Sﬁ?CtiOl’l.273

We have now initiated a study to test whether a blunting of the
physiological hypoferremia of early neonatal life occurs in these situations, putatively
increasing the potential for iron-induced free-radical damage and bacterial pathogenicity
from low virulence organisms, such as is noted particularly in premature infant

populations.**

Low plasma iron is bacteriostatic rather than bacteriocidal, but nonetheless could tilt the
balance towards host survival by slowing the multiplication of pathogens that might
otherwise overwhelm the immature adaptive defenses of newborns. If it were possible to
artificially augment such responses this could form the basis of a novel intervention. Small
molecule orally-administered mini-hepcidins are currently under development and first-in-
human testing as hepcidin agonists.”®* These molecules would not affect the neonate’s
longer-term iron status because they would only cause a transient redistribution of iron

away from the circulation where it is most available to pathogens. Although it presently
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remains a distant prospect, hepcidin analogues might prove to be useful adjuvants in the

face of the rapidly growing levels of antimicrobial resistance.

Conclusions

Healthy term neonates undergo a rapid and profound reduction in serum iron levels during
the first 12 hours of life, at least partly mediated by the hormone hepcidin. This
hypoferraemia is likely to produce protection against common bacterial pathogens and may
be an evolved innate immune strategy to protect the infant during the first few days of
microbial colonisation. Identification of situations where this physiological hypoferraemia
is blunted should be a research goal. Mechanisms to enhance this hypoferraemia, such as
hepcidin agonists, represent an exciting novel therapeutic target that would not be

susceptible to the threat of anti-microbial resistance.
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Tables:

Table 4. Participant characteristics

Characteristic

Median (IQR)

Gestational Age (weeks)

Birth weight (g)

Head circumference (cm)

Length (cm)

Maternal parity

Percentage male (%)

Percentage of mothers on antenatal iron/folic acid supplementation at recruitment

Age at post-natal blood sampling (hours)

<24 hour sample (S1)

24-48 hour sample (S2)

72-96 hour sample (S3)

38 (37-40)

3085 (2858-3325)

34 (33-35)

51 (49-52)

3 (1-6)

49%

97.5%

6(2-11)

29 (26-34)

77 (74-82)
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Table S. Parameters of iron metabolism by post-natal age

Cord blood Age <24 p- Age 24-  p-value Age 72-96  p-values
t 222
N>81+#% hours (S1)  value 48 hours hours
N>53 (S2) (S3)
N>21 N>33
TSAT* (%) 47.6 (43.7- 244 (21.2- <0.0001"  21.8 <0.0001" 309 <0.0001"
51.5) 27.6) (18.8- 0.862 (26.9- 0.042
24.7) 34.8)
0.003°
Iron*(umol/L)  24.7 (22.5- 13.6 (12.0-  <0.0001'  11.6 <0.0001"  14.5 <0.0001"
26.9) 15.2) (10.1- 0.29? (13.1- 0242
13.1) 16.0)
0.11°
TIBC*(umol/L)  52.2 (49.0- 54.0 (51.4- 043 51.0 0.51' 47.9 0.10"
55.4) 56.6) (47.3- 0.09? (45.3- 0012
54.7) 50.4)
0.03*
Hepcidin 43.8 (36.8- 79.4 (68.1-  <0.0001' 459 0.7' 87.1 <0.0001"
* % - -
(ng/ml) 52.3) 92.4) (36.5 0.00022 (73.8 032
57.8) 102.7)
<0.0001°
IL-6 (pg/ml)**  23.7 (14.7- 26.9 (18.9-  0.67" 244 0.39" 10.7 (7.3 0.10'
38.1) 38.2) (18.0- 0.09? 15.6) 0.032
33.0)
0.002°
Hb (g/dl)* 144 (13.8 - 17.6 (17.1-  <0.0001'  19.2 <0.0001"  17.9 <0.0001"
14.9) 18.2) (18.3- 0382 (17.0- 0.20?
20.0) 18.7)
0.01°

* = mean and 95% CI, **= geometric mean and 95% CI, ***= number of available
results differs by each parameter, due to limitations in blood sample volume for some
participants., ****= p-values for significance of difference between values at different

time points: 'Cord blood, *Age<24 hours *Age 24-48 hours
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Table 3. Summary statistics for the ex vivo bacterial growth curves in cord and

post-natal serum samples

Comparison Escherichia coli  Staphylococcus aureus Klebsiella pneumoniae  Streptococcus agalactiae

Sampling time

Trend' <0.0001 <0.0001 <0.0001 <0.0025
Cord vs S1 <0.0001 <0.01 <0.0001 <0.005
Cord vs S2 <0.0001 <0.001 NS NS
Cord vs S3 <0.001 <0.001 <0.005 NS
TSAT

Correlation® <0.0001 <0.0001 <0.0001 <0.0001

" ANOVA for trend across all time points.

? Correlation between TSAT and bacterial growth rates using all data points for the
sampling periods combined.
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Figure 1: Changes to iron parameters during the first 96 hours of life.

Levels of iron (A) transferrin saturation (B) haemoglobin (C) total iron binding
capacity (D) hepcidin (E) and IL-6 (F) in blood drawn from either the umbilical cord
at birth or from the dorsum of the hand at the indicated times post-natal. Dots
represent individual measurements. The bold line is a Loess fit curve with 95%

Confidence Intervals shaded in grey.
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5.3 Summary

The preliminary study confirmed that the inflammatory-iron axis was intact and highly

activated in the first 4 days of post-natal life. It also showed that growth of common

neonatal pathogens in vitro was highly correlated with alterations in serum iron,

suggesting that it may play an important role in non-specific innate immune responses.

Although no effect of BCG on the inflammatory-iron axis was shown, this may have

been influenced by a number of factors:

1.

The inflammatory-iron axis appeared to be highly constitutively activated in
all infants in this study, presumably as an evolved mechanism to protect
against pathogenicity during microbial colonisation in the early post-natal
period. It is possible that serum iron was maximally suppressed in all of our
study infants, meaning that a theoretical effect of BCG would not be seen
even if it did exist. It is possible that some populations of high-risk infants
may have reduced activation of the inflammatory-iron axis at birth, for
which BCG may provide beneficial effects. Small studies such as this one
would have limited power to detect such an effect.

Responses measured in this study were baseline responses following
vaccinations, rather than upon secondary heterologous stimulant challenge.
Follow-up was only to four days of age meaning medium/longer-term

influences of BCG could not be investigated.

Thus, although the preliminary study did not provide good evidence for an early NSE of

BCG being mediated through alterations in the inflammatory-iron axis, it provided

sufficient grounds for a further interrogation in the larger Ugandan RCT that forms the

major part of this thesis.
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6. Methods
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An overview of the methods used in the Ugandan study is found in the published study
protocol paper.”®* This paper can be found at the end of this chapter. More detailed
methods for the main study are outlined below. The methods for the preliminary study

conducted in The Gambia are found in the papers in Chapter 5.

