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ABSTRACT

Immunisation is the most cost-effective life-saving medical intervention and is estimated to save
at least 2.5 million lives each year. However, there is substantial variation between individuals in
the immune response to immunisations. This has consequences for both protective efficacy and
duration of protection. My PhD research project focused on evaluating factors that influence

antibody responses to routine immunisations given in infancy.

The first section of my thesis focuses on intrinsic, perinatal and external factors that might
influence responses to immunisation in infancy. Within this, | investigated the effect of maternal
immunisation during pregnancy. Antenatal diphtheria-tetanus-acellular pertussis (dTpa) was
associated with significantly reduced infant antibody responses to both specific (diphtheria and
pertussis) and heterologous (polio and pneumococcal) vaccines. In contrast, maternal influenza
immunisation had minimal effect on infant vaccine responses. | also investigated the effect of
early-life factors, namely sex, delivery mode, breastfeeding and antibiotic exposure on antibody
responses to routine immunisations given in the first year of life. While there were some
differences between males and females in antibody responses to routine immunisations in the
first year of life, delivery mode, breastfeeding and antibiotic exposure did not exert a substantial

influence.

The second section of my thesis focuses on the ‘non-specific’ or immunomodulatory effects of the
Bacillus Calmette-Guérin (BCG) vaccine, one of the most widely used vaccines worldwide, and
specifically, how it influences vaccine responses to heterologous (routine) immunisations. It
comprises a systematic review of studies that investigated the effect of previous or co-
administered BCG on heterologous vaccine responses in infants and adults, and an original study
in which | investigated the effect of BCG immunisation at birth on antibody responses to routine

infant vaccines. In this study, although not statistically significant, antibody responses in BCG-




vaccinated infants were consistently higher against diphtheria, tetanus, pneumococcal, measles
and mumps antigens, but lower against Haemophilus influenzae type b compared to BCG-naive
infants. These findings add to the evidence that BCG immunisation at birth has broad

heterologous effects on the infant immune system.

The third section of my thesis focuses on the correlation between the response to different
vaccines, for which there was previously no data available. | found that correlation between
antibody responses to similar antigens in the same vaccine (such as different serotypes of a
bacterium or virus), as well as responses to antigens conjugated to similar carrier proteins are
strong. In contrast, correlation between responses to other vaccines are weak and there is a
negative correlation between responses to measles-mumps-rubella vaccine antigens and non-live
vaccine antigens. There was also a weak correlation between antibody responses to vaccines of
the same type (e.g. polysaccharide or toxoid vaccines). This has important clinical implications as it
means the current practice of measuring antibody responses to one or a few vaccine antigens

does not offer a reliable surrogate marker of responses to unrelated vaccines.

Recognising factors which might influence vaccine antibody responses, is important for the design
of vaccine studies and decisions on vaccine schedules. It also offers ways to optimise vaccine
immunogenicity and effectiveness, as well as the possibility to individualise immunisation. The
complex interplay between different components of the immune system in vaccine responses is
not yet fully understood, and future studies should focus on additional factors, including the

innate and cellular immune system.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1 Variation in vaccine responses

After hygiene, immunisation has been one of the major advances for human health. It is the most
cost-effective life-saving medical intervention and is estimated to save at least 2.5 million lives
each year.'? Protection induced by immunisations is mediated through a complex interplay
between the innate, humoral and cell-mediated immune system with T cell immunity and
antibody production by B cells playing an important role.>* There are many different methods to
guantify the immune response to vaccines, however, the most frequently used method is the

measurement of specific antibody concentrations.

There is substantial variation between individuals in the immune response to immunisations. For
example, for trivalent inactivated influenza (TIV) and hepatitis B (HepB) vaccine, antibody
responses vary more than 100-fold and some individuals do not produce measurable antibodies.>®
This has consequences for both protective efficacy and duration of protection. Worryingly, a
significant number of vaccine-preventable infections occur in vaccinated individuals.” The reasons

behind these vaccine-failures remain unclear.

Intrinsic host factors, perinatal factors, as well as extrinsic host factors might all influence vaccine
responses. Understanding these factors when designing vaccine studies and deciding on vaccine
schedules offers ways to improve vaccine immunogenicity and effectiveness and the possibility to

individualise immunisation.

1.1.2 The influence of maternal immunisation during pregnancy on infant vaccine responses

The neonatal period is a vulnerable time for being affected by infectious diseases. Immunisation

during pregnancy helps to protect infants during the period before they complete their primary
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immunisations and has been proven to be safe and beneficial 8! The transfer of maternal
antibodies to the foetus is an active process but not all immunoglobulins are transferred to the
same extent. Of the multiple factors that influence the transfer of immunoglobulin G (IgG) across
the placenta, maternal antibody concentration is an important one. Infants whose mothers
receive diphtheria, tetanus and acellular pertussis (dTpa) immunisation during pregnancy have
higher antibody concentrations to these antigens at birth compared to infants whose mothers do
not receive the vaccine.'"'” The strategy of immunising pregnant women with a pertussis-
containing vaccine has been shown to be highly effective in preventing severe pertussis in
infants.’®29 Nevertheless, despite the benefits of antenatal immunisation, there are also potential
disadvantages. Pre-existing maternal antibodies can diminish antibody responses following infant
immunisation, an effect which is called ‘blunting’. While a large number of studies have
investigated the association between maternal antibody concentrations and infant antibody
production,?! the effect of maternal immunisation on infant vaccine responses has been less
extensively investigated.??1622-24 Additionally, previous studies have investigated only the
influence of dTpa and not influenza immunisation during pregnancy.'?1® Furthermore, the
majority of studies investigated antibody concentrations only to the specific vaccine antigens
included in the maternal immunisation, and there is scarce data available on heterologous vaccine

responses, particularly pneumococcal responses.

1.1.3 The influence of sex on vaccine responses

A large body of literature of literature indicates that biological sex influences immune responses.?>
This includes the humoral response to vaccination. There are several studies which show that
females have higher antibody responses to HepA,?-3° HepB,30-3340-66 rapjes,57-69 and TIV70-80

immunisation, while males have higher antibody responses to diphtheria,8!-8

pneumococcal
polysaccharide (PPV)%%8>% and tetanus®'*3 immunisation. Even though, overall, females have a

tendency for higher antibody responses, they may have faster waning of antibodies, which has

19



been shown for antibodies after HepA3” and PPV8¢°° immunisation. Studies investigating sex
differences in responses to live-vaccines report less consistent findings with some studies
reporting higher antibody responses to measles,®* mumps,®> and rubella®® immunisation in
females, and other studies reporting transiently higher antibody responses to rubella®” and

measles immunisation in males®® or no sex differences in antibody responses.®®00

To date, almost all the studies that investigated the effect of sex on vaccine responses were done
in adults. However, one meta-analysis summarised findings from vaccine trials in children under
three years of age and found that vaccine antibody and memory B cells responses are

“consistently higher or equivalent” in girls.1%!

1.1.4 The influence of breastfeeding on vaccine responses

Breastfeeding has been shown to be beneficial in preventing many communicable and non-
communicable diseases.%> However, despite intensive research into the positive health effects of
breastfeeding and its immunomodulatory, anti-inflammatory and antimicrobial effects, the
underlying mechanisms are still not fully understood. One of the beneficial effects of
breastfeeding is the transfer of maternal antibodies to the infant.1%3 As with trans-placental
transfer of maternal antibodies, antibodies passed on through breastmilk can also interfere with
infant antibody responses following immunisation. To date, most studies investigating the
influence of breastfeeding on vaccine responses have focused on oral vaccines. One recent meta-
analysis summarising studies which have investigated the effect of breast-feeding on antibody
response to oral rotavirus immunisation (ORV) reported reduced antibody production in breastfed
infants in all of the included studies.®* More recent studies, which were not included in the
mentioned meta-analysis, also show that higher levels of rotavirus-specific IgA in breast milk leads

to lower antibody responses in infants after ORV.1%°
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There is less data available about the influence of breastfeeding on responses to parenteral
immunisation. However, in contrast to lower antibody responses to oral vaccines observed in
breastfed infants, it has been shown that after parenteral immunisation breastfed infants have
higher antibody levels to diphtheria'® and Hib%”1% antigens in serum and higher antibody levels

to tetanus and diphtheria antigens in saliva.'%®

1.1.5 The influence of delivery mode on vaccine responses

Delivery mode has been shown to strongly influence the intestinal microbiota: infants born
vaginally are predominantly colonised by microbes resembling the maternal vaginal and intestinal
microbiota, whereas infants born by Caesarean Section are predominantly colonised with the
maternal skin microbiota.'®-11! Growing evidence shows that the composition of the intestinal
microbiota in infants plays and important role in the development and regulation of the immune
system, especially in the early-life ‘critical window’ during which the microbiota and the immune
response develop concurrently.'*? Delivery mode might also, through changes in the microbiota,
influence vaccine responses. Currently, there are no studies that have investigated the association

between delivery mode and vaccine responses.

1.1.6 The influence of antibiotic exposure on vaccine responses

Antibiotics are amongst the commonly used drugs, especially in infants and children. Even before
birth, over 40% of infants are already exposed to antibiotics as a result of group B streptococcal
(GBS) or surgical (Caesarean) prophylaxis.*'* Additionally, it is estimated that more than two-thirds
of children receive antibiotics before reaching the age of two years.’'* There is increasing evidence
that antibiotic administration in early-life leads to adverse health outcomes later in life. Antibiotic

exposure in utero and during infancy has been associated with an increased risk of obesity,*®

116 116 ;

allergies,'® asthma,'® inflammatory bowel disease!!” and juvenile idiopathic arthritis.''® There is

evidence from animal studies that antibiotic administration might influence vaccine responses. A
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study in mice shows that administration of clarithromycin or doxycycline leads to lower antibody
responses after immunisation with HepB, tetanus, or PPV, while administration of ampicillin leads
to higher antibody responses after immunisation with live attenuated Salmonella Typhi vaccine.'!?
A study in calves shows that administration of tetracycline leads to lower antibody responses after
immunisation with Brucella abortus vaccine.'?® To date, there are no studies which have

investigated the influence of antibiotic administration on vaccine responses in humans.

1.1.7 Immunomodulatory effects of Bacillus Calmette-Guérin vaccine and its influence on
heterologous vaccine responses

Bacillus Calmette-Guérin vaccine (BCG) is one of the most widely used vaccines worldwide. In
addition to providing protection from tuberculosis, it has ‘non-specific’ (heterologous)
immunomodulatory effects.’?! BCG reduces all-cause infant mortality in high-mortality settings,*??

123,124

decreases hospitalisation rates due to respiratory infections and sepsis, is used in the

125 126

treatment of bladder cancer,'?> might decrease the incidence of eczema®?® and other allergies,*?’

and is proposed to be beneficial in the treatment of autoimmune diseases.!?812

It is likely that through its immunomodulatory effects BCG also influences responses to
heterologous immunisations. Several studies have investigated the influence of BCG immunisation

on humoral response to other vaccines but, to date, these have not been systematically reviewed.

1.1.8 Correlation of vaccine responses

In clinical practice, e.g. when investigating for primary immunodeficiency, measuring antibody
responses to diphtheria, tetanus and pneumococcal vaccine antigens is common practice.’*® When
the immunisation status of an individual is unknown, antibody responses to tetanus is often used
as a surrogate marker.'3! This strategy makes the assumption that there is a correlation within an

individual between the response to different vaccines.
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One study compared the antibody response to different serotypes within the conjugate
pneumococcal vaccine and showed moderate correlation between antibody concentrations.3?
However, currently, no study has investigated the correlation in antibody response between
different vaccines. It is therefore unknown whether there is any consistency within individuals in
the magnitude of antibody responses to all vaccines or to vaccines of a certain type (e.g. subunit,

live or attenuated vaccines).
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1.2 HYPOTHESIS AND AIMS
Hypothesis 1: Sex, delivery mode, breastfeeding and exposure to antibiotics influences the

immune response to routine vaccines in infants.

Aim 1: To compare antibody levels to routine vaccines at 7 months (22 antigens) and 13 months

(26 antigens) of age (4-6 weeks after immunisation) between:

- male and female infants
- infants born vaginally and those born by Caesarean section
- infants who were breastfed and those who only received formula milk
- infants who received antibiotics before their 6-weeks immunisation and those who did not
receive antibiotics.
Timing Antibody levels
7 months Diphtheria, tetanus, pertussis toxin (PT), filamentous haemagglutinin
(FHA), pertactin (PRN), Hib, polio type 1-3, 13 pneumococcal serotypes

13 months As above plus meningococcus C (MenC), measles, mumps, rubella

Hypothesis 2: Maternal immunisation during pregnancy influences infant antibody responses to

routine immunisation in the first year of life.

Aim 2: To compare antibody levels to routine scheduled vaccines at 7 months (DTPa, inactivated
polio vaccine (IPV), Hib, pneumococcal conjugate vaccine (PCV)) and 13 months (DTPa, IPV, Hib,
PCV, MenC, MMR) of age (4-6 weeks after immunisation) between infants whose mother did or

did not receive dTpa or TIV immunisation during pregnancy.
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Hypothesis 3: BCG immunisation has immunomodulatory effects that influences the antibody

responses to routine vaccines.

Aim 3: To compare antibody levels to routine scheduled vaccines at 7 months (DTPa, IPV, Hib,
PCV) and 13 months (DTPa, IPV, Hib, PCV, MenC, MMR) of age (4-6 weeks after immunisation)

between infants who did or did not receive BCG at birth.

Hypothesis 4: There is a correlation of vaccine antibody responses to different routine vaccines or

between vaccines of a certain type.

Aim 4: To investigate the correlation between antibody responses between different routine
vaccines or between vaccines of a certain type at 7 and 13 months of age (4-6 weeks after routine

immunisation).
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SUMMARY There is substantial variation between individuals in the immune re-
sponse to vaccination. In this review, we provide an overview of the plethora of
studies that have investigated factors that influence humoral and cellular vaccine re-
sponses in humans. These include intrinsic host factors (such as age, sex, genetics,
and comorbidities), perinatal factors (such as gestational age, birth weight, feeding
method, and maternal factors), and extrinsic factors (such as preexisting immunity,
microbiota, infections, and antibiotics). Further, environmental factors (such as geo-
graphic location, season, family size, and toxins), behavioral factors (such as smok-
ing, alcohol consumption, exercise, and sleep), and nutritional factors (such as body
mass index, micronutrients, and enteropathy) also influence how individuals respond
to vaccines. Moreover, vaccine factors (such as vaccine type, product, adjuvant, and
dose) and administration factors (schedule, site, route, time of vaccination, and coad-
ministered vaccines and other drugs) are also important. An understanding of all
these factors and their impacts in the design of vaccine studies and decisions on
vaccination schedules offers ways to improve vaccine immunogenicity and efficacy.

KEYWORDS antibodies, cellular, cytokines, humoral, immunization, immunoglobulin

INTRODUCTION

accination is the most cost-effective life-saving medical intervention and is esti-

mated to save at least 2.5 million lives each year (1, 2). Protection induced by
vaccinations is mediated through a complex interplay between innate, humoral, and
cell-mediated immunity (3, 4). Methods to quantify vaccine responses include measur-
ing geometric mean antibody titers (GMTs), seroconversion rates (SCRs), seroprotection
rates (SPRs), functional antibodies (by flow cytometric opsonophagocytosis assays),
antibody avidity, B and T cell activation, lymphoproliferation, and cytokine responses.
There is substantial variation between individuals in the immune response to vaccina-
tion, in both quantity and quality. For example, the antibody responses to yellow fever
(YF) vaccination vary >10-fold between individuals (5), those to 7- and 13-valent
conjugated pneumococcal (PCV7 and PCV13) and Haemophilus influenzae type b (Hib)
vaccination up to 40-fold (6), and those to trivalent inactivated influenza vaccine (TIV)
(7) and hepatitis B (HepB) vaccination >100-fold (6, 8). Similarly, cytokine responses to
Mycobacterium bovis bacillus Calmette-Guérin (BCG) vaccination vary up to 10-fold (9).
Other examples of differences in the quality of vaccine responses include a lower
avidity of antibodies (10) or strength of cell-mediated immune responses (11) in
neonates. These variations in vaccine responses have consequences for both protective
efficacy and the duration of protection. Worryingly, a significant proportion of vaccine-
preventable infections occur in vaccinated individuals (12). It is estimated that large
numbers of vaccinated children are unprotected due to vaccine ineffectiveness, includ-
ing 77 million from tuberculosis (TB) (following BCG vaccination), 19 million from
measles, 18 million from poliomyelitis (following vaccination with inactivated polio
vaccine [IPV]), and 10 million from pertussis and from pneumococcus (13).

In this review, we provide a general overview of factors that influence the immune

response to vaccination (Fig. 1). A greater understanding of these factors offers
opportunities to improve vaccine immunogenicity and efficacy.