6.1 Detailed methods: main study

6.1.1 Regulatory approvals

The study was approved by the LSHTM research ethics committee, MRC/UVRI
Research Ethics Committee, the Uganda National Council for Science and Technology
and the Office of the President of Uganda. Approval letters can be found in Appendix 8.
A thorough discussion of the ethical considerations of delaying BCG from birth to six

weeks of age in half our study infants can be found in the attached Trials paper.

As the BCG strain used in the study was not used in Uganda during the study period,
and the timing of its administration was altered, approval for the trial was also obtained

from the National Drugs Authority of Uganda (Appendix 8d).

The study was conducted according to the principals of the Declaration of Helsinki.

6.1.2 Participant recruitment, consent and randomisation

Mothers presenting in early labour to Entebbe Grade B district general hospital were
approached by study nurses and asked if they would like to participate in the study.
Each mother approached was assigned a maternal study number, in chronological order.
Information was provided and, for interested mothers, the first eligibility form was
completed (maternal criteria, Appendix 3a). Consent forms were signed pre-delivery,
enabling cord blood collection (Appendix 4b). Consent forms included provision for
long-term storage and further studies using any excess blood samples. As far as possible
the father was involved in the consent process, as there had been problems with
participant withdrawal from previous studies when a mother had consented in the
absence of the father. An independent person, either another family member or a

midwife not involved in the study, witnessed information giving and consent.

After delivery, consent was verbally reconfirmed from the mother, and further

information provided about the study if required. The study nurse completed the second
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eligibility form (infant criteria, Appendix 3b). Detailed explanation of the exclusion
criteria for the study is found in Chapter 4, Table 4.1. Of note, no gestational age limit
or lower weight limit was specified for the study, preferring to use the clinical state of
the child as a guide to inclusion. This was for two reasons: 1) to replicate the real life
scenario in Uganda, where in general any infant well enough to be discharged from
hospital will receive BCG regardless of gestational age or weight and 2) previous
studies have suggested that the NSE of BCG may be of most importance in

premature/LBW infants,”' and thus it was important to include them in the study

Following confirmation of full eligibility and consent for the study, participants were
randomised, stratified by sex. Randomisation occurred according to a) BCG timing
(birth vs. 6 weeks) and b) blood sampling time-point. In this study infant blood
sampling was limited to two out of the possible four time-points within the first 10
weeks, for both ethical and parental acceptability reasons. This resulted in 12 different
possible combinations of BCG and blood sampling time-points, for each sex. The
possible blood sampling time-points are shown in Table 2, page 7 of the published
study protocol, at the end of this chapter. Note, the time-points vary slightly by
immunological sub-study, due to the need to use primary immunisations as an in-vivo
non-specific stimulant for the iron sub-study, and therefore randomisation was
conducted separately for each sub-study. Randomisation lists were created using
STATA in blocks of 24, stratified by sex, by an MRC/UVRI statistician who was not
directly involved in the study.

Study files were prepared according to study group. File contents are shown in Box 6.1.
The study cards and the number of study visit packs required per study file varied
according to the group. Prepared study files of the correct group were placed within a
large opaque, brown envelope with the corresponding study ID labelled on the outside
of the envelope. The files were placed in order, in separate piles according to sex. This
was carried out by two members of the host research institute, not directly involved in
this study, who cross-checked each other’s work. The master list correlating study ID to
study group was held by the preparing, non-study, statistician and only accessed once

the study was completed and the data cleaned and locked.
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Box 6.1 Study file contents

Maternal and infant demographic details form (Appendix 3c)
Study visit packs

Routine visit form + phlebotomy/vaccination details form + brown envelope (for
concealment of study card during visits) (Appendix 3f and 3g).

Study appointment cards

One copy for mother, one copy to remain in the study file. Cards were colour coded
according to BCG vaccination timing (blue for early BCG, yellow for BCG at 6 weeks)
to provide a visual aide memoir for vaccination nurses (Appendix 3f).

Final status form (Appendix 3j)
Colour coded ribbon (blue for BCG at birth, yellow for BCG at 6 weeks)

Tied around the infant’s arm as an aide memoir for vaccination staff.

To randomise eligible infants, study nurses took the next two brown envelopes in
ascending study ID order, according to the baby’s sex. The mother was then asked to
choose between the envelopes. The envelope not chosen was added back to the top of
the sex-appropriate pile, for use during the next randomisation. This process was done
to give a visual reinforcement of the randomisation process to mothers, to provide them
with a sense of autonomy and to reassure them that the study team did not select the
timing of BCG administration. Sufficient extra study files were prepared so that this
process could still be carried out for the final participants in the study. This process of

randomisation was extremely well received by the study mothers.

Upon opening the selected envelope, the colour-coded ribbon contained within was tied
around the right-hand upper arm of the study infant (the location of BCG vaccination).
This was to provide a clear visual reference for vaccination nurses as to whether the
baby was to receive BCG before departure from the ward, or not. BCG at birth is the
current standard of care in Uganda. At Entebbe Grade B hospital, vaccination of all
infants born in the preceding 24 hours occurs every morning by teams of vaccination
nurses not directly attached to the study. The period of time available for vaccination is
often very short, due to pressures on beds and staff time, and therefore a quick method
of identifying infants who were not to receive BCG at birth was required. Each day, the
vaccination nurses called the women whose babies had yellow ribbons for vaccinations
first. The infants in the delayed BCG arm received OPV only, and their names and dates

of birth were documented in a log-book for cross-checking at the end of the study.
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Infants with blue ribbons were called at the same time as the non-study infants and
received both OPV and study BCG. The use of ribbons of different colours for this
purpose was instituted after the initial piloting of study procedures, where concerns had
been expressed by the study nurses about ensuring correct vaccination timing during
busy periods. Ribbons were requested to remain on the infant until they were discharged

from hospital.

The correct administration of the at-birth vaccines was re-confirmed by the study nurses
prior to discharge. Study nurses then completed the date of vaccination and the expected
clinic visit dates on both copies of the infant’s study cards. If clinic visit dates fell on a
weekend, those falling on a Saturday were assigned to the previous Friday and those on

a Sunday to the following Monday.

Prior to discharge from hospital, maternal demographic details were collected
(Appendix 3c) and routine anthropometry was conducted on all infants. Mothers were
provided with information sheets about the study (Appendix 4a) and simple instructions

about recognising signs of clinical illness in newborns (Appendix 4c).

Mothers, infants and their families were then driven home by a fieldworker, after being
shown the location of the research clinic. This allowed the fieldworkers to confirm the
participant’s address and GPS co-ordinates to help with follow-up. Unfortunately,
during very busy periods, some mothers preferred to leave without being driven home,

as there were long waits.

6.1.3 Blinding

This study was single-blind. Mothers were not blind to infant BCG status a) for
practical reasons (as BCG vaccination produces a visible scar) and b) so that mothers
knew the vaccine status of their child and BCG might be given in the community in

cases of loss-to-follow-up in the delayed BCG arm.

Investigators involved in clinical follow-up of the child were blinded to BCG
vaccination status. This included clinicians, field-workers, study PI (myself) and
laboratory technicians. The members of the study team not blinded are shown in Table
6.2. All non-blinded team members were aware of the need not to disclose the

vaccination status of any study participant to other members of the study team.
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Table 6.2. Study team members not blinded to BCG vaccination status

Study team members not blinded to BCG Reason

vaccination status

Nurses/midwives recruiting on labour ward Responsible for randomisation and correct
filling out of study cards, therefore they must
know BCG vaccination timings.