FACTORS INFLUENCING VACCINE RESPONSES

Intrinsic Host Factors

Age. Age is an important factor that influences vaccine responses, especially in the
extreme ages of life. Infants should receive immunizations as early as possible to
minimize the time that they are susceptible to infections. However, neonates have a
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FIG 1 Factors that influence the immune response to vaccination.

lower level of antibody production and, moreover, passively acquired maternal anti-
bodies interfere with vaccine responses (14; P. Zimmermann, K. Perrett, N. Messina, S.
Donath, N. Ritz, F. R. M. van der Klis, and N. Curtis, submitted for publication).
Additionally, cell-mediated immune responses are less strong, and the response to
T-independent polysaccharide antigens is poor (11). Studies in the 1950s sought to
establish the optimal age to start vaccination (15, 16). These studies showed, for
example, that oral polio vaccine (OPV) given during the first week of life leads to
adequate serum antibody responses in only 30% to 70% of infants but that, when it is
given after 4 to 8 weeks of age, it leads to adequate responses in nearly all infants (15).
Similarly, the diphtheria-tetanus-pertussis (DTP) vaccine is less effective when the first
dose is given within the first week of life than when it is given at 6 months of age (16)
(Table 1). Results of studies investigating the immunogenicity of BCG given at different
ages are conflicting, with some studies showing better immunogenicity when the
vaccine is given after the age of 2 months than when it is given at birth (17) and others
reporting lower immunogenicity when the vaccine is given at 4 months than when it
is given at birth (18). HepB vaccine given in the first year of life leads to lower long-term
antibody responses than those obtained when it is given later in childhood: only 40%
of adolescents who were HepB vaccinated at birth had antibody levels of >10 mIU/ml
at the age of 15years (19), and after a booster dose, antibodies rose above this
protective level in only half of individuals (19, 20). However, importantly, in contrast to
antibody levels, the number of memory B cells does not decrease over time (21), and
hence booster doses of this vaccine are not necessary.

The most-studied vaccine in relation to the effect of age on vaccine responses, by
far, is the measles vaccine (10, 22-48). A meta-analysis of 20 studies shows that the
proportion of infants seroconverting after one dose of measles vaccination increases
from 50% at 4 months of age to 85% at 8 months and that GMTs are lower in children
who receive their first dose before 9 months of age than in those who receive their first
dose at an older age (49). Additionally, antibodies wane significantly more quickly in
infants who receive the first dose of measles vaccine before the age of 9 months (49),
and antibodies have significantly lower avidity when the first dose of measles vaccine
is given before the age of 6 months than when it is given at 9 to 12 months of age (10).
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TABLE 1 Results with regard to age from studies investigating intrinsic host factors that influence vaccine responses®

Vaccine: measurement [reference(s)]

Lower vaccine responses in neonates

Type of response Effective when given at birth and young infants Lower vaccine responses in elderly people
Humoral responses aP: GMTs (52, 53) Diphtheria: SPRs (16) Diphtheria: SPRs (60)
HepB: SPRs (55) OPV: SPRs (15) HepA: GMTs (61, 63, 65, 142), SCRs (63, 76),
OPV: SPRs (15) Tetanus: SPRs (16) SPRs (61, 62, 65, 142)
wP: SPRs (16) HepB: GMTs (61, 69, 71, 73, 75, 77), SCRs

(70, 71, 75, 80, 110), SPRs (61, 62, 66-69,
72-75, 77-79, 81)

PPV23: GMTs (82-84)

TBE: GMTs (88)

Tetanus: GMTs (88), SPRs (60, 89)

TIV: GMTs (87)

Cellular responses BCG: Th1, Th2, Treg responses BCG: CD4 T cell response (17) TIV: Th cell and cytotoxic T cell responses
(18) (86), lymphoproliferative responses (87)

Cytokine responses BCG: IL-6 and IL-17 TIV: IL-2 (85), IL-10 (87), and IFN-vy (87)
production (18) production

aAGGs, agglutinogens; aP, acellular pertussis; BCG, bacillus Calmette-Guérin; CD, cluster of differentiation; FHA, filamentous hemagglutinin; GMTs, geometric mean
antibody titers; HepA, hepatitis A; HepB, hepatitis B; Hib, Haemophilus influenzae type b; HLA, human leukocyte antigen; HSV, herpes simplex virus; MHC, major
histocompatibility complex; IFN, interferon; IL, interleukin; IPV, inactivated polio vaccine; MCV, meningococcal conjugate vaccine; MPV, meningococcal polysaccharide
vaccine; OCV, oral cholera vaccine; OPV, oral polio vaccine; ORV, oral rotavirus vaccine; PCV7, 7-valent pneumococcal conjugate vaccine; PCV13, 13-valent
pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal polysaccharide vaccine; PRN, pertactin; PRR, pattern recognition receptor; PT, pertussis toxin; SCRs,
seroconversion rates; SPRs, seroprotection rates; TBE, tick-borne encephalitis; TGF, transforming growth factor; Th, T helper; TIV, trivalent inactivated influenza vaccine;
TLR, Toll-like receptor; TNF, tumor necrosis factor; Treg, T regulatory cell; wP, whole-cell pertussis.

A recent large study summarizing randomized controlled trials (RCTs) shows that
children who receive their first measles vaccine before the age of 12 months have lower
SCRs and geometric mean concentrations (GMCs) than those of children who receive
their first measles vaccine after the age of 15 months (50). Lower antibody concentra-
tions persist after the second dose of measles vaccine (49, 50). In contrast, age at first
measles vaccination does not influence cellular responses: no differences in in vitro T
cell proliferation in response to measles virus were observed after starting vaccination
at 4, 6, 9, or 12 months (30, 37, 38, 51).

Despite the fact that many vaccines have lower immunogenicity in neonates, it has
been shown that for acellular pertussis (aP) (52, 53), BCG (54), HepB (55), and OPV (15)
vaccines, vaccination can be effective in the neonatal age group when adjuvants and
formulations are adapted to the function of the early immune system (56) (Table 1). The
early neonatal immune system shows suboptimal interaction between antigen-
presenting cells and T cells, leading to impairment of CD4 and CD8 T cell function and
a polarization toward T helper type 2 (Th2) cells (57) and toward induction of memory
B cells rather than antibody-secreting plasma cells (58, 59). T cells largely remain
unaffected by passively acquired maternal antibodies.

In addition to those in early life, vaccine responses are also diminished in the elderly,
who also have more rapid waning of antibodies. Elderly people have lower antibody
responses to diphtheria (60), hepatitis A (HepA) (61-65), HepB (61, 62, 66-81), pneu-
mococcal polysaccharide vaccine (PPV23) (82-84), TIV (85-87), tick-borne encephalitis
(TBE) (88), and tetanus (60, 88, 89) vaccination (Table 1). After vaccination with TIV,
elderly people also have lower cellular vaccine responses (85-87, 90). In contrast, one
study reports higher antibody responses to TIV vaccination in elderly people, with a
higher avidity of antibodies and slower antibody dissociation (91). Aging is accompa-
nied by a shift toward anti-inflammatory interleukin-10 (IL-10), which is associated with
a decline in CD8 T cells responsible for clearing influenza virus. Hence, adjuvants in TIV
that stimulate inflammatory cytokines and suppress the IL-10 response would poten-
tially enhance protection in this age group (92).

Notably, the influence of age on vaccine responses is not seen just at the extremes
of age. For example, antibody responses to TIV are higher in children of 2 to 4 years of
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age than in younger children (93), and GMTs after meningococcal conjugate vaccine
(MCV-C) vaccination are higher in children over the age of 10 years than in younger
children (94). The findings of studies that investigated the influence of age on vaccine
responses are summarized in Table 1.

Sex. The findings across studies and meta-analyses investigating the effect of sex on
vaccine responses are largely consistent (Table 2). Females have higher antibody responses
to dengue (95), HepA (61-65, 96-104), HepB (61, 62, 66-78, 80, 100, 101, 105-117), Hib
(118), IPV (119), rabies (120-122), smallpox (123), and TIV (124-134) vaccination, while males
have higher antibody responses to diphtheria (135-138), MCV-A (139), PCV7 (140), PPV23
(83, 122, 140-144), and tetanus (88, 89, 119) vaccination. Additionally, females also have
higher cellular responses to a herpes simplex virus (HSV) vaccine that is not currently used
(145). Only a few studies report opposite findings, with higher antibody responses to
diphtheria (60, 146), PCV13 (118), and tetanus (60, 147) vaccination in females, higher
antibody responses to TIV (91) vaccination in males, or no difference between sexes in
antibody responses to rabies (148) vaccination (Table 2).

Notably, even though females have an overall tendency to have higher antibody
responses, faster waning of antibodies has been shown following HepA (103) and
PPV23 (83, 144) vaccination.

Studies investigating sex differences in response to the measles-mumps-rubella
(MMR) vaccine report less consistent findings. Some studies report higher GMTs or SPRs
after measles (149), mumps (150), and rubella (151) vaccination and higher cytokine
responses after measles (152) vaccination in females, while other studies report tran-
siently higher GMTs and lymphoproliferative responses after rubella (153) vaccination
and higher SCRs after measles (154) vaccination in males or no sex differences in GMTs
after mumps (155) and rubella (156) vaccination or cytokine responses after rubella
(156) vaccination (Table 2).

Reported sex differences in antibody responses to YF vaccine vary depending on the
vaccine used (157-159). Interestingly, 3 to 10 days after YF vaccination, expression of
660 genes changes in women, while only 67 genes are expressed differently in men
(160). Many of these differentially expressed genes are involved in the early innate
immune response (160).

Genetics. Different ethnic groups living in the same location have varied responses
to vaccination (64, 89, 161-166) and decline of antibodies (89), indicating a genetic
influence on vaccine responses. Studies of twins estimate the degree of heritability to
be 36 to 90% for humoral responses (167-173) and 39 to 90% for cellular responses,
depending on the specific vaccine (167, 169) (Table 3).

One mechanism identified with variations in humoral (150, 174-190) and cellular
(145, 150, 186, 191) vaccine responses is polymorphism in major histocompatibility
complex (MHC) genes (summarized in Table 3). Further genetic factors are polymor-
phisms in pattern recognition receptors (PRRs), such as Toll-like receptor (TLR) or
RIG-like receptor (RLR) genes (192-195) (Table 3). In addition, many single-nucleotide
polymorphisms (SNPs) in other genes, for example, those coding for cytokines or
cytokine, viral, or vitamin receptors, are also associated with variations in vaccine
responses (182, 190, 192, 193, 196-211) (Table 3). Further, different expression levels of
genes also influence vaccine responses. For example, individuals with increased ex-
pression of genes involved in early interferon signaling, antigen processing, and
antigen presentation have higher antibody responses to TIV (194, 212).

Blood group antigens are important receptors or coreceptors for microorganisms.
Additionally, they can also modify the innate immune response to infection (213). It is
therefore likely that blood group antigens influence responses to vaccination. It has
been suggested that a cholera subunit-killed oral vaccine is less efficient in individuals
with blood group O (214, 215). In contrast, the oral cholera vaccine (OCV) has been
reported to induce higher antibody concentrations in individuals with blood group O
(216). This has not, however, been a consistent finding (217).

Comorbidities. Numerous studies have investigated vaccine responses in children
with celiac disease (CD) (218-233) (Table 4). Most found that children with CD have
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TABLE 2 Results with regard to sex from studies investigating intrinsic host factors that influence vaccine responses

Vaccine and age group: measurement [reference(s)]

Higher vaccine responses in

Higher vaccine responses in

No difference in vaccine
responses between

Inconsistent findings in
vaccine responses between

Type of response females males females and males females and males
Humoral responses Dengue Diphtheria Mumps YF
Adults: GMTs (95) Adolescents: titers (137) Children: GMTs (155) Adults: GMTs (158, 159),
Diphtheria Adults: titers (135) Rabies SCRs (159), SPRs (157,
Adults: SPRs (60), GMTs (146) Elderly: GMTs (138) Children: GMTs (148) 158)
HepA MCV-A Adults: GMTs (148)

Children: GMTs (63, 142), SCRs
(63), SPRs (142)

Adults: GMTs (63, 65, 96-101,
142), SCRs (63, 101, 106),
SPRs (65, 101, 103, 142)

Adults with chronic liver
disease: GMTs (102), SCRs
(102)

HIV-positive adults: SPRs (104)

Elderly: GMTs (61), SPRs
(61, 62)

HepB
Infants: GMTs (116)
Children: GMTs (114, 115, 117)
Adolescents: GMTs (105), SCRs
(105)
Adults: GMTs (69-71, 73, 76,
80, 100, 101, 107, 111),
SCRs (70, 71, 76, 80, 101),
SPRs (67-69, 72-75, 77, 78,
101, 107, 110, 111, 113)
Adults on hemodialysis: SCRs
(112)
Diabetic adults: GMTs (108,
109), SPRs (108)
Elderly: GMTs (61), SPRs (61)
Hib

Infants: GMTs (118)
IPV

Adults: SPRs (119)
Measles

Adolescents: GMTs (149)
Mumps

Children: GMTs (150)
PCV13

Infants: GMTs (118)
Rabies

Children: SCRs (122)

Adults: GMTs (120, 121)
Rubella

Children: SPRs (151)

Adults: SPRs (151)
Smallpox

Adults: GMTs (123)
Tetanus

Adults: GMTs (60), SPRs (60),
titers (147)

TIV

Adults: GMTs (90, 124, 126,
127,129, 131, 133, 134),
SPRs (90, 129, 133, 134)

Elderly: GMTs (125, 130, 132),
SCRs (130), SPRs (128)

Cellular responses HSV
Adults: CD4 T cell responses
(145)

Measles
Children: IL-6 (152), IFN-y
(152), and TNF-« (152)
production

Cytokine responses

Adolescents: GMTs (139)
Measles
Infants: SCRs (154)
PCv7
Elderly: GMTs (140)
PPV23
Children: SCRs (122)
Adult alcoholics: GMTs
(142)
Elderly: GMTs (83, 140,
141, 143, 144)
Rubella
Adolescents: GMTs (153)
Tetanus
Children: SPRs (89)
Adults: GMTs (88), SPRs
(89, 119)
TIV
Adults: GMTs (91)

Rubella
Adolescents:
lymphoproliferative
responses (153)

Rubella
Children: GMTs (156)

Rubella
Children: IL-10 (156)
and IFN-y (156)
production
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TABLE 4 Results with regard to comorbidities from studies investigating intrinsic host factors that influence vaccine responses

Type of response

Variation in vaccine response, vaccine, age group, measurement [reference(s)]

Celiac disease

Diabetes mellitus

Chronic renal failure
requiring hemodialysis

Chronic liver failure

Humoral responses

Cytokine responses

Lower antibody production
HepA
Children: SPRs (225)
HepB
Infants: SPRs (221)
Children: SPRs (219,
220, 222-226, 228,
231, 233)
Adults: GMTs (227),
SPRs (218, 227)
No difference in antibody
production
HepA
Children: GMTs (229),
SPRs (229)
HepB
Children: GMTs (219,
232), SPRs (232)
Adults: GMTs (232),
SPRs (232)
Hib
Children: SPRs (219)
Measles
Children: GMTs (232),
SPRs (232)
Adults: GMTs (232),
SPRs (232)
Rubella
Children: SPRs (219)
Tetanus
Children: SPRs (219)
TIV
Children: GMTs (230),
SPRs (230)

Lower cytokine production
Tetanus

Children: IL-4 (219, 573)

Lower antibody production
HepB
Children: GMTs (232,
238), SPRs (232,
237-239)

Adults: GMTs (232, 243-

245), SPRs
(242-245)
Measles
Children: SPRs (241)
Monovalent influenza
vaccine
Adults: SCRs (90), SPRs
(90)
PPV23
Children: SPRs (240)
Rubella
Children: GMTs (241)
No difference in antibody
production
Diphtheria
Children: GMTs (240,
241)
Hib
Children: GMTs (240)
HepB
Children: GMTs (572),
SPRs (232, 572)

Adults: GMTs (572), SPRs

(232, 572)
Elderly: SPRs (248)
Measles
Children: GMTs (232,
241), SPRs (232)

Adults: GMTs (232), SPRs

(232)
Rubella
Children: SPRs (241)
PCv7
Children: GMTs (240)
Pertussis
Children: SPRs (241)
Tetanus
Children: GMTs (240,
241)

No difference in cytokine
responses
TIV
Children: IL-2 (247),
granzyme B (247)

Lower antibody production
Diphtheria
Adults: SPRs (250)
HepB
Adults: SPRs (252)
IPV type 2
Children: GMTs (260)
Tetanus
Adults: GMTs (249),
SPRs (249, 250)
TIV
Adults: GMTs (473),
SPRs (473)
No difference in antibody
production
IPV type 1
Children: GMTs (260),
SPRs (260)
IPV type 2
Children: SPRs (260)
IPV type 3
Children: GMTs (260),
SPRs (260)
Faster weaning of
antibodies
Diphtheria
Adults: (254)
HepB
Adults: (252, 255)
Tetanus
Adults: (251)

Higher antibody production
Diphtheria
Children: GMTs (260)
IPV type 1
Children: GMTs (260)
IPV type 3
Children: GMTs (260)
Lower antibody production
HepA
Children: GMTs (265)
Adults: GMTs (102, 261,
262), SPRs (263,
264)
HepB
Adults: GMTs, SPRs
(242)
Children: GMTs (265),
SPRs (263, 265)
No difference in antibody
production
Diphtheria
Children: SPRs (260)
HepA
Children: SPRs (265)
Adults: SPRs (102, 263)
IPV type 1
Children: SPRs (260)
IPV type 2
Children: GMTs (260),
SPRs (260)
IPV type 3
Children: SPRs (260)
Tetanus
Children: GMTs (260),
SPRs (260)

lower antibody responses to HepB vaccination (218-228, 231-233), with more rapid
waning of antibodies (227). A meta-analysis shows that, in retrospective studies, the
SCR to HepB vaccination in children with CD is 54%, and that in prospective studies is
66% (compared to 95% in healthy individuals) (234). It has been postulated that the
presence of HLA-DQ2 or -DQ8, which confers a genetic predisposition to CD, may be
the driver of the lower responses to HepB vaccination in CD patients. However, the
presence of HLA-DQ2 is associated with higher antibody responses to HepB vaccination
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(55). Nevertheless, HLA-DR3, -DR4, and -DR7, which can also be found in patients with
CD (229) and patients with diabetes mellitus (DM), are associated with lower responses
to HepB vaccination (183, 184, 235). Children with CD and DM have lower SPRs after
HepB vaccination than those of children that have DM only (228), suggesting that
gluten might be a factor in decreasing HepB vaccine efficacy, and some studies suggest
that the response rate to HepB vaccination correlates with gluten intake (220, 223).
Children with CD who are on a strict gluten-free diet have no difference in SPRs to HepB
vaccination compared to those of healthy children (222, 226). Apart from lower
antibody responses to HepB vaccination, one study also showed that CD patients are
less responsive to HepA vaccination (225). However, another study did not find a
difference in antibody responses to HepA vaccination in CD patients compared to
healthy controls (229). There is also no difference in antibody responses to tetanus
(219), measles (236), rubella (219), Hib (219), and TIV (230) vaccination between children
with CD and healthy children.