Clinic receptionist Responsible for placing plaster over
expected/actual BCG scar site on right deltoid.

Clinic nurses carrying out immunisations These nurses required access to the study

and blood sampling cards, which detailed the timing of BCG
administration. They also administered the
BCG vaccination in the delayed BCG group
and were therefore necessarily not blinded.
These nurses carried out routine
anthropometry but had no involvement in the
clinical assessment of the child.

Investigator blinding was accomplished in the following ways:

* The receptionist placed a plaster over the right deltoid (at the actual or expected
BCG scar site) of all participants immediately upon entry into the clinic waiting
area. The paediatric team did the same for any study child who presented unwell
directly at Entebbe Grade B hospital.

* Maternal and file study cards (containing details of immunisation and blood
sampling timings) were placed in a sealed brown opaque envelope within the
study file, immediately upon presentation of participants at the clinic.

* Immunisations and blood sampling (necessitating accessing of study cards by
non-blinded nurses) were conducted as the final procedure at any clinic
attendance in a separate room from any blinded investigator.

* Mothers were reminded not to tell investigators of the BCG status of their infant.
Clinicians were asked not to enquire about vaccine status unless the mothers
specifically expressed concerns, in which case this un-blinding of vaccination
status was documented.

* Laboratory investigations were conducted by anonymous laboratory ID number,
with linkage to study ID and vaccination status occurring only when data were

cleaned and locked.

Blinding was largely successful, with eleven cases of un-blinding: three accidental and

eight because of maternal concerns about the vaccination site.
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6.1.4 Intervention

BCG Staten Serum Institut (SSI) strain 1331 batch 113033c expiry date September
2015 (product information sheet, Appendix 5) was used throughout this study. BCG
was given at a dose of 0.05ml, administered intradermally to the right deltoid at either
<24 hours of age or 6 weeks of age depending on study arm. Once reconstituted with
diluent, BCG multi-dose vials were used for a maximum of 4 hours before being
discarded, as per manufacturer’s guidelines. Study BCG was used for all infants born at
Entebbe Grade B hospital during the study period, on permission of the National Drug
Authority of Uganda. This ensured that there would be no chance of administration of a
non-study strain of BCG to study infants, and reduced wastage of doses of vaccine from

the multi-dose vials.

BCG SSI 1331 was used because studies have suggested that it produces greater
specific and non-specific immune responses compared to other BCG strains.** It was

also the strain used in other studies investigating the potential NSE of BCG>>*"°!- 16

175290 and therefore would allow for more direct comparisons.

In the early BCG arm, the aim was for participants to receive BCG at <24 hours of age.
This was achieved in 98% of infants. For six infants, BCG was received at 24-90 hours
of age. This occurred due to an inability of nurses to access the study vaccine during a
bank-holiday weekend when the storage room at the hospital was locked. This delay in
vaccination was noted on study records. The participants remained in the study, but the
vaccination delay was accounted for during analysis, which was conducted as both ‘per-

protocol’ and ‘intention-to-treat’.

In the delayed arm, BCG timing in relation to the first dose of primary immunisations
(EPI-1 — see below) varied according to sub-study. Due to the use of EPI-1 vaccines as
in-vivo non-specific stimuli in the iron sub-study, BCG was administered one day after
EPI-1. This allowed for a blood sample to be taken immediately prior to BCG
administration, to compare acute responses to non-specific stimuli in BCG vaccinated
and unvaccinated participants. In the cytokine and epigenetic sub-studies, BCG was
administered at the same time as EPI-1 vaccinations. Participants presenting late for
their six-week vaccinations or blood sample collection were still retained in the study,
providing that they had not received immunisations elsewhere in the community.

Although not optimal, it was felt that slight alterations in vaccination timing reflected
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the real world scenario of vaccinations, and that it was therefore important to take this
into account when assessing the likely impact of BCG on outcomes. Any delay was
noted, allowing for adjustment during final analysis as necessary. Ten infants received

non-study BCG in the community and were discontinued from further study procedures.

6.1.5 Other routine vaccinations

Study infants received all vaccinations according to the current expanded programme of

immunisations (EPI) during the 10-week study period (see Table 6.3).

Table 6.3. Routine immunisations received by all study participants

At birth OPV
At 6 weeks of age DTwP-Hib-HepB
(EPI-T) PCV10

OPV
At 10 weeks of age DTwP-Hib-HepB
(EP1-2) PCV10

OPV

OPV, Oral Polio Vaccine; DTwP-Hib-HepB, Diptheria Tetanus whole cell Pertusis
Haemophilus influenza type B, Hepatitis B (5-in-1); PCV 10, 10-valent Pneumococcal Conjugate
Vaccine; EPI, Expanded Programme of Immunisations.

Of note, rotavirus vaccination roll-out in Uganda occurred after completion of the study

and therefore was not received by any participant.

6.1.5.1 Storage of vaccines

All vaccines were stored in UNICEF/WHO approved ice-lined refrigerators. These
maintain storage temperatures for at least 24 hours in the event of a loss of power
supply. The main storage of vaccines was at the Maternal and Child Health Clinic
(MCHC) adjacent to the study clinic, with boxes of BCG vials and diluent taken to
Entebbe Grade B MCHC at regular intervals (transported in cool boxes with ice packs;
journey time was approximately 10 minutes). Refrigerators were maintained at 4°C

(optimal range 2°C — 8°C) and a twice-daily log of temperatures was kept, reviewed on
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a daily basis by study staff. Temperature monitoring was installed which alarmed when

out of range, in which case the study PI was informed and corrective action taken.

6.1.6 Anthropometry

Weight

Infant weight was measured using Seca electronic scales, accurate to within 10g.
Weight was measured with the infant fully unclothed and without a nappy. The scales
were calibrated weekly. During the study, the scales at the clinic broke and could not be
used for a period of 8 weeks. Weight at routine and illness visits could not be

documented during this time.

Length

Infant length was measured using a length board and a two-person technique.

Head circumference

At birth, the occipito-frontal circumference (OFC) was measured using a tape measure.

Measurements were taken three times, and the largest measurement recorded.

6.1.7 Vital sign measurement

Heart rate

Heart rate was assessed by auscultation over the precordium, with rate measured for 30

seconds and multiplied by 2, or for a full 60 seconds, depending on nurse preference.

Respiratory rate

Respiratory rate was assessed by auscultation over the chest in combination with
observations of chest wall movement. Measurement took place for a full 60 seconds to

allow for periodic breathing, which may occur in young infants.

Temperature

Temperature was measured using a digital axillary thermometer, as per the current

WHO recommendations.
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6.1.8 Blood sampling and handling

6.1.8.1 Cord blood sampling

Cord blood was obtained by direct venepuncture through the outside of the cord into the
visible umbilical veins using a 10ml syringe and 21-gauge needle. This was
accomplished within 5 minutes of delivery (and mainly immediately upon delivery of
the placenta). Up to 10ml of cord blood was collected and transferred to one 5Sml

heparinised and one Sml EDTA container.

Blood samples remained at room temperature prior to transfer to the laboratory for
processing. Samples collected during the day were transferred to the laboratory within 4
hours of collection. Samples collected at night were transferred the following morning,
resulting in a maximum of 16 hours delay in processing. Time from collection to
laboratory processing was documented in all cases allowing for adjustment during the

final analysis.

6.1.8.2 Infant blood sampling

Blood from infants was collected by venepuncture from the dorsum of either the hands
or feet by study nurses. Blood collection was accomplished using 24-gauge cannulas,
allowing blood to drop into microtainers under gravity. This procedure was determined
to be the most successful following piloting of procedures, in comparison to 23-gauge
butterfly needles and syringe collection. Both techniques were shown to lead to
equivalent sterility of samples after culturing, when performed using aseptic procedures.
Up to three attempts at venepuncture were allowed, providing the mother consented and
the child was not overtly distressed. After two failed attempts, a senior clinician was
requested to attempt venepuncture for the final time. More invasive techniques, such as
femoral stab, were not conducted for routine visits but were used if the participant

presented to the clinic unwell and it was indicated by their clinical condition.

Up to 2ml of infant blood was collected into microtainers (Becton-Dickinson, UK) with

preservative varying due to the requirements of each sub-study:
Iron sub-study 1.5ml lithium heparin, 0.5ml EDTA

Cytokine and epigenetic sub-studies 2ml sodium heparin

143



As lithium heparin and sodium heparin tubes both have green caps, the sodium heparin
tubes (cytokine and epigenetic sub-studies) were labelled with an additional orange
sticker. This allowed rapid identification of tubes for both the phlebotomy nurses and

the laboratory technicians.

Infant blood samples were stored at room temperature for up to four hours prior to
transfer to the laboratory for processing. Time from collection to processing was
documented for all samples. Blood sample tubes were labelled with study ID, date and
time of collection, and blood collection forms were completed for transfer to the

laboratory with the samples.

Participants presenting to the clinic unwell had additional blood samples (and other
clinical investigations such as blood culture, urine culture, stool culture and lumbar
puncture) carried out as indicated by their clinical condition and under the direction of

the attending clinician and myself.

6.1.9 Stool sampling and handling

Mothers were requested to bring stool samples from their children at the 6-week study
visit (prior to EPI-1 +/- BCG receipt) and at the 10-week study visit (prior to EPI-2
receipt). Stool pots (plain storage tubes with spoons integrated on the underside of the
lid) were provided on discharge from the labour ward and verbal instructions on stool
collection given. Mothers were reminded to bring stool samples on clinic attendance,
during telephone follow-up. Mothers were requested to collect the stool sample on the
morning of the clinic visit, or the night before and for the sample to be refrigerated if

available.

On receipt at the clinic stool samples were processed and frozen for future microbiome

analysis.

Despite regular reminders and requests for stool samples, compliance with this aspect of
the study was low. A total of 358 samples were collected (out of an intended 1120),
with only 93 participants providing samples at both the 6- and 10-week time-points.
Anecdotally, this was due to a mixture of maternal forgetfulness, misplacing pots and

lack of stool passage from the infant on the morning of attendance.
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6.1.10 Nasal swab sampling and handling

Nasal swab collection at the 6- and 10-weeks

(pre-EPI-1 and 2) was added to the study protocol [0 ETAH KEL@RuT [HTEn fiTiiil)]

mid-way through. This was added due to the S S| mlL R oo
publication of a study suggesting impacts of pryptone soya broth 3g
routine immunisation on nasal pathogen Glucose 0.5g

carriage.”™ It also provided an additional mucosal ~ Glycerol 10ml

surface microbiome on which to study the impact ~ Distilled water 100ml

of BCG, and was also a more reliable technique than stool sample collection, being

carried out during routine visits rather than by mothers at home.

This study followed a similar protocol for nasal swab collection as the published study
investigating the impacts of routine immunisation on pathogen carriage in the

285
nasopharynx,

to make the two studies as comparable as possible. Nasal swab culture
medium (skimmed-milk, tryptone, glucose, glycerol - STGG) was prepared in advance,
Iml aliquoted into 1.5 ml tubes and frozen at -20°C until use. The STGG culture

medium recipe is found in Box 6.2.

Immediately prior to EPI vaccinations at the 6- and 10-week time-points, nurses
inserted a paediatric calcium-alginate nasopharyngeal swab (Medical Wire) into the left
naso-pharynx of the participant, extending until resistance was met. The swab was held
in place for 5 seconds if possible, and rotated during removal. The swab was then
placed in the culture medium and the wire cut off sufficiently to allow the cap to be
replaced. The vial was shaken for 5 seconds and placed in a cool box with ice packs for
transfer to -80°C storage within 4 hours. In total 437 nasal swabs were collected, with

178 participants having paired samples at the 6-week and 10-week time-points.

6.1.11 Assessment of clinical outcomes

All participants were followed-up clinically for the duration of the 10-week study
period, to determine the number, type and severity of illness episodes. This was

accomplished in a number of ways, to ensure all illness episodes had been captured:

* At each routine visit clinicians questioned mothers and examined the participant
for any current illness that the participant might have (Routine Visit CRF.
Appendix 3d).

145



* At each routine visit, clinicians also questioned mothers about the type, duration
and outcome of any illness that the participant had suffered since their last clinic
visit (Routine Visit CRF. Appendix 3d).

* Mothers were strongly encouraged to bring their child to the clinic if they had
any concerns about illness. At these illness visits, participants were assessed by
a clinician, treated and followed-up as necessary, free of charge (Illness Visit
CRF. Appendix 3g and 3h).

* The paediatric ward at Entebbe Grade B hospital was provided with a phone and
credit to enable them to alert the study team to any attendances of study
participants. These participants were then reviewed by a member of the study
team on the ward (usually the PI) with Illness visit and Follow-up forms
completed as appropriate (Illness Visit and Follow-up CRFs, Appendix 3g and
3h). Thrice-weekly routine attendance by the study PI on the wards further
ensured that all participant admissions were captured.

* Mothers were asked about the clinical status of their child during weekly
telephone follow-up. Mothers who reported that their child was unwell were

requested to bring them to the clinic for review by a study clinician.

Deaths were recorded and the possible cause of death was investigated as far as possible
in each case. The majority of deaths of participants (eight in total) were discovered upon
routine telephone follow-up, and had not presented to the clinic or a hospital prior to the
event. The one exception to this was a participant presenting to the clinic in the first
week of life with symptoms of congenital bowel atresia. This participant was
immediately transferred to the surgical referral centre but died en-route. For deaths
discovered during telephone follow-up, a field-worker was dispatched to the family
home to convey the study team’s condolences and to carry-out a brief verbal autopsy

where possible.

Using these multiple methods to capture clinical outcomes reduced the chance that an

illness would be missed, but risked capturing the same illness event a number of times.