Children with DM have lower antibody responses to HepB (232, 237-239) vaccina-
tion, and possibly PPV23 (240), rubella (241), and measles (241) vaccination, but not to
diphtheria (240, 241), Hib (240), PCV7 (240), pertussis (241), or tetanus (240, 241)
vaccination. Adults with DM also have lower antibody responses to HepB (242-245)
vaccination. Adding selenium to the HepB vaccine can increase antibody responses in
patients with DM (246). It is unclear whether DM influences the antibody response to
TIV vaccination. Some studies report lower responses after vaccination with a monova-
lent influenza vaccine in adults (90), while studies of elderly people with type Il DM
show no difference in antibody or cytokine responses to TIV vaccination (247, 248)
(Table 4).

Adults with chronic renal failure who are on hemodialysis have lower antibody
responses to diphtheria (249-251), HepB (252-255), and tetanus (249-251) vaccination,
with faster waning of antibodies (252-255), especially when they suffer from additional
diabetes mellitus (256-259). Children on hemodialysis have lower antibody responses
to poliovirus type 2 (260). SPR after HepB vaccination is inversely associated with
glomerular filtration rate (253). Factors responsible for lower vaccine responses in
patients with chronic renal failure include malnutrition, uremia, and a generalized
immunosuppressive state. Patients with chronic renal failure benefit from an increased
vaccination dose (259).

Adults with chronic liver disease have lower GMTs after HepA vaccination (102, 261,
262) (with similar SPRs [102, 262] or lower SPRs [263, 264]) and lower GMTs and SPRs
after HepB vaccination (242) than those of healthy adults. Children with chronic liver
disease also have lower GMTs (265) and SPRs (263, 265) after HepB vaccination (265),
with no difference in SCRs. However, in contrast, they have higher antibody responses
to IPV and diphtheria (260) vaccination (Table 4).

Perinatal Host Factors

Gestational age. Preterm infants are at increased risk of infections, including
vaccine-preventable infections. Differences in the immune system which render pre-
term infants less responsive to vaccination include diminished pathogen recognition by
dendritic cells and macrophages and diminished T cell activity (especially Th1 activity)
and diminished B cell interaction with T cells (266). Variations in vaccine responses
between term and preterm infants depend on the specific vaccine. In comparison to
those of term infants, preterm infants have significantly lower antibody levels after the
first dose of DTP (267). Significantly lower GMTs also persist after primary immunization
with three doses for diphtheria (268), HepB (268-270), Hib (269, 271-275), PCV7 (276,
277), poliovirus type 3 (269), and pertussis (267, 268, 278-280) vaccines. However,
preterm infants reach sufficient SPRs for most vaccines (Table 5), with the notable
exception of responses to HepB (269), Hib (269, 271-275), pertussis (279), and poliovirus
type 3 (281) vaccines. In addition to having lower GMTs and SPRs, preterm infants can
also have quicker waning of antibodies, as shown for antibodies produced in response
to MCV-C (282) vaccination.
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TABLE 5 Results with regard to infant factors from studies investigating perinatal factors that influence vaccine responses

Timing of response, vaccine response, vaccine, age, measurement [reference(s)]

Type of response Gestational age

Birth weight

Feeding

Humoral responses After primary immunization with 3 doses (*2
doses)
Higher antibody production in preterm infants than
in term infants
PCV7
<37 weeks: GMTs (277) for serotypes 19F, 9V,
and 4
Lower antibody production in preterm infants than
in term infants
Diphtheria
31-35 weeks: GMTs (268)
<31 weeks: GMTs (268)
HepB
24-36 weeks: GMTs (269), SPRs (269)
<31 weeks: GMTs (268)
<35 weeks: GMTs (270)
Hib
24-36 weeks: GMTs (269, 271, 272), SPRs (269,
271, 272)
<32 weeks: GMTs (271, 273), SPRs (271, 273)
23-32 weeks: GMTs (274),* SPRs (274)*
<30 weeks: GMTs (275), SPRs (275)
PCV7
<37 weeks: GMTs (276)
IPV type 3
24-36 weeks: GMTs (269)
<29 weeks: SPRs (281)
Pertussis
AGGs 2 and 3
<37 weeks: GMTs (278)
aP
28-34 weeks: GMTs (267)
FHA
25-35 weeks: GMTs (279), SPRs (279)
PCT
31-35 weeks: GMTs (268)
<31 weeks: GMTs (268)
PT
<32 weeks: GMTs (280)
25-35 weeks: GMTs (279), SPRs (279)
<31 weeks: GMTs (268)
No difference in antibody production between
preterm and term infants
Diphtheria
24-36 weeks: GMTs, SPRs (269)
<32 weeks: GMTs (280)
28-34 weeks: SPRs (267)
<37 weeks: GMTs, SPRs (278)
25-35 weeks: SPRs (268)
Hib
<29 weeks: GMTs (281), SPRs (281)
MCV-C
<32 weeks: GMTs (273), SPRs (273)
32-36 weeks: GMTs (282)
OPV
<36 weeks: SPRs (574)
IPV type 1
24-36 weeks: GMTs, SPRs (269)
<29 weeks: GMTs (281), SPRs (281)
IPV type 2
24-36 weeks: GMTs, SPRs (269)
<29 weeks: GMTs (281), SPRs (281)
IPV type 3
24-36 weeks: SPRs (269)
<29 weeks: GMTs (281)
Pertussis
AGGs 2 and 3
<37 weeks: SPRs (278)
aP
28-34 weeks: SPRs (267)
FHA
24-36 weeks: GMTs, SPRs (269)
<32 weeks: GMTs (280)
<37 weeks: GMTs, SPRs (278)
PCT
25-35 weeks: SPRs (268)

After primary immunization with 3

doses

Lower antibody production in VLBW
infants than in LBW infants

Pertussis (PT): GMTs (285), SPRs (285)
Hib: SPRs (285)
IPV type 3: GMTs (285)

Lower antibody production in LBW
infants than in infants with a
normal birth weight

HepB: SPRs (286)
Hib: SPRs (272)
No difference in antibody production
between VLBW and LBW infants
Diphtheria: GMTs (285), SPRs (285)
HepB: GMTs (285), SPRs (285)
IPV type 1: GMTs (285), SPRs (285)
IPV type 2: GMTs (285), SPRs (285)
IPV type 3: SPRs (285)
Pertussis
FHA: GMTs (285), SPRs (285)
PRN: GMTs (285), SPRs (285)
PT: GMTs (285), SPRs (285)
Tetanus: GMTs (285), SPRs (285)

No difference in antibody production
between VLBW and LBW/normal-
birth-weight infants

Pertussis
FHA: GMTs (279)
PT: GMTs (279)

No difference in antibody production
between LBW and normal-birth-
weight infants

PCV7: GMTs (277), SPRs (277)
Measles: SCRs (287)

After a booster at 18-24 months

Lower antibody production in VLBW
infants than in LBW infants

Diphtheria: GMTs (285)
HepB: GMTs (285), SPRs (285)
No difference in antibody production
between VLBW and LBW infants
Diphtheria: SPRs (285)
IPV type 1: GMTs (285), SPRs (285)
IPV type 2: GMTs (285), SPRs (285)
IPV type 3: SPRs (285)
Pertussis
FHA: GMTs (285), SPRs (285)
PRN: GMTs (285), SPRs (285)
PT: GMTs (285), SPRs (285)
Tetanus: GMTs (285), SPRs (285)

Higher antibody production in breastfed
than in formula-fed infants

Diphtheria: IgA % standard plasma in
saliva (292), IgG % standard plasma
in serum (292)

Hib: IgA median antibody titer in serum
(291), IgM median antibody titer in
serum (291), IgG median antibody
titer in serum (291), IgG GMTs in
serum (290)

OPV: IgA % standard plasma in saliva
(292), 19G % standard plasma in
serum (289, 292), IgM % standard
plasma in stool (292)

Tetanus: IgA % standard plasma in saliva
(292), IgM % standard plasma in
stool (292)

Lower responses in breastfed infants
than in formula-fed infants

OPV: SCRs (295)
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TABLE 5 (Continued)
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Timing of response, vaccine response, vaccine, age, measurement [reference(s)]

Type of response Gestational age Birth weight

Feeding

PRN

24-36 weeks: GMTs, SPRs (269)

<32 weeks: GMTs (280)

PT

24-36 weeks: GMTs (269), SPRs (269)

<37 weeks: GMTs, SPRs (278)
Tetanus

24-36 weeks: GMTs (269), SPRs (269)

<29 weeks: GMTs (281), SPRs (281)

<32 weeks: GMTs (280)

28-34 weeks: SPRs (267)

<37 weeks: GMTs, SPRs (278)

Preterm infants have lower vaccine responses not only after primary immunization
but also after booster doses. At 2 to 3 years of age, they have lower antibody responses
to HepB (270, 283), Hib (283), and poliovirus type 3 (283) vaccination, and at the age of
5 years, they have lower responses to HepB (283) and pertussis (284) vaccination, as
well as reduced lymphoproliferation and cytokine responses in the latter case.

Birth weight. One month after the third dose of DTaP-Hib-IPV-HepB vaccination
given at 2, 4, and 6 months, very-low-birth-weight (VLBW; less than 1.5 kg) infants have
significantly lower GMTs to aP and poliovirus type 3 and lower SPRs to Hib than infants
with a low birth weight (LBW; 1.5 to 2 kg), while both groups have similar GMTs and
SPRs after diphtheria, tetanus, and HepB (285) vaccination. However, 1 month after a
booster dose given at the age of 18 to 24 months, the SPR to HepB in VLBW infants is
lower than that in LBW infants, and there is a trend toward lower GMTs for all other
vaccine components (285) (Table 5). Similarly, 1 month after completing a 3-dose HepB
schedule given at 0, 1, and 6 months, LBW infants have lower GMTs to HepB vaccine
than infants with a normal birth weight (286). A decreasing birth weight is associated
with a progressive reduction in antibody responses to Hib (272) vaccination. However,
there is no difference in GMTs after a 3-dose schedule of PCV7 vaccine between LBW
infants and infants with a normal weight (277) and no correlation between birth weight
and SCRs after measles vaccination (287).

In one study, the antibody response to Salmonella enterica serovar Typhi vaccination
(but not rabies vaccination) in adults was reported to be related to birth weight (288).

Breastfeeding. After routine vaccination, compared to formula-fed infants,
breastfed infants have higher serum IgG levels after diphtheria (289), Hib (290, 291), and
OPV (289, 292) vaccination, higher salivary IgA levels after tetanus, diphtheria, and OPV
vaccination (289), and higher stool IgM levels after tetanus and OPV vaccination (289)
(Table 5).

While one meta-analysis summarizing studies on the effect of breastfeeding on the
antibody response to oral rotavirus vaccine (ORV) reports reduced SCRs in breastfed
infants in all included studies (293), another meta-analysis reports decreased responses
in only 3 of 16 studies (294). However, in all the included studies, only one dose of ORV
was given, and infants with mixed feeding were sometimes classified as breastfed and
sometimes as nonbreastfed. More recent studies show that higher levels of rotavirus-
specific IgA in breast milk lead to lower SCRs in infants after ORV (a 2-fold increase is
associated with a 22% decrease in SCR) (295). IgA levels in breast milk depend on
geographic location: Indian women have higher levels than those in Korean and
Vietnamese women and American women (296). Additionally, the neutralizing activity
of IgA in breast milk from Indian women is higher than that in breast milk from
American women (296). Three studies investigating withholding breastfeeding for an
hour before and after ORV showed no effect on rotavirus-specific IgA SCRs in infants
(297-299).

Maternal antibodies. Preexisting maternal antibodies inhibit infant antibody re-
sponses to vaccination (14) (Table 6). After primary immunization, a 2-fold higher
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TABLE 6 Results with regard to maternal factors from studies investigating perinatal factors that influence vaccine responses

Vaccine response and vaccine: measurement [reference(s)]

Maternal antibodies associated with Maternal high body

Type of response lower infant responses to vaccination mass index Maternal malnutrition Antenatal steroids

Humoral responses  Lower antibody production Lower antibody production  Lower antibody production
HepA: GMTs (305, 306) OPV: SPRs (326) Tetanus: GMTs (280)
Diphtheria: GMTs (14) ORV: SPRs (326)

Measles: SCRs (49)
OPV: titers (575)
ORV: SCRs (295, 296, 307-310)

Pertussis
PRN: GMTs (14)
IPV: GMTs (14)
Tetanus: GMTs (14)
Cytokine responses Lower cytokine
production
BCG: IL-2 (325)

maternal antibody level results in approximately one-fourth lower postvaccination
GMTs in infants (28% to IPV, 24% to diphtheria, 22% to pertactin, and 13% to tetanus).
Maternal antibodies also influence infant vaccine responses after booster doses in the
second year of life (14).

A meta-analysis summarizing 16 studies investigating the influence of maternal
antibodies on responses to measles vaccination shows that the presence of maternal
antibodies decreases SCRs, on average, by 33.2% (49). However, maternal antibodies to
measles virus in infants decrease quickly, and by the age of 5months, only 12% of
infants have protective levels. Maternal age is the only factor associated with maternal
measles antibody levels (300, 301), while maternal weight has no influence (300).
Measles-vaccinated women have significantly lower GMTs than those of women with
naturally acquired immunity (301, 302).

Maternal antibodies against HepA in infants remain high during the first 6 months
but then drop quickly, with only approximately 37% of infants having protective titers
by the age of 12 months (303, 304). When the HepA vaccine is given to infants within
the first 6 months of life, GMTs in those without maternal antibodies are significantly
higher at the age of 12 to 15 months than those in infants with maternal antibodies.
However, there is no difference in SPRs (305, 306). For ORV, transplacental transfer of
maternal antibodies (307-309) and transfer of antibodies through breast milk (295, 296,
310) lead to decreased infant vaccine responses, in a dose-dependent matter.

The amount of maternal antibodies transferred to infants depends on several
factors, including maternal antibody levels, IgG subclass, gestational age, and placental
characteristics (311). The transfer of maternal antibodies can be optimized by maternal
vaccination during pregnancy. This strategy is currently recommended for vaccination
against tetanus, pertussis, and influenza. However, appropriate timing of vaccination
during pregnancy is important. For example, Tdap given during the second trimester of
pregnancy leads to significantly higher neonatal antibodies than those obtained when
it is given during the third trimester (312).

Maternal infections during pregnancy. Most studies do not find an association
between maternal infection with filariae, hookworm, malaria parasites, Mansonella
perstans, or Schistosoma mansoni during pregnancy and infant antibody responses to
diphtheria (313, 314), HepB (313-315), Hib (314), pertussis (314), and tetanus (313, 316)
vaccination. However, one study shows that maternal infection with malaria parasites,
filariae, or hookworm is independently associated with lower infant antibody responses
to Hib vaccination (313), while another study shows that maternal infection with S.
mansoni is associated with lower infant antibody responses to HepB vaccination (317).
Maternal malaria during pregnancy is associated with lower infant SPRs after measles
vaccination (318). The presence of multiple maternal infections is associated with lower
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infant antibody responses to Hib, diphtheria, and tetanus (313) vaccination. In contrast,
maternal infection with Strongyloides during pregnancy is associated with higher
antibody responses to Hib, HepB, and pertussis toxin (PT) (314) vaccination.

Maternal infection with M. perstans during pregnancy is associated with higher
infant IL-10 responses after BCG and tetanus vaccination, but there are no differences
in gamma interferon (IFN-v), IL-5, and IL-13 (319) production. Maternal infection with
filariae (320), Trypanosoma cruzi (321), or S. mansoni (320) during pregnancy is associ-
ated with lower IFN-y production in children after BCG vaccination, while other
helminth infections show no effect on infant responses to BCG vaccination (319, 322,
323). Empiric treatment of mothers with albendazole or praziquantel during pregnancy
does not influence infant vaccine responses to BCG (324), diphtheria (314), HepB (314),
Hib (314), measles (324), pertussis (314), or tetanus (324) vaccination (Table 7).

Other maternal factors. In infants, cytokine responses to BCG vaccination correlate
inversely with maternal body mass index (BMI) (325). On the other hand, maternal
malnutrition is associated with lower infant antibody responses to OPV and ORV
vaccination, while it does not influence responses to parenteral vaccines (326).

It has been suggested that low maternal education status is associated with higher
infant GMTs to tetanus vaccination (327) and lower infant IFN-y and IL-5 production
after tetanus vaccination (319), while a lower maternal socioeconomic status is asso-
ciated with lower infant IL-10 production after tetanus vaccination (319) (Table 8).
However, this might be confounded by other factors, such as malnourishment and
nonadherence to vaccination schedules.

Maternal tetanus immunization during pregnancy is associated with higher infant
antibody responses to tetanus vaccination, while the presence of a maternal BCG scar
is associated with lower infant IL-5 (319), IL-10 (323), and IL-13 (319) responses after
BCG vaccination (319).

Infants who are exposed to HIV during pregnancy but remain uninfected have lower
IFN-v, IL-5, and IL-13 responses after tetanus and BCG vaccination (319). Antenatal, but
not postnatal, steroids decrease infant antibody production in response to tetanus
vaccination (280) (Table 6).

Extrinsic Factors

Infections. Most studies show no difference in antibody responses to MMR vacci-
nation between children with diarrhea (287, 328), fever (287, 328), or afebrile upper
respiratory tract infections (URTI) (329-332) and healthy children. However, studies
have reported lower SCRs after measles (330) and varicella (331) vaccination for
children with URTI (without differences in GMTs), lower GMTs after Hib vaccination in
children with fever (333), and lower GMTs and SCRs for children with diarrhea after OPV
vaccination (334, 335). Concurrent infection with nonpoliovirus enteroviruses at the
time of vaccination with OPV reduces SCRs against poliovirus type 1 but not type 2 or
3 (334) (Table 9).

Children who are infected with Epstein-Barr virus (EBV) have reduced antibody
responses to meningococcal polysaccharide (MPV) and measles vaccination. However,
infants who are infected with both EBV and cytomegalovirus (CMV) have responses
similar to those of uninfected infants, suggesting that the effects of EBV infection might
be countered by CMV infection (336). Children who are infected with CMV also have
higher GMTs after vaccination with measles vaccine (337), while results from studies
investigating vaccine responses in CMV-seropositive adults are conflicting. Studies
report higher antibody responses to TIV vaccination in young adults (GMTs) (338) and
elderly people (SCRs) (248) who are seropositive for CMV than in seronegative individ-
uals, while other studies show reduced antibody responses (SCRs) (339, 340), lower B
and T cell activation (341), and switched memory B cells (339) in response to TIV
vaccination in CMV-seropositive individuals (Table 9).

Adults who are infected with HIV have lower SPRs after vaccination with HepA
vaccine. A lower viral load and higher CD4 cell count are predictors of a higher response
to vaccination (104). Pregnant women who are infected with HIV have lower cytokine
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TABLE 8 Results with regard to other maternal factors from studies investigating perinatal factors that influence vaccine responses

Vaccine response and vaccine: measurement [reference(s)]

Maternal treatment with

Low maternal education Low maternal albendazole or praziquantel
Type of response status socioeconomic status during pregnancy Maternal vaccination
Humoral responses  Higher antibody production No difference in antibody Maternal tetanus vaccination
Tetanus: GMTs (327) production during pregnancy
aP: GMTs (314) Higher antibody production
Diphtheria: GMTs (314) (GMTs) to tetanus in
HepB: GMTs (314) infants (319)
Hib: GMTs (314)
Cytokine responses  Lower cytokine production Lower cytokine production Presence of maternal BCG scar
Tetanus: IFN-y (319), IL-5 Tetanus: IFN-y (319) associated with lower
(319) production in infants
IL-5 (319)
IL-10 (323)
IL-13 (319)

responses to BCG (319, 323) and tetanus (319) vaccination. Infants who are infected
with HIV have lower cytokine responses after vaccination with BCG (319, 323), measles
(337), and tetanus (319) vaccines and lower antibody responses after vaccination with
measles vaccine (318). Children who are infected with HIV have quicker waning of
antibodies after vaccination with HepA vaccine (342).

Individuals who are chronically infected with either hepatitis B or hepatitis C virus
have lower antibody responses to HepA vaccination (102, 263, 343, 344).

Parasites. Infants who are symptomatically infected with malaria parasites have
lower antibody responses to Hib (333), measles (318), MCV-C (345), Salmonella Typhi
(intradermal), and tetanus (345-347) vaccination and lower cytokine responses (IFN-v,
IL-5, and IL-13) after vaccination with tetanus (319) and BCG (319, 323) vaccines (Table
10). Children with asymptomatic malaria have lower GMTs after MCV-C (94, 348) and aP
(349) vaccination but no difference in antibody responses to tetanus vaccination (350,
351). Malaria prophylaxis given to children prior to vaccination has no influence on
GMTs or SCRs after diphtheria (352-355), IPV (355), measles (352, 353, 356), OCV (357),
OPV (353), pertussis (352), Salmonella Typhi (353, 357), or tetanus (352-355, 358, 359)
vaccination. Malaria prophylaxis also has no influence on the size of the tuberculin skin
reaction after BCG vaccination (353). However, GMTs after vaccination with MCV-A and
MCV-C are (transiently) higher in children who are on malaria prophylaxis (348, 353).

Individuals who are infected with Onchocerca volvulus produce fewer antibodies and
have less proliferation of mononuclear cells and lower IFN-y production (360) after
tetanus vaccination, and individuals who are infected with S. mansoni produce less
IFN-y (361) after tetanus vaccination. In children and adults with Ascaris lumbricoides
infection, antibody and cytokine responses (IFN-y and IL-2) to OCV are diminished but
can be partially restored by albendazole treatment prior to vaccination (362, 363).
Childhood helminth infections are not associated with cytokine responses after BCG
vaccination. Empiric quarterly albendazole treatment during the first 5 years of age
leads to less IFN-y and IL-13 production after vaccination with BCG (323). In contrast,
albendazole treatment in individuals with proven helminth infection leads to more T
cell proliferation (364) and IFN-y (364, 365) and IL-12 (365) production after BCG
vaccination but to less transforming growth factor beta (TGF-B) and concanavalin A
production (365) (Table 11). Infants who are congenitally infected with Trypanosoma
cruzi have stronger in vitro IFN-vy responses after vaccination with diphtheria, HepB, and
tetanus vaccines (321) (Table 10).

Antibiotics, probiotics, and prebiotics. There are no studies of humans that have
investigated the effects of antibiotics on vaccine responses. However, a study in mice
showed that administration of clarithromycin or doxycycline leads to lower antibody
responses after vaccination with a HepB, tetanus, or PPV23 vaccine, while administra-
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TABLE 12 Results with regard to microbiota from studies investigating extrinsic factors that influence vaccine responses

Bacterium/bacterial group, age group, affected vaccine response (reference)

Higher relative abundance in Higher relative abundance in Higher relative abundance in
intestinal microbiota intestinal microbiota nasopharyngeal microbiota
associated with higher associated with lower associated with higher
Type of response vaccine responses vaccine responses vaccine responses
Humoral responses Phylum Actinobacteria Phylum Proteobacteria Bacteroides ovatus
Infants: OPV (385), HepB Infants: OPV (385) Adults: LAIV (390)
(385) Phylum Bacteroidetes Lactobacillus helveticus
Phylum Firmicutes Infants: ORV (386) Adults: LAIV (390)

Infants: ORV (386)

Cellular responses Phylum Actinobacteria Phylum Proteobacteria
Infants: BCG (385), OPV Infants: BCG (385), HepB
(385), tetanus (385) (385), OPV (385),
Phylum Firmicutes tetanus (385)
Adults: Salmonella Typhi
(387)

Prevotella melaninogenica
Adults: LAIV (390)
Streptococcus infantis
Adults: LAIV (390)
Veillonella dispar
Adults: LAIV (390)

tion of ampicillin leads to higher antibody responses after vaccination with a live
attenuated Salmonella Typhi vaccine (366). A study in calves showed that concurrent
administration of oxytetracycline leads to lower antibody responses to subcutaneous
vaccination with Brucella abortus vaccine (367).

The effects of probiotics on vaccine responses are detailed in a recent systematic
review (368). A beneficial effect of probiotics has been reported for responses to
diphtheria (369), HepA (370), Hib (371), IPV (372), OCV (373), ORV (374), OPV (375), and
TIV (376-380) vaccination. However, the choice of probiotic strains and dose as well as
the duration and timing of administration varied largely between studies.

Studies investigating the effects of nutritional supplements containing a mix of
probiotics (Lactobacillus paracasei [381] or Bifidobacterium longum bv. infantis [341,
382]) and prebiotics (fructo-oligosaccharides [381] or gluco-oligosaccharide [341, 382])
show no effect of the supplements on antibody responses to TIV (381-383) or PPV23
(381, 383) vaccination or on B or T cell responses (341) to TIV vaccination.

Microbiota. There is an association between the intestinal microbiota and vaccine
responses (384). In infants, a higher relative abundance of actinobacteria (especially the
species B. longum) has been associated with either higher antibody or cellular vaccine
responses to BCG (385), HepB (385), IPV (372), OPV (385), and tetanus (385) vaccination.
In contrast, a higher relative abundance of proteobacteria (especially Pseudomonadales)
has been associated with lower responses to these vaccines (385). Additionally, a higher
relative abundance of Firmicutes bacteria (families Lachnospiraceae and Ruminococca-
cae) has been associated with higher humoral responses to ORV (386) in infants and
cellular responses to Salmonella Typhi (387) in adults. Additionally, in infants, one study
found a higher relative abundance of Bacteroidetes organisms to be associated with
lower humoral responses to ORV (386), while another study did not find any association
between the composition of the intestinal microbiota and responses to ORV (388)
(Table 12). Children with small bowel bacterial overgrowth have reduced antibody
responses to OCV (389).

The one study which investigated the influence of the respiratory microbiota on
vaccine responses shows a positive association between the presence of Bacteroides
ovatus, Lactobacillus helveticus, Prevotella melaninogenica, Streptococcus infantis, and
Veillonella dispar in the nasopharynx and influenza virus-specific H1 IgA levels in nasal
washings after vaccination with live attenuated influenza virus (LAIV) (390).
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Preexisting immunity. Individuals with higher prevaccination tetanus antibody
titers have higher SPRs after booster vaccination (60), while the antibody response to
diphtheria is not affected by prevaccination titers (391). Similarly, the antibody re-
sponse to TIV is positively associated with prevaccination titers (93). Elderly people who
have low antibody titers against influenza virus before vaccination might not serocon-
vert after one dose of TIV (392). Further, priming with an antigen different from that
included in the TIV vaccine leads to lower SCRs and GMTs (393, 394) than those
obtained after priming with similar antigens. Further evidence that preexisting immu-
nity influences vaccine responses comes from studies showing that individuals who
have antibodies against flaviviruses have higher antibody responses to dengue fever
vaccination (95). Previous exposure to Hib-like environmental bacteria increases anti-
body responses to Hib vaccination (327). In contrast, there is evidence that lower
cytokine production after BCG vaccination can be explained partly by previous expo-
sure to other mycobacteria (395-397). However, this is not the case in all studies (398).
The evidence for antibody responses to HepB vaccination is also conflicting, with one
study showing higher antibody responses in those who are anti-HBc positive (242) and
another showing lower responses (72). For OCV, SCRs have been observed to be lower
for individuals with preexisting immunity (399).

Behavioral Factors

Smoking. Smoking leads to lower antibody responses to HepB vaccination in some
(66, 68, 69, 74, 75, 78, 80, 400) but not all studies (81, 100, 401, 402) and to increased
antibody responses to YF vaccination (157). Smoking has no influence on GMTs after
human papillomavirus (HPV) vaccination, but it increases the risk of having low-avidity
antibodies after vaccination (403). Smokers have higher SCRs after vaccination with
LAIV, but waning of antibodies is quicker in smokers than in nonsmokers after vacci-
nation with LAIV and TIV (404) (Table 13).

Alcohol consumption. Alcohol intake has been found not to influence antibody
responses to HepA (405) or HepB (68, 69, 81, 402, 406) vaccination but might influence
responses to pneumococcus vaccination (142). After vaccination with PPV23, alcoholics
have lower SCRs to serotypes 3, 4, 7F, 8, and 19F (however, this is significant only for
serotypes 3 and 19F) (142) (Table 13).

Exercise. A small study showed that antibody responses to tetanus vaccination were
higher in runners vaccinated after they completed a marathon than in a nonrunner
control group (407). However, a larger study found no differences in antibody re-
sponses to diphtheria, tetanus, and PPV23 vaccines given to triathletes after they
completed a race compared to the responses in triathletes vaccinated when they had
not been exercising or in vaccinated sedentary controls (408). A further study reports
higher GMTs to TIV (only to A/Panama [H3N2]) in females who used an ergometer in the
45 min before vaccination (409), and one study showed that active participants over the
age of 62 years (defined as more than 20 min of vigorous exercise three or more times
per week) had higher antibody responses to TIV than those of sedentary participants
(410), while other studies with interventions to increase physical activity in adults do
not show an association between increasing exercise and antibody responses to TIV
(411) or PPV23 (412) vaccination (Table 13).

One study showed that eccentric exercise of the arm before administration of TIV
leads to increased interferon gamma production (with the increase in cytokine pro-
duction correlating with the increase in arm circumference) in males and antibody
production in females (124). The increase in antibody response to TIV vaccination
through exercise varies among different vaccine strains, with low-immunogenicity
strains being particularly responsive to augmentation through exercise (127). However,
a follow-up study could not confirm an association between eccentric exercise of the
arm and the humoral or cellular vaccine response to TIV (413) (Table 13).

Acute psychological stress. In elderly people, positive mood on the day of vacci-
nation is associated with higher antibody responses to TIV (414). In contrast, mental
stress before vaccination leads to higher GMTs after TIV vaccination in females (only to
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A/Panama [H3N2]) (409) and to higher GMTs to MCV-A in males (139). Individuals who
have greater blood pressure reactions (with evidence of delayed diastolic blood
pressure recovery) toward the end of a mental arithmetic stress task that causes
aversive stimuli have higher SCRs after vaccination with MPV-A (415) and TIV (to
A/Panama [H3N2] and B/Shandong) (Table 13).

Chronic psychological stress. Many studies report (mostly negative) associations
between chronic psychological stress and vaccine responses. For example, elderly
people who suffer from stress by being caregivers of relatives with dementia have
lower antibody responses (416-419), less IL-18 and IL-2 production (410, 416, 417), and
more IL-6 production (419) after vaccination with TIV, as well as lower antibody
responses after vaccination with PPV23 (420). In contrast, greater optimism in elderly
people is associated with higher antibody responses (411) and more IL-10 production
(410) after vaccination with TIV. Adults with high perceived stress, stressful life events,
or loneliness also have lower antibody (410, 421-424) and cellular (425) responses after
vaccination with TIV. This is not the case for adults who care for patients with multiple
sclerosis (426). Responses to influenza A/HIN1 and B viruses appear to be more
sensitive to the influence of psychological stress than those to A/H3N2 viruses (427).
Having better social support or being married is associated with higher antibody
responses to HepB (417) and TIV (423, 428) vaccination, while bereavement is associ-
ated with lower antibody responses to TIV (428) (however, one study reports lower
antibody responses to TIV vaccination in patients with better social support [429]).
Mindfulness-based stress reduction exercises do not influence antibody responses to
TIV vaccination (411).