Records of illness episodes for each participant were therefore reviewed after data-entry

to identify any duplicated documentation.
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6.1.12 Data collection

Data collection occurred using paper CRFs (Appendix 3). These were double data
entered into a Microsoft Access database by the MRC/UVRI data entry team. Initial
attempts at designing a direct computerised data entry system for data capture suffered
delays and it was not usable in time for participant recruitment. Paper forms for each
participant were linked using a unique participant identifier. Study files were stored in
locked filing cabinets in the study clinic whilst in use, prior to being transferred to
MRC/UVRI for data entry and long term storage following completion of study

procedures.

6.1.13 Serious adverse event reporting

Serious adverse events (SAEs) were reported as per the LSHTM protocol (Appendix 6)
with reporting of serious adverse events to the local Uganda Virus Research
Institute/Medical Research Council (UVRI/MRC) research ethics committee within 24
hours and to the LSHTM Ethics Committee in the annual report. Suspected unexpected

serious adverse reactions (SUSARs) required expedited reporting to LSHTM.

There were 22 SAEs during the study and no SUSARs (see Table 6.4). All were

reported as per requirements.

Table 6.4. Adverse events

Adverse event type Number of this type of
adverse event

Hospital admissions 14

Deaths 8 (+ 1 from a participant
recently withdrawn from the
study)

BCG vaccination site 2

abscess

6.1.14 Study monitoring

The study was monitored on a day-to-day basis by the PI (myself) with oversight from
Dr Stephen Cose, Professor Hazel Dockrell and Professor Alison Elliott. An internal
study monitor, Miriam Akello, conducted regular monitoring assessments, including
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prior to study commencement, throughout the study and upon completion. An
independent Data Safety Monitoring Board (DSMB) met prior to the trial
commencement and at its mid-point. The board comprised Professor Andrew Nunn
(MRC Clinical Trials Unit, chair), Professor Elly Katabiri (Professor of Pediatrics,
Makerere University) and Dr Phillipa Musoke (Lecturer in Pediatrics, Makerere
University). The DSMB reviewed the conduct of the trial at two points during the study
and assessed whether the trial needed to be terminated early for safety, futility or clear

benefit in one arm. No major concerns were raised by the DSMB.

6.1.15 Routine appointment procedures

Participants attended routinely for blood samples and/or immunisations (routine EPI,

and BCG at 6 weeks in the delayed arm) during the 10-week follow-up period.
Routine appointment procedures occurred as follows:

* Participant presented to clinic.

* Plaster applied over expected BCG vaccination site on the right deltoid by clinic
receptionist.

* Participant’s attendance at clinic logged in reception book.

* Study card obtained from mother and study file retrieved from locked filing
cabinet.

* Both copies of study card placed into opaque brown envelope within the study
file and sealed.

* Participant reviewed by a nurse who conducted anthropometry and measured
vital signs.

* Participant reviewed by a clinician who enquired about any current and inter-
appointment illness episodes, and performed a physical examination of the child
(Routine Clinical Review Form. Appendix 3d). If the child was currently
unwell, or abnormalities were found on examination, an illness episode form
was also completed (Appendix 3g).

* Participant reviewed by nurses in the phlebotomy/vaccination room. The brown
envelope concealing the study cards was opened and the procedures due for that
visit were identified and completed. Depending on the visit this may have
included one or more of: venous blood sampling, EPI vaccine administration,

BCG vaccination, stool sample collection, nasal swab collection. On visits
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where blood sampling and vaccination both occurred, blood samples were taken
first. Nurses completed the routine clinical review form (Appendix 3d) and the
accompanying laboratory forms for any samples (Appendix 31). Both copies of
the study cards were updated and the participant returned to reception.
Participant’s caregiver provided with transport reimbursement (10,000 Ugandan
Shillings — equivalent to approximately £2.50 at the time), their copy of the
study card and reminded about the date of the next clinic visit.

The file copy of the study card was returned to the opaque brown envelope and

the file returned to the locked filing cabinet.

6.1.16 lliness visit procedures

Participant’s mothers were encouraged to bring their child for review at the clinic

whenever they felt the child was unwell. Review and any treatments were provided free

of charge, but transport reimbursements were not provided.

Illness episode procedures occurred as follows:

Participant presented to clinic.
Plaster applied over expected site of BCG vaccination on the right deltoid by
clinic receptionist.
Participant’s attendance at the clinic logged in the reception book.
Study card obtained from mother and the study file retrieved from locked filing
cabinet.
Both copies of study card placed into opaque brown envelope within the study
file and sealed.
Participant reviewed by a nurse who conducted anthropometry and measured
vital signs.
Participant reviewed by a clinician who performed a history and physical
examination of the child.
Investigations conducted by the clinician or a nurse, as per the clinicians
instructions. Investigations available at the study clinic included haematology
and blood biochemistry, culture of CSF, urine, swabs, stool and aspirate fluid,
blood glucose and malaria parasite screen (microscopy and rapid diagnostic
tests). Imaging and more invasive tests were available through private firms or at
the tertiary referral hospital (Mulago) if required.
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* Any medications prescribed were dispensed by the head nurse of the clinic. If
not available at the clinic, medications were bought from a local pharmacy using
study funds.

* The participant’s caregiver was provided with their copy of the study card and
reminded about the date of the next clinic visit (including follow-up for this
illness visit, if required).

* The file copy of the study card returned to the opaque brown envelope and the

file returned to the locked filing cabinet.

6.1.17 Telephone follow-up

Mothers were contacted on a weekly basis for the duration of the study. This was to
check the clinical status of the child and to remind mothers about any routine visits that
were due. Extra telephone contacts were also carried out in cases of missed routine

appointments.

Contact was attempted by telephone in the first instance. If telephone contact was not
successful on two consecutive days, a field worker was dispatched to the documented
address to review the child and make any alterations to contact details as necessary.
Occasionally, mothers and infant were not found at the documented address. In these

cases, neighbours or family were asked for new addresses/telephone numbers.

If contact was not made, it was re-attempted weekly using the provided telephone
details. With repeated non-contact, the study file remained open until the end of the 10-
week study period, in case the participant presented directly to clinic. In cases of no
contact, non-attendance and/or incorrect contact details having been provided the

participant was assumed to have withdrawn from the study (20 participants).

6.1.18 Delays or non-attendance at routine appointments

Occasionally the mother had travelled out of the study area with the infant (33
participants). Mothers were encouraged to return for their infant’s routine visits and
immunisation. Participants that returned within the study period, but delayed, were
retained in the study, provided that they had documented evidence of receipt of routine
immunisations at the correct time in the community. Participants in the delayed BCG

arm could not be kept in the study if they received BCG in the community, because of
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likely strain differences in the vaccine used (BCG India was used routinely in Uganda

during the study period, as opposed to the SSI 1331 strain used in the study).
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6.2 Piloting of main study procedures

To test the proposed study protocols, a small pilot study was conducted from September

to December 2014. This had the following aims:

1. To test study procedures - particularly to ensure that randomisation and blinding
could be carried out effectively, but also to test that the CRFs were user friendly.

2. To confirm that EPI vaccines can act as in-vivo non-specific stimulants to the
innate immune system and iron metabolism (blood samples 2 and 4), for the iron
sub-study.