Young adults with stressful life events, chronic stress, and a low level of psycholog-
ical well-being can have lower antibody responses to HepB (430-433) and MCV-C (434)
vaccination. However, in contrast, one study shows higher antibody responses to HepB
vaccination in young adults with chronic stress (435), and some studies do not find any
associations between psychological stress and antibody responses to HepB vaccination
(436, 437). Antibody responses might also be influenced by coping mechanisms. For
example, individuals who accept the reality of stressful situations have higher antibody
responses to HepB vaccination, while individuals who cope by substance use (430) or
have high trait negative affect (436) have lower responses. High internalizing behavior,
neuroticism, and low self-esteem are associated with lower antibody responses to
rubella vaccination (438), while children with internalizing mood symptoms (depressive
or anxious symptoms) have higher antibody responses to MCV-4 (439). One study
found no association between coping mechanisms and antibody responses to HepB
vaccination (432).

Observed negative/conflict behaviors in an interaction task between parents and
children predicts lower antibody responses to serotype C after MCV-4 vaccination in
children (440). Children who have higher salivary cortisol levels after starting kinder-
garten have lower antibody responses to PPV23 (441) (Table 13).

Sleep. Short sleep duration, but not subjective sleep quality, in the week around
vaccination is associated with lower antibody responses to HepB vaccination (442).
Deliberate sleep deprivation during the night after HepA vaccination is associated with
lower antibody levels (443, 444) and specific Th cell responses (444), while high sleep
slow-wave activity is associated with higher antibody responses (444). Deliberate sleep
deprivation 1 week after vaccination with TIV is also associated with lower antibody
responses (445), while no association is found between sleep duration (414) or ob-
structive sleep apnea (446) and antibody responses to TIV vaccination (Table 13).

Nutritional Factors

Body mass index. Many studies in adults show that an increase in body mass index
(BMI) is inversely correlated with antibody responses to HepA (61, 447) and HepB (61,
66, 68, 77, 78, 80, 100, 259, 401, 402, 448-454) vaccination. After vaccination with TIV,
an increase in BMI is initially correlated with higher antibody responses. However,
12 months after vaccination, a higher BMI is associated with a greater decline in
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antibodies, and obese individuals also have fewer specific CD8 T cells and less IFN-y
production (449) (Table 14).

Nutritional status. Many vaccine responses are not influenced by malnourishment.
However, malnourished children are reported to have lower antibody responses to
HepB (455), MPVS (456), measles (318, 457-459), OPV (335), pertussis (460), Salmonella
Typhi (461), and tetanus (462) vaccination. Additionally, malnourished children have
smaller tuberculin skin reactions after BCG vaccination (463-465) (Table 14).

Micronutrients (vitamins A, D, and E and zinc). Vitamin D plays an important role
in innate, humoral, and cellular immune responses (466). However, its role in influenc-
ing vaccine responses is not clear (466). Most studies reporting on the effects of vitamin
D on vaccine responses have investigated responses to TIV. The results of these studies
are conflicting (Table 14). In adults, there is no association between vitamin D levels or
administration of vitamin D and antibody responses to TIV (467-469). In children, some
studies find no association between vitamin D levels or administration of vitamin D and
antibody responses to TIV (470, 471), while others show a trend toward decreased SPRs
against TIV in children with vitamin D deficiency (472). In contrast, after vaccination
with LAIV, higher antibody responses against two influenza B virus strains were
observed in children with low vitamin D levels, while there was no association between
vitamin D levels and GMTs against the A strain of the LAIV vaccine (471). In adult dialysis
patients, parenteral calcitriol treatment leads to higher antibody responses to TIV (473).
Additionally, there is also a clear association between vitamin D deficiency in hemo-
dialysis patients and diminished antibody responses to HepB vaccine (474). In children
with idiopathic nephrotic syndrome, there is no correlation between vitamin D levels
and antibody responses to PPV23 (475). In asplenic patients vaccinated against Hib,
MCV-C, and PCV7, there is no correlation between vitamin D levels and vaccine
antibody levels (476). Adults receiving vitamin D supplementation before a booster
dose of tetanus have higher antibody levels against tetanus (477). Infants receiving
supplementation with vitamins A and D have stronger tuberculin skin reactions (478)
and lower IFN-vy responses after BCG vaccination.

Studies investigating coadministration of vitamin A and measles vaccine also report
conflicting results. Vitamin A given simultaneously with a measles vaccine at 6 months
of age leads to lower SCRs (154), but only in infants with maternal antibodies. Vitamin
A given simultaneously with measles vaccination at 9 months of age does not lead to
a difference in GMTs and SCRs at the age of 12 months (479) but does lead to higher
GMTs at the ages of 18 months (35) and 6 to 8 years (480), especially in boys. Vitamin
A given simultaneously with measles vaccination at 9 months of age to malnourished
infants leads to significantly higher GMTs (479). In children with and without vitamin A
deficiency, there is no difference in antibody responses to diphtheria and tetanus
vaccination (481). In elderly people who are not vitamin deficient, there is no associ-
ation between levels of vitamin A, vitamin E, or zinc and antibody responses to TIV
(482). Polymorphisms of vitamin A and D receptor are associated with lower antibody
responses to HepB vaccination (483) and with variations in cytokine responses after
rubella and measles vaccination (194, 484).

Enteropathy. Enteropathy is defined as intestinal inflammation not necessarily
associated with diarrhea. It occurs more frequently in individuals exposed to poor
sanitary conditions. It is often proposed that enteropathy is one of the mechanisms
behind the lower effectiveness of oral vaccines in developing countries. However, only
one study has investigated the effect of enteropathy on vaccine responses. That study
found that infants with enteropathy have lower SPRs against OPV and ORV but not
against parenteral vaccines (326).

Environmental Factors

Rural versus urban environment. Children living in rural areas have higher antibody
responses to tetanus (351) and an experimental malaria vaccine (485, 486). They have
a Th1-skewed response (IL-5 production) to tetanus and TIV vaccination, while children
living in semiurban areas have a Th2-skewed response (IFN-y production) (351, 487).
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TABLE 14 Results from studies investigating nutritional factors that influence vaccine responses

Clinical Microbiology Reviews

Vaccine response, vaccine, age group, measurement [reference(s)]

Type of response Higher body mass index

Malnourishment

Low vitamin D levels

Enteropathy

Humoral responses Higher antibody production
TIV
Adults: GMTs (449)
HepB
Adults: GMTs (101)
Lower antibody production
HepA
Adults: GMTs (447), SCRs
(447)
Elderly: GMTs (61), SPRs
61)
HepB
Children: GMTs (448)
Adolescents: SPRs (401),
titers (453)
Adults: GMTs (77, 100,
449), SCRs (80, 450),
SPRs (66, 68, 77, 78,
450, 454)
Women: SPRs (451)
Elderly: GMTs (61), SPRs
(61)
Pregnant women: SCRs
(402)
Dialysis patients: SPRs
(259)
TIV
Adults: GMTs (449)
No difference in antibody
production
HepA (61, 447)
Adults: SPRs (405)

Cellular responses Lower cellular responses
TIV
Adults: specific CD8 T

cells (449)

Lower cytokine production
TIvV
Adults: IFN-vy (449)

Cytokine responses

Lower antibody production
HepB
Children: GMTs (455), SPRs (455)
MPVs A and C
Children: GMTs (456)
Measles
Children: GMTs (457, 458), SCRs
(458, 459), SPRs (318)
OPV
Infants: GMTs (335)
Pertussis (PT)
Infants: GMTs (460)
Salmonella Typhi
Children: GMTs (461), SPRs (461)
Tetanus
Children: GMTs (462)
No difference in antibody production
Diphtheria
Infants: GMTs (335)
Children: GMTs (462, 576), SPRs
(576)
HepB
Infants: GMTs (162)
Children: GMTs (577), SPRs (577)
Hib
Infants: GMTs (162)
Measles
Infants: GMTs (335)
Children: GMTs (576, 578), SCRs
(287, 578-580), SPRs (576)
MCV-C
Children: GMTs (94)
MPVs A and C
Children: GMTs (576), SPRs (576)
OPV
Children: GMTs (576), SPRs (576)
PPV23
Children: SPRs (122)
Rabies
Children: SPRs (122)
Salmonella Typhi
Children: GMTs (576), SPRs (576)
Smallpox
Children: GMTs (578), SCRs (578)
Tetanus
Infants: GMTs (335)
Children: GMTs (457, 462, 576,
581), SPRs (576), titers (359)

Lower cellular response
BCG
Children: size of tuberculin skin
reaction (463-465)
No difference in cellular responses
Tetanus
Children: lymphoproliferation
(582)

Higher antibody production
LAIV B strain
Children: GMTs (471)
Lower antibody responses
TIV
Children: SPRs (472)
No difference in antibody
production
HepB
Adults with chronic
kidney disease:
GMTs (474), SPRs
(474)
Hib
Asplenic adults: GMTs
(476)
LAIV A strain
Children: GMTs (471)
MCV-C
Asplenic adults: GMTs
(476)
PCv7
Asplenic adults: GMTs
(476)
PPV23
Children with
nephrotic
syndrome: GMTs
(475)
TIV
Children: GMTs (470,
471), SCRs (470),
SPRs (470)
Adults: SCRs (467),
SPRs (467)
HIV-infected adults:
SCRs (469), SPRs
(469)

Lower antibody production
OPV
Infants: SPRs (326)
ORV
Infants: SPRs (326)
No difference in antibody
production
Diphtheria
Infants: SPRs (326)
Hib
Infants: SPRs (326)
Measles
Infants: SPRs (326)
Tetanus
Infants: SPRs (326)
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In contrast, humoral and cellular responses to TIV are lower in children living in rural
areas than in those living in semiurban areas (487). Similarly, antibody responses to
HepB vaccination (161, 486, 488) and cytokine responses after vaccination with BCG
(323) are lower in children and adults living in rural areas.

Geographic location. Children living in developing countries have higher antibody
responses to Hib (489), diphtheria (489), PCV7 (490), and pertussis (489) vaccination but
lower antibody responses to measles (491-493), OCV (494), OPV (495, 496), and
Salmonella Typhi (497) vaccination. Adults in developing countries have lower antibody
responses to HepB vaccination (498). Children living in developed countries have a
Th2-skewed response to BCG vaccination, with more IFN-y production (396, 398, 499,
500), while children in developing countries have a Th1-skewed response (499).

Season. There is an association between month of administration and antibody
responses to pertussis (460), PPV23 (146), rabies (146), and Salmonella Typhi (146)
vaccination but no association between month of vaccine administration and antibody
responses to diphtheria (146), HepB (146), and tetanus (146) vaccination (Table 15).
African infants born in the wet season have stronger CD154 vaccine responses to BCG
than those of infants born in the dry season (325). In adolescents, antibody responses
(GMTs) to HepB vaccination are lower in individuals who receive their first and second
doses in summer than in those who receive them in winter. However, after the third
dose, no statistically significant difference in GMTs is found. It has been suggested that
these variations in vaccine responses may be explained through differences in exposure
to UV irradiation (501). Nevertheless, exposing healthy volunteers to UVB on five
consecutive days before HepB vaccination does not lead to a difference in GMTs or
cellular vaccine responses (in a lymphocyte stimulation test) between UVB- and non-
UVB-exposed individuals (502).

Family size. A larger number of people living in the household is associated with
superior antibody responses to Hib vaccine (327).

Toxins. One study compared vaccine responses in lead-exposed children with
metabolic impairment to those in healthy children and did not find a difference in
antibody responses to tetanus (503). Another study showed that early-life arsenic
exposure leads to decreased antibody levels to mumps virus after vaccination with
MMR (504). It has also been suggested that pre- and postnatal (breast milk) exposure
to polychlorinated biphenyls and dioxins leads to lower antibody responses to measles
and mumps viruses (505).

Vaccine Factors

Vaccine type, product, and strain. Inmune responses vary widely with different
vaccine types and products. For example, live vaccines usually induce high vaccine
responses leading to life-long protection, often after just one dose, while inactivated,
subunit, or toxoid vaccines usually require several doses, including booster doses, to
achieve similar protection. Responses to different subunit vaccines also vary. Polysac-
charide vaccines induce a T cell-independent vaccine response which does not induce
immune memory and is therefore short-lived. Such vaccines are not protective in
children under 2 years of age and do not decrease nasopharyngeal carriage. In contrast,
polysaccharide-protein-conjugated vaccines have superior immunogenicity, protect
infants under 2 years of age, and reduce nasopharyngeal carriage. The responses to
similar vaccines against the same disease can also vary according to specific product or
strain. This has been shown, for example, for BCG (323, 506, 507), HepB (107, 508), TIV
(86), PCV7 (490), rabies (509), and measles (49) vaccines. However, detailed discussion
of this topic is beyond the scope of this review.

Adjuvants. Adjuvants are added to vaccines to elicit stronger immune responses.
There is great variation in the magnitude and quality of vaccine responses depending
on which adjuvants are added to a vaccine (510). For example, the new adjuvant MF59
increases antibody affinity and cross-protection against TIV (511, 512), and compared to
those obtained with the standard HepB vaccine, a vaccine containing the new adjuvant
AS04 induces higher SPRs and GMTs (513).
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Vaccine dose. A study investigating IPV showed that there is a linear relationship
between the dose of administered antigen and antibody responses (514). With ORV, the
inhibitory effect of transplacental or breast milk-transferred maternal antibodies can be
overcome by increasing the vaccine dose (309).

In adolescents receiving HepB vaccination, 10 ug instead of the more commonly
used 20-ug dose is sufficient to induce seroprotection (454). However, it leads to lower
GMTs (71, 515) and SCRs (71). In patients with end-stage kidney disease, 80 ug of HepB
vaccine increases the likelihood of persistent protective antibodies (259).

For the Hib vaccine, it has been shown that even one-eighth the usually given dose
leads to adequate antibody titers associated with long-term immunity (516).

For TIV, it has been shown for elderly people that higher doses of antigens are
associated with higher antibody responses (130, 517), while in previously immunized
participants of 18 to 49 years of age, half the usual vaccine dose leads to comparable
SCRs and GMTs, especially in females (126).

Administration Factors

Vaccination schedule. A further factor influencing vaccine responses is the spacing
of vaccine doses. Schedules that have longer intervals between vaccine doses usually
lead to higher immune responses. For example, antibody responses to aP are signifi-
cantly higher after a 2-month to 4- to 6-month schedule than after an accelerated
2-month to 3- to 4-month schedule (349). Similarly, antibody responses to DTP vacci-
nation are higher after a 3-month to 5- to 9-month schedule than after an accelerated
2-month to 3- to 4-month schedule (518). For HepB vaccination, increased time
between the first and second doses or the second and third doses also correlates with
increasing GMTs and SPRs (117, 401). However, one study showed lower GMTs after
HepB vaccination on a 0-month to 12- to 24-month schedule than after a 0-month to
1- to 6-month schedule (448), and similarly, another study also showed that individuals
who have an interval of more than 1 month between the first and second doses have
lower SPRs (79).

In contrast, GMTs after HepA vaccination are higher after a 0-month to 1- to
12-month schedule than after a 0-month to 6- to 12-month schedule (99) or a 0-month
to 1- to 2-month schedule (64).

In infants receiving two doses of measles, mumps, rubella, and varicella virus
vaccination (MMRV), GMTs are higher to all components of the vaccine when the doses
are given 12 months apart instead of 4 weeks apart (519). When influenza vaccination
is given to children below the age of 24 months, there is no difference in antibody
responses if one priming dose is given in spring followed by the second dose in fall or
if both doses are given in fall (520).

Vaccination site. In adults, HepB vaccination given in the buttock area leads to
lower responses than those obtained when it is given in the upper arm (521-524).
However, this is not the case for infants (525). In children receiving Hib vaccination,
there is also no difference in GMTs between children who receive the vaccination in the
vastus lateralis and those who receive it in the deltoid muscle (526). Similarly, there is
no difference in GMTs after HepB vaccination in infants who receive the vaccine in the
anterolateral thigh compared to those who receive it in the ventrogluteal region (8).

Vaccination route. Intramuscular administration of TIV leads to higher antibody
responses than those obtained by subcutaneous administration (125). However, there
is no difference in antibody responses to diphtheria (137), PPV23 (143), or tetanus (137)
vaccination after intramuscular or subcutaneous administration. For HepB and rabies
vaccines, a lower dose given intradermally induces an antibody response similar to that
induced by a larger intramuscular dose (148, 527-529). Intramuscular vaccination relies
on a T cell-mediated response, while intradermal vaccination activates a dendritic
cell-mediated response, which requires lower antigen doses (530). Individuals who do
not respond to intramuscular HepB vaccination might respond to intradermal admin-
istration (531, 532). While 5 ug given intradermally leads to higher SCRs than those
obtained with 40 ug given intramuscularly (533), 2 ug given intradermally leads to
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lower SPRs (74) and GMTs (75) than those obtained with 20 ug given intramuscularly
(75). There is no difference in time required to seroconvert or time to peak antibody
titer (75).

Needle size. The size of the needle used to administer vaccines has not been found
to influence vaccine responses (534, 535).