3. To identify the duration of the effects of EPI vaccines on the innate immune
system, and thus identify when might be the optimal time to collect the blood
sample post-BCG vaccination at 6 weeks to avoid confounding from EPI
vaccinations (blood sample 3).

4. To identify the best time post-BCG vaccination to measure changes in the innate

immune system (blood samples 1 and 3).

Ten neonates were recruited to the pilot study and randomised to receive BCG at birth
or at 6 weeks of age. All infants had blood taken at 6 weeks, prior to receipt of EPI-1
vaccinations. Infants in the BCG-at-birth group were then randomly allocated to have
their second blood sample 1-5 days post EPI-1 (one participant per day). Infants in the
delayed-BCG group received BCG vaccination 6 days after receipt of EPI-1. This was
the largest delay following EPI-1 allowed within the ethics approval for the study. The
aim was to exclude any possible confounding caused by stimulation of the innate
immune response by EPI-1 vaccination. Infants in the delayed BCG group were then
randomly allocated to have their second blood sample collected 1-5 days post-BCG
vaccination (7-11 days post-EPI-1). Figure 6.1 shows the vaccination and blood
sampling schedules for the pilot study infants. IL-6 and hepcidin ELISAs were run on
all blood samples, to analyse the impact of the vaccinations on the innate immune

response and iron metabolism.
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Figure 6.1. Pilot study blood sampling and vaccination timings
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6.2.1 Testing of study procedures

The pilot study confirmed that the study procedures in the study protocol of the main

study were effective. Changes instituted as a result of the pilot study are listed below:

* Use of coloured ribbons on the labour ward to distinguish participants requiring
BCG at birth easily for the government vaccination teams.

* Documentation of infants who did not receive BCG at birth in a log-book by
government vaccination teams (stored in a locked filing cabinet and not accessed
by the study team until the data were cleaned and locked). This was to provide
an extra check at the end of the study that randomisation had occurred correctly.

* Use of paper CRFs as opposed to direct electronic data entry. These were tested
alongside each other in the pilot study. However the electronic database was
found to have many errors and was not easily and quickly useable by the study
team. The decision to remain with paper CRFs was made on the
recommendation of the study team.

* Use of cannulas with blood dropping into collection tubes under gravity for
blood sampling in infants, rather than butterfly needle and syringe. This
technique was found to be the easiest blood collection technique, and led to no
increased contamination of samples (confirmed by culturing excess blood

samples using the two techniques).

6.2.2 EPI vaccination effects on the innate immune system and the timing/duration

of such changes

Figure 6.2 shows the change in IL-6 and hepcidin levels following EPI-1 vaccinations.
As can be seen, both IL-6 and hepcidin appear to be highest at 1-day post-EPI-1. Levels
then tended to decrease, and were lower than pre-vaccination levels by five days post-

EPI-1.
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6.2.3 BCG vaccination effects on the innate immune system and the timing of such

changes

Figure 6.2 shows the change in IL-6 and hepcidin levels following BCG vaccination at
6 weeks + 6 days of age. A trend toward a slow increase of IL-6 and hepcidin levels at 4
and 5 days post-BCG was shown. In these infants, no changes from pre-vaccination

levels of IL-6 or hepcidin were shown at 1-3 days post-BCG vaccination.

Figure 6.2. Innate immune system and iron metabolism responses following EPI-1

and BCG vaccination — pilot study
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Levels of a) IL-6 and b) hepcidin in blood samples from individual participants following EPI-1
and BCG vaccinations, with lines of best fit for responses shown. n=10. EPL, expanded programme
of immunisations; BCG, Bacille Calmette Guerin; d, day.

The evidence from the pilot study, therefore, suggested that EPI-1 vaccinations could be
used as an in-vivo non-specific stimulant and that the best time to sample to show these
changes would be at 24 hours post-EPI administration. Stimulation appeared to last for

less than 5 days, whilst changes to innate responses following BCG vaccination did not
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appear to be measurable until 4 or 5 days post-vaccination. Therefore the decision was
made to vaccinate individuals in the delayed BCG group at 6 weeks + 1 day (in the iron
sub-study) and sample for post-vaccination levels at 6 weeks + 5 days. Although
interaction between BCG and EPI-1 vaccinations given this close together could not be
ruled out, this timing was considered to produce a low chance of residual confounding
from EPI-1 innate immune stimulation by the time the post-BCG vaccination sample
was taken. It was also a time schedule that worked well logistically (meaning the 1 day
post-EPI-1 blood sample and BCG vaccination time-points could be combined in the

iron sub-study).
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6.3 Detailed laboratory methods

6.3.1 Sample reception and initial processing - all sub-studies

Blood was received in the laboratory within 4 hours (infant samples) or 16 hours (cord
blood samples) of being collected. Samples were recorded in the sample reception book
and an anonymous laboratory ID number assigned. Sample reception forms were
completed (Appendix 3i) which linked study ID number, sample date and type, and
laboratory ID number.

6.3.1.1 Iron sub-study

Initial processing

Upon receipt in the laboratory, lithium-heparinised blood was centrifuged at 400g for 10
minutes at room temperature. The supernatant was divided into two aliquots, which
were stored at -80°C in separate freezers. This was to protect samples in case of freezer
failure, and to reduce the number of freeze-thaw cycles that individual aliquots were
subjected to. Remaining cell pellets were transferred to RNAase/DNAase free
microtubes and stored at -80°C. EDTA samples were transferred immediately to the
clinical laboratory for full blood count analysis. Excess EDTA samples were stored in

RNAlater at -80°C. Time of processing and storage was documented in all cases.

Iron indices

Iron indices (TSAT, iron, ferritin, UIBC, TIBC, transferrin and sTFR) were measured
using an automated COBAS Integra 400 plus (Roche Diagnostics, USA). This was
conducted in batches on stored plasma after all recruitment and follow-up for iron sub-
study participants had been completed. Samples were allocated into batches for analysis
using their anonymous laboratory ID number and a random number generator in
Microsoft Excel. The plasma samples had been subjected to one freeze-thaw cycle prior
to iron analysis unless any analysis had needed to be repeated. Iron parameters are
stable to multiple freeze-thaw cycles, so this should not have affected results.”***” The
COBAS Integra machine was calibrated daily prior to use, as per the manufacturer’s

instructions.
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Hepcidin measurement

Hepcidin was measured by competitive ELISA kit (Bachem-25, California, USA), as

per the manufacturer’s guidelines. In essence:

* Hepcidin standards were created from stock standard:

— Lyophilised standard was reconstituted in standard diluent to a
concentration of 25ng/ml.

- Two-fold serial dilutions were conducted to provide ten standard
concentrations ranging from 0.049ng/ml to 25ng/ml.

— Standard diluent alone was used for blank wells.

* Plasma samples were diluted using pooled peptide-free human serum as diluent,
to an initial dilution of 1:20.

* 25pl of anti-hepcidin anti-serum was added to Bachem immunoplates pre-coated
with antibody (except in the blank wells where buffer was added) and plates
were incubated for 1 hour on a plate shaker at room temperature.

* 50pl of standards or diluted plasma samples were added to wells in duplicate.
Diluent alone was added to the blank wells. Plates were incubated for 2 hours on
a plate shaker at room temperature.

* 25pl of biotinylated-tracer (synthetic hepcidin-protein with biotin attached) was
added to each well and plates were incubated for 18 hours on a shaker at 4°C.

* Plates were equilibrated to room temperature on a plate shaker for 1 hour and
then washed with buffer five times.

* 100ul Streptavidin-HRP (horseradish peroxidase) was added per well to bind to
biotin and the plate incubated for 1 hour at room temperature.

* Plates were washed with buffer five times.

e 100ul of TMB (3,3’,5,5 -tetramethylbenzadine) solution was added to all wells,
inducing a blue colour change reaction with horseradish peroxidase, and plates
incubated for 45 minutes at room temperature in the dark (placed in a drawer).

* 100ul of 2N HCL was added per well to stop the colour change reaction.

* Absorbance was read by an ELISA reader at 450nm within 10 minutes of 2N
HCL addition, and analysed using 4-parameter logistic curve fitting software

with blanks subtracted.

Samples were run in duplicate. Aliquots had been subject to one freeze-thaw cycle

unless re-runs were required. Hepcidin has been shown to be stable for up to 4 freeze-
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thaw cycles.”® The detection range for the assay was 0.049-25ng/ml. Samples with
concentrations outside the linear portion of the curve were re-run using alternative
dilutions. Initial dilutions used were 1:20, as this level was previously shown to be
appropriate in neonatal samples from the Gambian study. Samples with concentrations
below the lower limit of detection were imputed using (limit of detection/2). Samples
with an intra-assay coefficient of variance (CV) >15% were re-run. Approximately 7%

of samples needed to be re-run due to high CV.

IL-6 measurement

IL-6 was measured by competitive ELISA (BD-OptEIA sets, Oxford, UK). Half the
manufacturer’s recommended volume of sample and reagent were used throughout.
Work conducted in the Co-Infection Studies Programme laboratory in Uganda has
previously shown that this produces results comparable with using the full
recommended volumes and reduces the volume of sample required per test. The ELISA

methods used are outlined below:

*  96-well microplates (Immunolon 4HBX, Thermoscientific, UK) were coated
with 50pul capture antibody diluted in coating buffer, incubated overnight at 4°C,
then washed three times with wash buffer.

* Plates were blocked with 100ul assay diluent, incubated for 1 hour at room
temperature, then washed three times with wash buffer.

* [L-6 standards were created from stock standard:

— Lyophilised stock standard was reconstituted in deionized water to 27ng/ml
and used to prepare a 300pg/ml solution using assay diluent.

- Two-fold serial dilutions were conducted to provide seven standard dilutions
ranging from 0.49-300pg/ml

— Standard diluent alone was used for blank wells.

* 50ul of standards, samples, control or diluent (blanks) were added to appropriate
wells and incubated for 2 hours at room temperature, then washed five times
with wash buffer.

*  50ul of working detector (biotinylated Anti-human IL-6 and streptavidin-HRP)
was added to each well, incubated for 1 hour at room temperature and then

washed seven times in wash buffer, with 1 minute soaks between washes.
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*  50ul of substrate solution (TMB and hydrogen peroxide) was added to each well
and the plates incubated for 30 minutes in the dark (placed in a drawer).

* 25pl of stop solution (2N H,SO4) added to each well.

* Absorbance read with an ELISA reader at 450nm, with wavelength correction at
570nm, within 10 minutes of stopping the reaction and analysed using 4-

parameter logistic curve fitting software with blanks subtracted.

Samples were run in duplicate. The detection range for the assay was 0.49-250pg/ml.
Samples were initially run undiluted. Samples with readings outside the linear portion
of the curve were re-run using alternative dilutions. Samples with concentrations below
the lower limit of detection were imputed using (limit of detection/ \2). Samples with an
intra-assay coefficient of variance (CV) >15% were re-run. Approximately 7% of
samples needed to be re-run due to high CV. Plasma from a cord blood sample
stimulated with polyinosinic:polycytidylic acid (poly I:C) was used as a positive
control. Plates that had poly I:C values >2 SD from the average concentration were re-

run (1 plate).

Haematology indices

EDTA whole blood samples were transferred to the clinical laboratory for automated
analysis using a Coulter AT 5 Diff CP haematology analyser. Analysis occurred within
a maximum of 16 hours of cord blood sample receipt, and 4 hours of infant sample

receipt, with time from collection to analysis documented.

Results were reviewed by a laboratory technician during analysis. Samples with indices
outside of the reference range for age were re-run, if volume permitted, and the PI
informed. This occurred on only one occasion during the study, when extremely low
white blood cell counts were found in one sample. The participant was recalled,
reviewed and sampling repeated. The child was well and the white cell counts in a
second blood sample had normalised. All other results were transferred to the PI for

review within one-week.
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6.3.1.2 Cytokine sub-study

Initial processing

On arrival at the laboratory for processing 1.3ml sodium-heparinised blood (or closest
amount in the case of small sample volumes) was retained for use in the whole blood
stimulation assay. 150ul of the remaining blood was placed in 800ul of RNAlater and
stored as two aliquots at -20°C for future analysis. Any remaining blood was
centrifuged at 1000g for 10 minutes at room temperature, the plasma and cell pellet

separated and stored at -80°C for future use.

Whole-blood stimulation assay

Sodium-heparinised blood was incubated with six pathogenic stimulants, as well as a

positive and a negative control stimulant as follows:

* Sodium-heparinised blood was diluted 1:2 with RPMI.

* A plate pre-coated with antigenic stimulants (see below) was thawed.

* 100ul of diluted blood was added per antigen stimulant well, giving a final
blood dilution of 1:4.

* The plate was incubated for 24 hours at 37°C in 5% CO,,

* 120-150ul of supernatant was harvested per well and transferred to microtubes.
Supernatants from duplicate/triplicate stimulation wells were pooled and divided
into two aliquots.

* Aliquots were stored at -80°C in different freezers, until cytokine ELISA

analysis.

Stimulants used in the whole blood assay, their concentrations and their main toll-like

receptor (TLR) targets are shown in Table 6.5.

Stimulants were selected a) to allow comparison with other studies investigating the
non-specific effects of BCG,”* '®* 1> 18 ) due to their importance as actiologies of
neonatal morbidity and mortality, and c) because they represented a range of pathogen
types and TLR agonists. Whole pathogens were, largely, chosen over specific TLR

agonists, in order to mimic in vivo neonatal infections as much as possible.
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Table 6.5. Whole blood stimulation assay stimulants and their properties

Stimulant

Pathogen type

Main TLR  Concentration Stock

recognition  (diluted from origin
stock in RPMI)
Streptococcus Gram positive bacterium 2(+/- 1/6) 1x10%ml Radboud
pneumonia and 9 University
(heat killed) Nijmegen
Staphylococcus Gram positive bacterium 2 (+/-1/6) 1x10%ml Radboud
aureus (heat and 9 University
killed) Nijmegen
Escherichia coli  Gram negative bacterium 4, 2(+/- 1/6) 1x10%ml Radboud
(heat killed) University
Nijmegen
Candida Fungus 2(+/-1/6) 1x10%ml Radboud
albicans (heat and 4 University
killed) Nijmegen
Poly I:C Virus-like stimulant 3 Spg/ml Sigma
(1530/0913) (double stranded RNA) Aldrich, UK
CpG ODN Virus-like stimulant 9 Spg/ml Invivogen,
(2395) (DNA) UK
Purified Positive control for BCG 6,2,4,1 10pg/ml Statens
peptide vaccination/mycobacteria Serum
derivative exposure Institut,
Denmark
RPMI Negative control Invitrogen,
UK