Time of day. Studies investigating diurnal variations in antibody responses to TIV in
adults show conflicting results. One study showed that individuals receiving the vaccine
in the morning have significantly higher antibody responses to the HIN1 A strain and
a trend toward higher responses to the B strain, while the time of vaccine administra-
tion has no influence on responses to the H3N2 A strain (536). A second study indicated
that diurnal variations in antibody responses after TIV are strain specific (537). Addi-
tionally, a third study showed higher GMTs to TIV after morning (compared to after-
noon) vaccination, but only in men (538). The same has been shown for GMTs after
HepA vaccination, but again only in men (538).

Coadministered vaccines. A vast number of studies have investigated the influence
of concurrent administration of live vaccines on vaccine responses. Two meta-analyses
summarized RCTs comparing vaccine responses in infants receiving either one dose of
MMRV or MMR and V as separate vaccines (539, 540). The first meta-analysis, which
included 10 RCTs, did not find any difference in GMTs to any of the vaccine components
(540). However, the second meta-analysis, which included 24 RCTs, showed that after
a single vaccination in children of 9 to 24 months of age, GMTs against mumps and
varicella viruses are comparable between infants receiving MMRV and those receiving
MMR and V (MMR+V) or MMR. In contrast, individuals receiving MMRV achieve signif-
icantly higher GMTs to measles virus than those in individuals receiving MMR+V or
MMR. GMTs to rubella virus are reduced in those receiving MMRV compared to those
in individuals receiving MMR+V or MMR (539). MMRYV also leads to lower SCRs than
those with MMR+V or MMR, but this is likely confounded by lower virus antigen doses
in early vaccines (539). In investigations of immune responses after two vaccine doses,
similar GMTs to most vaccine viruses are observed (541-545). However, there is a
tendency toward higher varicella (541, 542, 544, 545) and mumps (541, 543-545) GMTs
and lower measles (542-544) and rubella (541, 544, 545) GMTs in groups receiving
MMRYV as a second dose than in those receiving MMR+V. Concurrent administration of
LAIV with MMR+V does not influence GMTs or SPRs against any of the vaccine
components (546). YF vaccine given simultaneously with the MMR vaccine leads to
lower SCRs than those obtained when the vaccines are given 1 month apart (61%
versus 71% for mumps, 90% versus 97% for rubella, and 70% versus 87% for YF), while
SCRs for measles are not influenced by simultaneous vaccination (547). One study
suggests that a live attenuated Japanese encephalitis (JE) vaccine given 30 days before
a YF vaccine might interfere with SCRs to YF vaccination (548). However, a subsequent
study did not find a difference in SCRs to YF vaccine whether JE was given 30 days
before, simultaneously with, or after the vaccine. For JE, even though there were also
no significant differences in SCRs between individuals given the two vaccinations at the
same time and those receiving them 30 days apart, GMTs were significantly higher in
participants who receive JE 30 days before YF rather than the other way around or at
the same time (549).

Studies show that simultaneous administration of nonlive vaccines with MMR or V
vaccine does not influence the response to any of the vaccine components. This
includes 7-valent conjugated pneumococcal (Pn) (550-552), 10-valent Pn-Hib (553),
meningococcal C (MenC) (554), DTaP-HBV-IPV-Hib (555), and HepA (551, 552) vaccines.

An additional dose of acellular pertussis (aP) vaccine at birth might lead to subse-
quently lower HepB (52, 53), Hib (52, 53), and diphtheria (556) GMTs.

Studies investigating the influence of coadministering BCG vaccine show that it
leads to significantly higher levels of antibodies against HepB, OPV, PCV7, and TIV but
not against DTaP-Hib or Salmonella Typhi (557).

There are several studies which show that concomitant administration of OPV
reduces vaccine responses to ORV (558, 559). Infants who receive the two vaccines
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concomitantly are less likely to seroconvert than those who receive both vaccines in a
staggered manner (558). The interference is greater after the first dose of OPV,
presumably because the first dose is associated with the greatest intestinal replication
of vaccine poliovirus strains (559). However, when the vaccines are given concomitantly
after the age of 3 months, neither OPV nor ORV influences vaccine responses (560).

There is less interference reported with coadministration of nonlive vaccines. Co-
administration of PCV7 vaccine with either acellular pertussis or whole-cell pertussis
vaccine has no effect on the immunogenicity of the PCV7 vaccine, expect for that
against serotype 14, for which the specific antibody response is lower when the vaccine
is given with the acellular pertussis vaccine (490). One RCT showed that when DPT-IPV
and Hib are given together as a single dose, the antibody response to tetanus is
significantly lower than that obtained when DPT-IPV is given at an injection site
different from that used for Hib or given 6 months apart (561). A Cochrane review
summarizing studies that compared the immunogenicities of the combined DTP-HBV-
Hib vaccine and the DTP-HBV and Hib vaccines given at separate sites did not find
conclusive results, as only one study reported significantly lower immunological re-
sponses to Hib and tetanus when the vaccine components were given in a combined
vaccine (562).

Coadministered drugs. Several studies have investigated the effect of concurrent
administration of paracetamol around the time of vaccination. A review summarizing
13 RCTs which investigated the influence of prophylactic antipyretic administration
after vaccination shows that infants receiving paracetamol after each of 3 doses of
routine vaccination have lower GMTs to all Pn serotypes, Hib, diphtheria, tetanus, and
pertactin but not to pertussis toxin, filamentous hemagglutinin (FHA), HepB, or IPV.
After a booster dose, lower GMTs persisted in the prophylactic paracetamol group for
all Pn serotypes, diphtheria, and tetanus (563). The one study that investigated the
effect of ibuprofen administration around the time of vaccination shows that GMTs to
FHA and tetanus are diminished after primary administration but not after a booster
dose, while responses to conjugated Pn vaccine are not affected (564). Further, a recent
large study in elderly individuals showed that the intake of statins diminishes GMTs to
TIV (565). Similarly, preterm infants who receive dexamethasone for chronic lung
disease have significantly lower GMTs against Hib after basic immunization with 3
doses (566).

CONCLUDING REMARKS

This review summarizes many important (and often unrecognized or underappre-
ciated) factors that might affect how individuals respond to vaccines (Fig. 1). There is
solid evidence that intrinsic factors, such as genetics, sex, age at time of vaccination,
and comorbidities, as well as vaccine-related factors, such as choice of vaccine prod-
ucts, adjuvants, and vaccination schedule, strongly influence vaccine responses. Good
evidence also exists for the interaction between maternal antibodies and vaccine
responses in infants. In contrast, the available data on the influence of other perinatal
factors, such as birth weight or feeding method, or on the influence of infections,
antibiotics, the microbiota, and nutrition are less robust. For smoking, alcohol con-
sumption, psychological stress, and exercise, the data from different studies are incon-
sistent. Many studies report differences in vaccine responses depending on geographic
region. However, many other factors, such as preexisting immunity, nutritional status,
and other behavioral factors, as well as genetics and the microbiota, might confound
this observation. The potential for confounding also exists for many of the other factors
discussed in this review, as the response to vaccination is complex, likely involving the
interplay of multiple different factors. It is therefore important not to overinterpret
findings from single studies.

There are many different methods for quantifying vaccine responses (Fig. 2). How-
ever, most studies investigating vaccine responses quantify antibodies. The antibody
concentration defined as a protective correlate varies depending on whether it relates
to protection against colonization, mucosal disease, or invasive disease. However,
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FIG 2 Methods for quantifying vaccine responses.

vaccine responses are far more complex than just measurable antibody concentrations.
Other parts of the immune system, such as innate, cellular, and cytokine responses, also
play a crucial role in vaccine efficacy. The complex interplay between these different
components of the immune system in vaccine responses is not fully understood, and
surrogate markers of vaccine-induced protection are imperfect. As most vaccines
induce very high antibody responses, small differences in antibody concentrations
between groups of individuals may not be clinically significant in terms of protective
efficacy, may be relevant only in individuals with poor responses, or may impact only
the duration of protection. Moreover, the quality of antibody response is an important
consideration, as only a subset of total detectable antibody can neutralize pathogens.
SPRs or GMCs do not take this into account and are therefore imperfect correlates of
protection. Further, the level of antibody response in vitro does not necessarily correlate
with health outcomes. For example, seroconversion does not mean full protection
against a disease, and nonseroconversion is not necessarily associated with suscepti-
bility (567). Moreover, antibody levels wane with time, but seronegative individuals can
still be protected through other immune mechanisms, as shown, for example, after
HepB vaccination (568).

This review provides an overview of the current evidence for factors that might
influence vaccine responses and identifies factors that require further investigation.
Important topics for future studies include the influences of the microbiota (intestinal
and respiratory), concurrent infections, and antibiotics on vaccine responses. Further
important lines of investigation include the association between preexisting immunity
and vaccine responses, as well as the influence of behavioral factors. Understanding
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these interactions in more depth will open new avenues for improving vaccine immu-
nogenicity and effectiveness as well as designing vaccine schedules that optimize the
benefits of vaccination.
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CHAPTER 2. THE EFFECT OF MATERNAL IMMUNSATION DURING PREGNANCY ON INFANT
VACCINE RESPONSES

2.1 INTRODUCTION

This chapter contains the published version of a study that investigated the effect of dTpa and TIV

immunisation during pregnancy on specific and heterologous infant antibody responses to routine

immunisations given in the first year of life.
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first year of life.
Methods: In total, 471 healthy infants were included. At 7 and 13 months of age, antibodies to the primary course

ﬁ?:gglms' of routine vaccines given at 6 weeks, 4 and 6 months of age (pertussis (pertussis toxin (PT), filamentous
Boostrix haemagglutinin (FHA), pertactin (PRN)), polio (type 1, 2, 3), Haemophilus influenzae type b (Hib), pneumococcus
dTpa (serotype 1,3, 4,5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F)) were measured, and at 13 months of age, antibodies to
Flu the 12-month routine vaccines (Hib, meningococcus C, measles, mumps and rubella). The seroprotection rates
Influenza for each vaccine and the geometric mean concentrations (GMC) of antibodies were compared between infants
Vaccination whose mothers did or did not receive dTpa or TIV immunisation during pregnancy.

ﬁﬁiﬁ’;ﬂes Results: A total of 369 infants were included in the final analysis. Maternal dTpa immunisation was associated

with reduced antibody responses to both specific (diphtheria and pertussis) and heterologous (polio and pneu-
mococcus) vaccine antigens. This effect was stronger for persistence of antibodies at 13 months of age than it was
at 7 months of age. At 7 months of age, adjusted average antibody concentrations were significantly lower for
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Titre
Heterologous diphtheria, pertussis (PT, FHA, PRN) and polio type 2, and at 13 months of age, for diphtheria, pertussis (PT,
Non-specific FHA, PRN), polio type 1-3 and pneumococcal serotypes 1, 4, 5, 6A, 6B, 7F, 18C and 23F. Additionally, at

13 months of age, seroprotection rates for diphtheria, PT, pneumococcal serotype 1, 6A and 6B were significantly
lower in infants after maternal dTpa immunisation. In contrast, for Hib, in infants with maternal dTpa
immunisation, the adjusted average antibody concentration and the seroprotection rate were higher, particularly
at 7 months of age. Maternal TIV immunisation had minimal effect on infant vaccine responses.

Conclusion: Whilst maternal immunisation protects infants in the first few months of life, it might interfere with
both specific and heterologous (unrelated) vaccines responses in infants.

Research in context: Evidence before this study: Maternal immunisation during pregnancy helps to protect infants
during the period before they complete their primary immunisations. It has been proven to be safe and beneficial.
However, pre-existing maternal antibodies can influence antibody responses following infant immunisation, an
effect called ‘blunting’. Previous studies have investigated the influence of dTpa but not influenza immunisation
during pregnancy on infant vaccine responses. The majority of studies investigated antibody concentrations only
to the specific vaccine antigens included in the maternal immunisation, and there is scarce data available on het-
erologous vaccine responses, particularly pneumococcal responses.
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Added value of this study: In this study, we have shown that maternal dTpa immunisation during pregnancy is
associated with reduced antibody responses to both specific (diphtheria and pertussis) and heterologous
(polio and pneumococcus) vaccine antigens. This effect is stronger for persistence of antibodies at 13 months
of age than after primary immunisation at 7 months of age. In contrast, for Hib, in infants with maternal dTpa
immunisation, antibody concentrations are higher, particularly at 7 months of age. Maternal TIV immunisation
has minimal effect on infant vaccine responses.
Implications of all the available evidence: Whilst maternal immunisation protects infants in the first few months
of life, it might interfere with both specific and heterologous (unrelated) vaccines responses in infants. As most
vaccines induce very high antibody responses, small differences in antibody concentrations may not be of clinical
significance. However, since maternal immunisation during pregnancy also influences seroprotection rates, strat-
egies, such as additional booster doses in the second year of life, particularly for pertussis and pneumococcus,
might need to be considered to address this.

© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immunisation during pregnancy aims to protect infants during the
period before they complete their primary immunisations. Antenatal
immunisation against tetanus has been recommended in certain set-
tings for decades and is estimated to have reduced the burden of neona-
tal tetanus by 96% [1]. Recently, many countries have reported a steep
rise in pertussis cases, with high rates of disease in infants younger
than 2 months of age, who are too young to have been vaccinated.
This age group has the highest rates of pertussis-related hospitalisations
and deaths. For this reason, maternal pertussis immunisation has been
recommended in many countries since 2012 [2,3]. Similarly, because
of the increased risk of severe influenza in pregnant women, as well
as adverse outcomes for infants, influenza immunisation is also rou-
tinely recommended during pregnancy [4].

The transfer of maternal immunoglobulin G (IgG) to the foetus is an
active process but not all IgG antibodies are transported to the same ex-
tent. This is reflected by the fact that, towards the end of pregnancy, IgG
antibody concentrations against polysaccharide antigens are similar in
the foetus and mother, whereas those against proteins are higher in
the foetus [5]. Of the multiple factors that influence the transfer of IgG
across the placenta, maternal antibody concentration is an important
one. Infants whose mothers receive diphtheria, tetanus and acellular
pertussis (dTpa) immunisation during pregnancy have higher antibody
concentrations to these antigens at birth compared to those whose
mothers do not receive the vaccine [6-12]. Following birth, maternal
antibodies in infants wane with a half-life of approximately four to six
weeks [13]. Higher antibody concentrations at birth are associated
with a longer duration of protection [14].

Despite the benefits of maternal immunisation, there are also poten-
tial disadvantages. Pre-existing maternal antibodies influence antibody
responses following infant immunisation, an effect called ‘blunting’. A
recent meta-analysis showed that for immunisation with inactivated
polio vaccine (IPV), a two-fold higher maternal antibody concentration
is associated with up to 28% lower post-immunisation antibodies in in-
fants [13]. For acellular pertussis, tetanus and diphtheria, these esti-
mates are 11%, 13% and 24%, respectively [13]. Apart from the type of
vaccine, blunting of infant antibody production is also influenced by
the age of infants at immunisation, the effect being stronger in younger
infants [13]. Nevertheless, for acellular pertussis, diphtheria and IPV, the
influence of maternal antibodies has been reported to be still evident
after booster immunisation at 12 to 24 months of age [13].

Whilst a large number of studies have investigated the association
between maternal antibody concentrations and infant antibody produc-
tion [13], the effect of maternal immunisation on infant vaccine re-
sponses has been less extensively investigated [6-10,15-17]. Previous
studies have investigated the influence of dTpa but not influenza
immunisation during pregnancy [6-10]. The results of these studies
show that antibody concentrations against diphtheria, tetanus and per-
tussis, as well as against hepatitis B (HepB), polio and Hib, are higher at
birth in infants whose mothers received dTpa during pregnancy [6-10].

Notably, the majority of studies investigated antibody concentrations
only to the specific vaccine antigens included in the maternal
immunisation, and there is scarce data available on heterologous vac-
cine responses, particularly pneumococcal responses.

In this study, we investigated the effect of dTpa and influenza
immunisation during pregnancy on specific and heterologous antibody
responses to routine infant immunisations given in the first year of life.

2. Methods
2.1. Study Design and Population

Participants were a subset of infants from the Melbourne Infant
Study: BCG for Allergy and Infection Reduction (MIS BAIR). This
randomised controlled trial comprises 1272 healthy infants whose
mothers were recruited antenatally from 2013 to 2016 to investigate
whether Bacillus Calmette-Guérin (BCG) immunisation at birth protects
against childhood infection, allergy and asthma. Inclusion criteria were:
>32 week gestation, birth weight > 1500 g and absence of symptoms or
signs of illness. Three-monthly parent questionnaires were used to pro-
spectively collect demographic and other data.

From participants whose parent/guardian provided consent, blood
samples were obtained during study visits at 7 and 13 months of age,
designed to be 4 weeks after the administration of routine scheduled
immunisations. Only participants who had a blood taken between 28
+ 14 days after their 6-month and 12-month routine vaccines, respec-
tively, were included in the final analysis (with the exception of the sub-
set of infants who had their blood analysed at 13 months of age for
persistence of antibodies to their primary course of vaccines ending at
6 months). Participants of twins were excluded, because they were
not considered as being independent.

2.2. Infant Immunisation

All infants received routine immunisations according to the
Australian National Immunisation Program: at birth: intramuscular
HepB vaccine (H-B-Vax II Paediatric® (bioCSL)); at 6 weeks, 4 and
6 months of age: intramuscular combined diphtheria-tetanus-acellular
pertussis (DTPa)-HepB-inactivated polio (IPV)-Haemophilus influenzae
type b (Hib) vaccine (Infanrix® hexa (GlaxoSmithKline)), intramuscular
13-valent conjugate pneumococcal vaccine (PCV13) (conjugated to
CRM197, a diphtheria toxin) (Prevenar13® (Wyeth)), and oral rotavirus
vaccine (RotaTeq® (Merck)); at 12 months of age: subcutaneous
measles-mumps-rubella (MMR) vaccine (Priorix® (GlaxoSmithKline))
or (M-M-R®II (Segirus)) and intramuscular combined Hib and menin-
gococcal C vaccine (conjugated to tetanus toxin) (Menitorix®
(GlaxoSmithKline)). Approximately half of the infants were randomised
to receive intradermal BCG-Denmark (Statens Serum Institute, Copenha-
gen) shortly after birth as part of the MIS BAIR. None of the infants re-
ceived an influenza vaccine. Vaccine records were obtained from the
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National Australian Immunisation register and/or individual
immunisation records.

2.3. Maternal Immunisation

Maternal immunisation during pregnancy was self-reported. Partic-
ipants' mothers received dTpa (Boostrix® (GlaxoSmithKline)) and/or a
trivalent inactivated influenza vaccine (TIV), or neither during
pregnancy.

2.4. Blood Collection

Blood samples were collected at study visits approximately 4 weeks
after the scheduled 6-month routine vaccines (‘7 months’) and the
scheduled 12-month routine vaccines (‘13 months’) in tubes containing
sodium-heparin (S-monovette® (Sarstedt)). Plasma was stored at — 80
°C until analysis.

2.5. Antibody Assay

Blood samples were analysed at the National Institute for Health and
Environment, in Bilthoven, the Netherlands. IgG antibodies against 26
vaccine antigens (diphtheria, tetanus, pertussis ( pertussis toxin (PT), fil-
amentous haemagglutinin (FHA), pertactin (PRN)), polio (types 1, 2, 3),
Hib, pneumococcus (serotypes 1, 3,4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F,
23F), meningococcus type C (MenC), measles, mumps and rubella)

were measured in using fluorescent bead-based multiplex immune-
assays (Luminex XMAP technology) [18-23]. In all assays, an interna-
tional or in-house reference, controls and blanks were included on
each plate. All analyses were performed with a Bio-Plex 200 in combina-
tion with Bio-Plex manager software (Bio-Rad Laboratories, Hercules,
CA).

2.6. Statistical Analysis

The proportion of infants with an antibody concentration above the
standard protective correlate value for each vaccine (seroprotection
rate) [21,24,25] was calculated in each group of infants, together with
95% confidence intervals (CI) using the Clopper-Pearson method. For
pertussis no clear correlate of protections exists. However, an antibody
concentration against pertussis toxin of >25 IU/mL is generally consid-
ered as protective and was therefore used in this study, although
there is no consensus on this. We did not calculate seroprotection
rates of FHA and PRN for which no accepted protective correlate value
exists. Proportions were compared using Fisher's exact test and 95%
CIs for differences in proportions estimated. In each group, the geomet-
ric mean concentration (GMC) for each vaccine antibody (immunoglob-
ulin G) was calculated. Geometric mean antibody ratios (GMR) with
95% confidence interval (CI) were derived from the anti-logged coeffi-
cient using a linear regression with log-concentrations as outcome
and maternal immunisation status (dTpa or TIV) as covariate. Effect
modification was assessed using the following pre-specified potential

Total
participants
n=471
Twin of another participant n=7
> Vaccine records not available n=1
Not vaccinated according to schedule n=4
n=459
Blood not taken in correct time frame
> __
after vaccination n=90

n=369

Blood taken at 7 months of age*

Response to 6-month vaccinations

Blood taken at 13 months of age*

Fig. 1. Selection of participants.

* 33 participants had their blood analysed at 7 and 13 months of age dTpa = diphtheria-tetanus-acellular pertussis vaccine TIV = trivalent inactivated influenza vaccine.

n=91
Maternal No maternal
dTpa vaccination dTpa vaccination
n=46 n=45
Maternal No maternal
TIV vaccination TIV vaccination
n=55 n=36

Response to 6-month vaccinations
n=311
Maternal No maternal
dTpa vaccination dTpa vaccination
n=146 n=165
Maternal No maternal
TIV vaccination TIV vaccination
n=175 n=136
Response to 12-month vaccinations
n=145

N

Maternal No maternal
dTpa vaccination dTpa vaccination
n=67 n=78

Maternal No maternal
TIV vaccination TIV vaccination
n=85 n=60
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confounding factors: maternal age, gestational age, delivery mode, sex,
birth weight, age at first DTPa-HepB-IPV-Hib/PCV13 immunisation, in-
fant BCG immunisation status, MMR/Hib-MenC immunisation status
(for responses at 13 months of age), age at sampling and time between
6-month or 12-month immunisation and blood sampling. The GMR for
each vaccine antigen was adjusted for those factors that had an effect on
the vaccine antigen responses (detailed in each table). As Menitorix in-
cludes a tetanus toxoid and Hib component, infants who had received
this vaccine before blood sampling at 13 months of age were excluded
from the analysis of antibody persistence against these two vaccine an-
tigens. A 5%-significance level was used. All statistical analyses were
done using R version 3.4.3.

2.7. Ethics

Informed consent was obtained from participants' parents or
guardians. The study was approved by the Royal Children's Hospital
Human Research Ethics Committee (HREC, authorisation (38124A)).
MIS BAIR is registered with the Australia & New Zealand Clinical Trials
Registry (1051228) and the U.S. National Institutes of Health
(NCT01906853).

3. Results

Of the 471 potentially eligible participants, seven were excluded be-
cause they were a twin of another participant, four because they were
not vaccinated according to the vaccine schedule and one because vac-
cine records were not available. Of the remaining 459 participants, 368
had blood taken in the predefined time frame (28 + 14 days after their
6-month and 12-month vaccines, respectively (Fig. 1)). At 7 months of
age, 91 (45 with and 46 without maternal dTpa immunisation, 55
with and 36 without maternal TIV immunisation) were included in
the final analysis. At 13 months of age, 311 (146 with and 165 without
maternal dTpa immunisation, 175 with and 136 without maternal TIV
immunisation) were included for measurement of persistence of anti-
bodies against the primary course of vaccines ending at 6-months and
145 (67 with and 78 without maternal dTpa immunisation, 85 with
and 60 without maternal TIV immunisation) for responses to the 12-
months vaccines. The number of participants who were included at
both time points (n = 33) was too small to allow longitudinal analysis.
Baseline characteristics are summarised in Table 1 and Supplementary
Table 1.

A comparison of the GMCs for each of the vaccine antigens in infants
with and without maternal dTpa immunisation is shown in Supplemen-
tary Figs. 1 and 2, and in infants with and without maternal TIV
immunisations is shown in Supplementary Figs. 3 and 4.

3.1. The effect of Maternal dTpa Immunisation on Antibody Concentrations
at 7 Months of Age

Adjusted GMRs at 7 months of age were less than one (indicating
lower average antibody concentrations in the group with maternal dTpa
immunisation) for all vaccine antigens except tetanus, Hib and pneumo-
coccal serotype 3 and 4. These differences reached statistical significance
for diphtheria, pertussis (PT, FHA and PRN), polio type 2 and Hib.

At 7 months of age, the large majority of infants had antibody con-
centrations above the standard protective correlate value (the
seroprotection rate was above 95% for 16 of the 22 antigens). Low
seroprotection rates were observed for Hib and pneumococcal serotype
4 (Table 2 and Fig. 2).

At 7 months of age, seroprotection rates were generally lower for in-
fants with maternal dTpa immunisation, with the largest difference ob-
served for pneumococcal serotype 4 and PT. In contrast, the
seroprotection rate was higher for Hib in infants with maternal dTpa
immunisation. None of these differences reached statistical significance
(Table 3 and Fig. 3).

Table 1

Characteristics of participants whose mothers did or did not receive dTpa during pregnancy.

To 12-month vaccines

To primary course of vaccines ending at 6 months of age

At 13 months of age

At 13 months of age

At 7 months of age

n (%) or median (IQR)

(%) or median (IQR)

n

n (%) or median (IQR)

p-Value

No maternal dTpa

(n=78)

Maternal dTpa
(n=167)

p-Value

No maternal dTpa
(n = 165)

Maternal dTpa

(n

p-Value

No maternal dTpa

(n = 45)

Maternal dTpa
(n = 46)

146)
32.8 (30.5-36.4

0.52
0.81
0.81
0.53
0.55
0.59

334 (31.1-36.5
39.2 (38.4-40.4
3.42 (3.09-3.67

0.97

1
0.99
0.47
0.49
0.48
0.84

38
45
-3.75

39.3 (38.3-40.3
346 (3.14

.57
0.06
0.10
0.66
0.65
0.25

40.1 (39.0-40.6
3.48 (3.15-3.65

33.6 (32.1-35.1

Maternal age at birth (y)
Gestational age (w)
Caesarean section

Birth weight (kg)
BCG-vaccinated

Sex (male)

MMR/Hib-MenC-vaccinated

Age at routine immunisation (d)

0.43
0.90
0.90
0.60

46 (43-50)
124 (119-132)

44 (43-47)
125 (122-130)

0.06
0.

47 (44-52)
125 (120-134)

45 (43-47)
125 (122-130)

0.29
0.

45 (43-48)
123 (119-127)

44 (42-47)°
123 (115-127)

- 6-w vaccines
- 4-m vaccines
- 6-m vaccines

16

83
23

191 (184-212)

191 (186-198)

0.44

191 (184-212)

0. 191 (186-200)

187 (182-195)

187 (180-192)

375 (369-384)

377 (369-383)

- 12-m vaccines
Interval between (d)

0.74

28 (21-39)

29 (22-36)

- 6-m vaccines to 7-m blood sample

- 6-w vaccines to 13-m blood sample
- 12-m vaccines to 13-m blood sample

Age at sampling (d)

0.95

204 (186-225)

213 (197-224)

0.46
1.00

28 (21-36)
406 (396-414)

29 (23-36)
403 (398-415)

1

04

400 (388-415)

20 402 (390-418)

0.

223 (208-228)

216 (207-225)

p-values were determined by t-test for continuous variables and Pearson's Chi-squared test for categorical variables.

week, y = years.

month, w =

d = days, dTpa = diphtheria-tetanus-acellular pertussis vaccine, m

2 Age for one participant not available.



Table 2

Geometric mean antibody concentrations (GMCs) and geometric mean antibody ratios (GMRs) at 7 and 13 months of age in infants whose mothers did or did not receive dTpa immunisation during pregnancy. Bold denotes results with p-value <0.05.

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine antigen ~ Maternal No maternal Unadjusted p-value  Adjusted p-value  Maternal No maternal Unadjusted p-value  Adjusted p-value
dTpa dTpa GMR (95% CI) GMR (95% CI) dTpa dTpa GMR (95% CI) GMR (95% CI)
(n=46) (n=45) (n=146) (n=165)
GMC (95% CI) GMC (95% CI) GMC (95% CI) GMC (95% CI)
Diphtheria' 0.31 (0.25, 0.39) 0.51 (0.41, 0.63) 0.61(0.45,0.82) <0.01 0.68 (0.50, 0.93)>"" 0.02 0.06 (0.05, 0.07) 0.11 (0.09, 0.12) 0.54 (0.43,0.67)  <0.01 0.57 (0.46,0.70)5™  <0.01
Tetanus' 1.22 (0.98, 1.51) 1.01 (0.83, 1.23) 121(091,1.62) 0.19 1.24 (0.93, 1.64)¢ 0.14 0.45 (0.35, 0.58)* 0.44 (0.34,0.56)> 1.03(0.72,1.46)°  0.89° 0.98 (0.70, 1.37)% 0.89°
PT! 49.69 (40.50,69.96)  99.60 (79.34,125.02)  0.50 (0.37,0.67) <0.01 0.53 (0.39, 0.72)* <0.01 12.21 (10.45,14.26)  24.15 (20.79,28.06)  0.51(0.41,0.63)  <0.01 0.53 (0.43, 0.66)*"™  <0.01
FHA' 49.01 (38.93,61.70)  83.36 (65.77,105.65)  0.59 (0.42,0.81) <0.01 0.68 (0.49,0.93)°%¢  0.02 14.14 (12.04,16.62)  25.06 (21.90,28.68)  0.56 (0.46,0.70)  <0.01 0.57 (0.47,0.70)*¢  <0.01
PRN! 48.31(37.36,62.47)  76.12(56.23,103.03)  0.63 (0.43,0.94) 0.02 0.67 (0.45, 0.98)>¢ 0.04 8.94 (7.31,10.95) 15.85 (13.30,18.88)  0.56 (0.43,0.74)  <0.01 0.59 (0.45, 0.76)" <0.01
Hib? 0.62 (0.39, 0.97) 0.42 (0.26, 0.68) 146 (0.76,2.79)  0.26 2.01 (1.08,3.77)>%&" 0,03 1.32 (078, 2.24)° 1.03 (0.64, 1.66)> 1.28 (0.63,2.60)°  0.49° 1.36 (0.70,2.64)>"  0.36°
Polio type 1' 29.42 (20.75,41.71)  40.87 (31.43, 53.14) 0.72 (0.47,1.11) 013 0.78 (0.50, 1.21)>¢ 0.26 9.25 (7.70, 11.10) 13.28 (11.17,15.78)  0.70 (0.54,0.89)  <0.01 0.71 (0.56, 0.91) <0.01
Polio type 2' 48.59 (33.71,70.04)  82.10 (64.97,103.76)  0.59 (0.38,0.91)  0.02 0.59 (0.39, 0.90)* 0.02 16.44 (13.48,20.04)  27.66 (22.75,33.62)  0.59 (0.45,0.78)  <0.01 0.61 (0.46, 0.80)%" <0.01
Polio type 3' 21.00 (14.79,29.81)  21.89 (15.94, 30.06) 0.96 (0.60,1.53)  0.86 0.95 (0.60, 1.49)' 0.81 6.87 (5.50, 8.59) 11.35 (9.41, 13.69) 0.61(0.45,0.81)  <0.01 0.61 (0.46,0.81)"¢  <0.01
Pn 12 3.83 (2.78,5.29) 4.99 (3.76, 6.63) 0.77 (0.50,1.17)  0.22 0.89 (0.60, 1.33)t0 0.56 1.03 (0.89, 1.19) 1.31 (1.15, 1.49) 0.79 (0.65,0.96)  0.02 0.80 (0.67, 0.97)’ 0.02
Pn 32 1.43 (1.15,1.78) 1.44 (1.20,1.73) 0.99 (0.75,1.31)  0.94 1.06 (0.80, 1.39)8 0.70 0.504 (0.4, 0.57) 0.58 (0.51, 0.66) 0.87(0.72,1.04)  0.11 0.87 (0.73, 1.03)! 0.11
Pn 4% 0.53 (0.40, 0.70) 0.50 (0.41,0.62) 1.04 (0.73,1.48) 081 1.12 (0.80, 1.57)" 0.49 0.19 (0.18,0.22) 0.24 (0.21,0.27) 0.82(0.70,0.95)  <0.01 0.83 (0.72,0.96)>¢"  0.01
Pn 5% 2.81(2.10,3.77) 3.56 (2.77,4.56) 0.79 (0.54,1.16)  0.22 0.91 (0.63, 1.30)" 0.59 0.80 (0.68, 0.93) 1.05 (0.91, 1.20) 0.76 (0.62,0.93)  <0.01 0.78 (0.64,0.95)™  0.01
Pn 6A* 3.98 (2.99, 5.28) 5.85 (4.73, 7.25) 0.68 (0.48,0.97)  0.03 0.80 (057, 1.12)"&" 0.19 0.82 (0.68, 0.97) 1.20 (1.05, 1.38) 0.68 (0.54,0.85)  <0.01 0.70 (0.57, 0.86)"" <0.01
Pn 6B° 1.51 (0.98, 2.32) 2.44 (1.53,3.89) 0.62(0.33,1.16)  0.13 0.77 (0.41, 1.45)°" 0.41 0.42 (0.35,0.51) 0.62 (0.53, 0.74) 0.68 (0.52,0.87)  <0.01 0.69 (0.54, 0.88)’ <0.01
Pn 7F? 5.37 (4.14, 6.96) 7.03 (5.80, 8.51) 0.76 (0.55,1.05)  0.10 0.80 (0.58, 1.10)" 0.17 1.69 (1.49,1.91) 2.06 (1.83,2.32) 0.82(0.69,0.97)  0.02 0.83 (0.70, 0.98)*" 0.03
Pn 9V? 2.15 (1.62,2.85) 2.82(2.28,3.49) 0.76 (0.54,1.08)  0.12 0.92 (0.66,1.27)"&  0.61 0.55 (0.48, 0.64) 0.64 (0.56, 0.73) 0.86(0.71,1.04)  0.12 0.88 (0.73, 1.06)" 0.17
Pn 14? 247 (1.72,3.54) 2.89 (1.96, 4.26) 0.85(0.51,1.44)  0.55 0.85 (0.51, 1.44) 0.55 1.02 (0.86,1.21) 1.08 (0.93, 1.25) 0.94(0.75,1.18)  0.62 0.94 (0.75,1.18)®"4 0,59
Pn 18C? 2.80 (2.09, 3.76) 3.09 (2.36,4.04) 0.91(0.61,1.34)  0.63 0.97 (0.66, 1.42)" 0.86 0.58 (0.51, 0.66) 0.73 (0.64, 0.83) 0.79 (0.66,0.95)  0.01 0.81 (0.68,0.97)™  0.02
Pn 19A2 1.45 (1.10,1.91) 2.04 (1.54,2.71) 0.71(0.48,1.05)  0.09 0.76 (0.52, 1.13)® 0.18 0.45 (0.36, 0.57) 0.47 (0.39, 0.56) 0.97(0.72,1.29)  0.81 1.00 (0.75, 1.33)" 0.99
Pn 19F? 9.62 (7.26,12.76) 13.87 (10.97,17.55)  0.69 (0.48,1.00)  0.05 0.74 (0.52, 1.05)" 0.09 2.97 (2.45,3.61) 3.19 (2.76, 3.70) 0.93(0.73,1.18)  0.56 0.96 (0.76, 1.21)™1 0.73
Pn 23F? 2.11(1.51,2.95) 2.59 (1.84,3.65) 0.81(0.51,1.31) 039 0.94 (0.59, 1.50)"" 0.78 0.48 (0.39, 0.58) 0.65 (0.54, 0.79) 0.73 (0.56,0.96)  0.03 0.72 (0.55, 0.94)%¢ 0.01
Antibodies to 12-month vaccines measured at 13 months of age
Maternal No maternal Unadjusted p-value  Adjusted p-value
Vaccine antigen dTpa dTpa GMR (95% CI) GMR (95% CI)
(n=69) (n=79)
GMC (95% CI) GMC (95% CI)
Measles! 3.50 (2.84, 4.30) 2.67 (2.01,3.54) 1.31(092,187) 0.14 1.27 (0.90, 1.81)¢ 0.18
Mumps' 62.27 (44.46,87.21)  57.66 (42.96,75.90)  1.09(0.71,1.68)  0.69 1.02 (0.72,1.45)*"  0.89
Rubella’ 58.51 (41.39,82.70)  50.48 (36.71,69.40)  1.16(0.73,1.85)  0.53 1.03 (0.73, 1.47)™ 0.85
MenC? 19.40 (15.91,23.64) 1649 (13.69,19.87)  1.18(0.90,1.54)  0.24 1.08 (0.79, 1.49)*%" 0,63
Hib? 19.11(13.22,27.63)  12.93 (9.02, 18.54) 1.48 (0.88,2.47)  0.13 1.47 (0.90, 2.41)°! 0.12
Tetanus' 1.09 (0.80, 1.49) 0.93 (0.72, 1.20) 1.17(0.79,1.73) 043 1.17 (0.79, 1.73) 0.43