Poly I:C, polyinosinic:polycytidylic acid, CpG ODN, CpG oligodeoxynucleotides; RPMI,
Roswell Park Memorial Institute medium

Assay plates were pre-coated with stimulant (100ul per well) in batches, prior to study
commencement. These were covered with sterile acetate films, stored at -20°C and
thawed upon receipt of a blood sample. The plate layout for stimulations is shown in
Figure 6.3. Stimulations were conducted in triplicate to provide greater volumes of
supernatant for harvesting, except for C.albicans (conducted in duplicate) and CpG

ODN (conducted once only) due to reduced availability of stimulant.
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Figure 6.3 Antigenic stimulation plate layout

RPMI PPD Poly I.C S. pneumoniae:S. aureus E.coli C.albicans :CpG ODN
RPMI PPD Poly I.C S. pneumoniae:S. aureus E.coli C.albicans
RPMI PPD Poly I.C S. pneumoniae:S. aureus E.coli

100pul of stimulant per well. 100ul of blood, diluted 1:2 in RMPI was added, for a final dilution
of 1:4. Grey wells were filled with PBS to prevent drying out. RPMI, Roswell Park Memorial
Institute medium; PPD, Purified Protein Derivative; Poly I:C, polyinosinic:polycytidylic acid,
S.pneumoniae, Streptococcus pneumoniae; S.aureus, Staphylococcus aureus; E.coli,
Escherichia coli; C.albicans, Candida albicans; CpG ODN, CpG oligodeoxynucleotides.

Optimisation experiments were conducted prior to commencement of the cytokine
study, to determine the most appropriate dilution of blood, concentration of stimulants,
and incubation time for innate cytokine recovery in neonatal blood samples. When
determining the most appropriate methods to use, the degree of cytokine response at

each condition was the main concern. However, consideration was also given to:

1. The methods used in previous and on-going studies into the non-specific effects
of BCG, to allow for direct comparisons if possible

2. The limited volumes of blood available

3. The cost and availability of stimulants

4. The logistical impacts of different harvesting times.

Optimisation experiments were conducted using excess cord blood from another study.
Cord blood from two infants was used per stimulant and tested under all variable
conditions as shown in Table 6.5. ELISAs for TNFa and IL-10 were used to define the
optimal responses, to represent pro- and anti-inflammatory cytokine reactions

respectively.
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Blood dilution

There was minimal difference in cytokine production for any stimulant tested
comparing blood diluted 1:2, with blood diluted 1:4 (see Figure 6.4). Both dilutions
largely produced TNFa and IL-10 cytokine responses within or above the measurable
portion of the ELISA standard curve. The notable exceptions were at either dilution for
TNFa at 48 hours of incubation, and for IL-10 at 6 hours of incubation. A dilution of
1:4 was chosen for the main experiments, as it provided greater volumes to work with,

given the small starting blood volumes.

Incubation time

As shown in Figure 6.4, TNFa levels for all stimulants other than CpG ODN declined
with incubation time, being maximal at 6 hours and low/unreadable at 48 hours. The
reverse was seen with IL-10 (Figure 6.5), with stimulants mainly producing higher
cytokine levels at 48 hours and minimal levels at 6 hours. At 16 and 24 hours of
incubation, all stimulants produced readings within or above the measurable portion of
the ELISA standard curves. An incubation time of 24 hours was, therefore, chosen for

the main experiment, for logistical ease and for consistency with other studies.

Stimulant concentrations

As expected, higher stimulant concentrations resulted in larger cytokine responses
(Figures 6.4 and 6.5). When run with 1:4 blood dilution (1 part blood: 4 part RPMI) and
24 hours incubation time, all stimulants, at all concentrations (other than CpG ODN),
gave average readings that could be measured by ELISA. However, when the lowest
stimulant concentrations were used, some readings were at the very lower end of the
standard curve. Therefore, to allow for the possibility of low cytokine responses in
some infants, the middle concentration of those tested was chosen for the main
experiment i.e. 2x10%ml for bacterial and fungal stimulants and 5pg/ml for poly I:C and
10pug/ml for PPD. These bacterial and fungal concentrations chosen were also the same

as previously used in adult studies of the NSE of BCG,'®®

potentially allowing for direct
comparisons. In general CpG ODN produced extremely low levels of both TNFa and
IL-10 across the range of concentrations and incubation timings. A concentration of
Sug/ml was, therefore, chosen as the most likely to be optimal as per the manufacturer’s

guidelines.
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Figure 6.4. TNFa concentrations by blood dilution, stimulant concentrations and
incubation time
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a) Streptococcus pneumoniae b) Staphylococcus aureus c) Escherichia coli d) Candida albicans
e) Polyinosinic:polycytidylic acid f) CpG oligodeoxynucleotides g) Purified Protein Derivative.
The red dotted line shows the upper limit of the detection range of the ELISA. Cord blood from
2 infants was used per stimulant and tested under all conditions.
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Figure 6.5. IL-10 levels by blood dilution, stimulant concentrations and incubation
time
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a) Streptococcus pneumoniae b) Staphylococcus aureus c) Escherichia coli d) Candida albicans
e) Polyinosinic:polycytidylic acid f) CpG oligodeoxynucleotides g) Purified Protein Derivative.
The red dotted line shows the upper limit of the detection range of the ELISA. Cord blood from
2 infants was used per stimulant and tested under all conditions.
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Cytokine ELISAs

ELISAs to quantify the levels of TNFa, IL-6, IL-1f8, IL-10 and IFNy in stimulated
supernatants were conducted in batches from frozen supernatants as previously
described for IL-6 (BD-OptEIA, Becton-Dickinson, UK, using half the manufacturer’s
recommended volume of sample and reagent). Assignment of samples to plates within
each batch occurred randomly, using a list of lab ID numbers and a random number
generator in Microsoft Excel. Due to limits on available supernatant volume, analysis
was conducted in singlecate and transference of supernatants between ELISA plates
occurred a maximum of one time, with samples used for TNFa transferred to IL-10
plates and samples used for IL-6 transferred to IL-1p plates. Cytokines were analysed in
the order of sensitivity to freeze-thaw cycles: TNFa/IL-10 followed by IL-6/IL-1p and
finally IFNy. Supernatants were allowed to undergo a maximum of six freeze-thaw
cycles, though this number only occurred in rare cases where multiple re-runs were
required. As previously described, samples with readings outside the linear portion of
the curve were re-run using alternative dilutions. Samples with concentrations below the
lower limit of detection were imputed using (limit of detection/\2). Samples with an

intra-assay coefficient of variance (CV) >15% were re-run.

Experiments were conducted prior to the commencement of cytokine ELISAs to

confirm:

* that sample transference betwee