CI = confidence interval, dTpa = diphtheria-tetanus-acellular pertussis vaccine, FHA = filamentous haemagglutinin, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, Hib = H. influenzae type b, MenC =

meningococcus C, Pn = pneumococcus serotype, PRN = pertactin, PT = pertussis toxin.

IU/mL
ug/mL

w N

T &

gestational age
delivery mode
sex

€ birth weight

a n

-
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age at bleeding

BCG immunisation
age at first DTPa-HepB-IPV-Hib / PCV13 immunisation

I MMR/Hib-MenC immunisation

only participants who have not had Hib-MenC
maternal influenza immunisation during pregnancy

time between immunisation and bleeding
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Fig. 2. Geometric mean antibody ratios (GMRs) with 95% CI in participants with or without maternal dTpa immunisation in pregnancy at 7 and 13 months of age.

° participants who have not yet received Hib-MenC, * p < 0.05.

3.2. The Effect of Maternal dTpa Immunisation on Antibody Concentrations
at 13 Months of Age to the Primary Course of Vaccines

At 13 months of age, adjusted GMRs were below one (indicating
lower antibody concentrations in the group with maternal dTpa
immunisation) for all antigens, except tetanus. The differences reached
statistical significance for diphtheria, pertussis (PT, FHA and PRN), polio
type 1-3, pneumococcal serotype 1, 4, 5, 6A, 6B, 7F, 18C and 23F
(Table 2 and Fig. 2).

At 13 months of age, infants with maternal dTpa immunisation had
lower seroprotection rates for the large majority of vaccine antigens.
These differences reached statistical significance for diphtheria, PT,
pneumococcal serotype 1, 6A and 6B (Table 3 and Fig. 3).

3.3. The Effect of Maternal dTpa Immunisation on Antibody Concentrations
at 13 Months of Age to the 12-Month Vaccines

Following the 12-month immunisations, GMRs were above one for
measles, mumps and rubella, MenC and Hib. Seroprotection rates

were higher in infants with maternal dTpa immunisation for measles,
mumps and rubella and, but these findings did not reach statistical sig-
nificance (Tables 2-3 and Figs. 2-3).

3.4. The Effect of Maternal TIV Immunisation on Antibody Concentrations at
7 Months of Age

Adjusted GMRs at 7 months of age were greater than one (indicat-
ing higher average antibody concentrations in the group with TIV
immunisation). However, this only reached statistical significance for
pneumococcal serotype 1 and 19F. In contrast, the adjusted GMR for
PT was statistically significantly less than one (Supplementary
Table 2).

Maternal TIV immunisation did not influence seroprotection rates at
7 months of age in any consistent direction and differences in
seroprotection rates were smaller than those observed between infants
whose mothers did or did not receive dTpa immunisation (Supplemen-
tary Table 3).



Table 3

Seroprotection rates at 7 and 13 months of age in infants whose mothers did or did not receive dTpa immunisation during pregnancy. Bold denotes results with p-value < 0.05.

Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age

Antibodies to primary course of vaccines ending
at 6 months of age measured at 13 months of age

Vaccine antigen Protective correlate Maternal No maternal Difference p-value Maternal No maternal Difference p-value
dTpa dTpa % (95% CI) dTpa dTpa % (95% CI)
(n=46) (n=45) (n=146) (n=165)
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 IU/mL? 95.7 (44); (85.2,99.5) 97.8 (44); (88.2,99.9) -2.1(-12.7,7.8) 1 96.6 (141); (92.2, 98.9) 100 (165); (97.8, 100) -34(-7.8,-1.1) 0.02
Tetanus 0.1 IU/mL" 100 (46); (92.3,100) 100 (45); (92.1, 100" 0(-7.8,7.9) - 100 (79); (95.4, 100)® 100 (87); (95.8,100)° 0(-4.7,4.3)% -
PT 25 [U/mL 84.8 (39); (71.1,94.7) 95.6 (43); (84.9, 99.5) -10.8 (-24.6, 1.8) 0.16 18.5 (27); (12.6, 25.8) 41.2 (68); (33.6,49.1) -22.6 (-32.3,12.7) <0.01
Hib 0.15 pg/mL 82.6 (38); (68.6,92.2) 71.1 (32); (55.7, 83.6) 11.5 (-6.0, 28.9) 0.22 79.7 (63); (69.2, 88.0)" 74.7 (65); (64.3, 83.4)° 5.0 (-8.0,17.8)? 0.47°
Polio type 1 0.23 IU/mL 100 (46); (92.3, 100) 100 (45); (92.1, 100) 0(-7.8,7.9) - 100 (146); (97.6, 100) 100 (165); (97.8, 100) 0(-2.6,2.3) -
Polio type 2 0.29 IU/mL 100 (46); (92.3, 100) 100 (45); (92.1, 100) 0(-7.8,7.9) - 99.3 (145); (96.2, 100) 100 (165); (97.8, 100) -0.7 (-3.8,1.6) 0.47
Polio type 3 0.12 IU/mL 100 (46); (92.3, 100) 100 (45); (92.1, 100) 0(-7.8,7.9) - 100 (146); (97.6, 100) 100 (165); (97.8, 100) 0(-2.6,2.3) -
Pn1 0.35 ug/mL 95.7 (44); (85.2,99.5) 97.8 (44); (88.2,99.9) -2.1(-12.7,7.8) 1 89.0 (130); (82.8, 93.6) 97.6 (161); (93.9, 99.3) -8.5(-14.9,3.3) <0.01
Pn 3 0.35 pg/mL 97.8 (45); (88.5,99.9) 100 (45); (92.1, 100) -2.2(-114,5.9) 1 67.8 (99); (59.6, 75.3) 71.5 (118; (64.0, 78.3) -3.7 (-14.0,6.5) 0.54
Pn 4 0.35 pug/mL 63.0 (29); (47.5, 76.8) 75.6 (34); (604, 87.1) -12.5 (-30.8,6.7) 0.26 19.2 (28); (13.1, 26.5) 27.3 (45); (20.6, 34.7) -8.1(-174,14) 0.11
Pn5 0.35 pg/mL 95.7 (44); (85.2,99.5) 100 (45); (92.1, 100) -4.3 (-14.6, 3.8) 0.49 84.9 (124); (78.1,90.3) 89.1 (147); (83.3,93.4) -4.2 (-12.0,3.3) 0.31
Pn 6A 0.35 ug/mL 95.7 (44); (85.2,99.5) 100 (45); (92.1, 100) -4.3 (-14.6,3.8) 0.49 80.1 (117); (72.7, 86.3) 92.1 (152); (86.9, 95.7) -12.0 (-20.0, 4.4) <0.01
Pn 6B 0.35 pug/mL 87.0 (40); (73.7,95.1) 91.1 (41); (78.8,97.5) -4.2 (-18.3,9.7) 0.74 57.5 (84); (49.1, 65.7) 70.3 (116); (62.7, 77.2) -12.8 (-23.3,2.1) 0.02
Pn 7F 0.35 pg/mL 100 (46); (92.3,100) 100 (45); (92.1, 100) 0(-7.8,7.9) - 99.3 (145); (96.2, 100) 99.4 (164); (96.7, 100) -0.1(-3.2,2.7) 1
Pn 9V 0.35 ug/mL 95.7 (44); (85.2,99.5) 100 (45); (92.1, 100) -4.3 (-14.6,3.8) 0.49 73.3 (107); (65.3, 80.3) 78.2 (129); (71.1,84.2) -4.9 (-14.5,4.6) 0.35
Pn 14 0.35 pg/mL 93.5 (43); (82.1,98.6) 88.9 (40); (75.9, 96.3) 46 (-8,1,18.1) 0.49 84.2 (123); (77.3,89.7) 88.5 (146); (82.6,92.9) -4.2(-12.2,3.4) 0.32
Pn 18C 0.35 pg/mL 95.7 (44); (85.2,99.5) 95.6 (43); (85.9, 99.5) 0(-10.8,11.2) 1 72.6 (106); (64.6, 79.7) 80.6 (133); (73.7, 86.3) -8.0(-17.6,1.4) 0.11
Pn 19A 0.35 pg/mL 89.1 (41); (76.4,96.4) 97.8 (44); (88.2,99.9) -8.6 (-21.3,2.1) 0.20 47.3 (69); (38.9,55.7) 52.1 (86); (44.2,59.9) -49(-15.9,6.3) 0.43
Pn 19F 0.35 pg/mL 100 (46); (92.3, 100) 100 (45); (92.1, 100) 0(-7.8,7.9) - 98.6 (144); (95.1,99.8) 100 (165); (97.8, 100) -1.4 (-4.9,0.9) 0.22
Pn 23F 0.35 pg/mL 93.5 (43); (82.1,98.6) 93.3 (42); (81.7,98.6) 0.1 (-11.9,12.4) 1 56.2 (82); (47.7,64.4) 66.1 (109); (58.3,73.2) -9.9 (-20.6, 1.0) 0.08
Antibodies to 12-month vaccines measured at 13 months of age
Maternal No maternal Difference p-value
Vaccine antigen Protective correlate dTpa dTpa % (95% CI)
(n=67) (n=78)
% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 100 (67); (94.6, 100) 96.2 (75); (89.2,99.2) .8 (-1.7,10.7) 0.25
Mumps 45 [U/mL 64.2 (43); (51.5,75.5) 59.0 (46); (47.3, 70.0) .2 (-10.7,20.7) 0.61
Rubella 10 IU/mL 88.1(59); (77.8,94.7) 85.9 (67); (76.2,92.7) .2 (-9.5,134) 0.83
MenC 2 pug/mL 100 (67); (94.6, 100) 98.7 (77); (93.1, 100) 3 (-4.2,6.9) 1
Hib 0.15 pg/mL 98.5 (66); (92.0, 100) 98.7 (77); (93.1, 100) —0.2 (-6.9,5.6) 1
Tetanus 0.01 IU/mL 100 (67); (94.6, 100) 100 (78); (95.4, 100) 0(-5.5,4.7) -

CI = confidence interval, dTpa = diphtheria-tetanus-acellular pertussis vaccine, Hib = H. influenzae type b, Pn = pneumococcus serotype, PT = pertussis toxin, MenC = meningococcus C
2 0.01 IU/mL at 13 months of age

b

only participants who have not had Hib-MenC
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Fig. 3. Seroprotection rates with 95% ClI in participants with or without maternal dTpa immunisation in pregnancy at 7 and 13 months of age.

¢ participants who have not yet received Hib-MenC, * p < 0.05.

3.5. The Effect of Maternal TIV Immunisation on Antibody Concentrations at
13 Months of Age (to the Primary Course of Vaccines and to the 12-Month
Vaccines)

There was no consistent effect of maternal TIV immunisation on
GMRs or seroprotection rates at 13 months of age (Supplementary Ta-
bles 2 and 3).

4. Discussion

Maternal immunisation has been proven to be safe and beneficial,
and is now widely recommended [ 11,26-28]. For pertussis, for example,
maternal immunisation leads to higher infant antibody concentrations
at birth and during the first few months of life, which is highly effective
in preventing severe pertussis in infants. The vaccine effectiveness
against hospitalisation is estimated to be 91-94% and for preventing in-
fection or mild disease 69-90% [29-31].

Our study investigated the effect of maternal dTpa immunisation on
infant antibody responses to a large number of specific and heterolo-
gous vaccines, including measurement of the persistence of antibodies
at 13 months of age. It is the first study to investigate the influence of
maternal influenza immunisation on heterologous infant vaccine re-
sponses. Our results show that antenatal maternal dTpa immunisation
strongly influences infant antibody responses at both 7 and 13 months
of age and is associated with both reduced specific (diphtheria and per-
tussis) and heterologous (polio and pneumococcal) vaccine responses,
but higher Hib responses at 7 months of age. In contrast, maternal TIV
immunisation during pregnancy has no consistent effect on infant vac-
cine responses.

The findings of our study in relation to the primary course of vac-
cines are consistent with previous studies. To date, four studies have
compared antibody concentrations one month after completion of pri-
mary immunisations between infants whose mother did or did not re-
ceive dTpa during pregnancy. These report higher GMCs for tetanus [7,
10,32] and Hib [10,32] in infants with maternal dTpa immunisation
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during pregnancy, but lower GMCs for diphtheria [7,10,16,32], pertussis
(FHA, fimbriae (FIM), PRN and PT) [7,10,16], HepB [10] and polio [10].
Two additional studies report higher GMCs for tetanus [8,33] and Hib
[33], and lower GMCs for diphtheria [8] and pertussis (PRN, PT, FHA,
FIM) [8,33], in infants whose mother received a pertussis-containing
vaccine during pregnancy compared with those whose mother received
a tetanus-containing vaccine (TCV) only.

Our findings in relation to persistence of antibodies before a booster-
dose are also consistent with two studies which found higher GMCs for
tetanus [10,16] and Hib [10], and lower GMCs for diphtheria [16], per-
tussis (FHA, FIM, PRN and PT) [10,16] and polio [10], in infants whose
mothers received dTpa during pregnancy. Additionally, one larger
study found higher GMCs for tetanus and Hib, and lower GMCs for per-
tussis (FHA, FIM, PRN and PT), in infants whose mother received a
pertussis-containing vaccine during pregnancy compared with those
whose mother received a TCV only [33].

Two previous studies have compared pneumococcal vaccine re-
sponses between infants whose mother did and did not receive dTpa
during pregnancy. Both reported significantly lower GMCs against
pneumococcal serotype 1, 3, 4, 5, 6A, 7F, 9V, 14 and 19A and lower
seroprotection rates for serotype 3, 5 and 9V one month after primary
immunisation [32,34]. The second study also measured vaccine re-
sponses 2.5 months after a booster dose of pneumococcal immunisation
at 12 months of age and reported that GMCs remained lower in infants
whose mother received a vaccine during pregnancy for serotype 1 and
4, without a difference in seroprotection rates [34].

One proposed mechanism for the inhibition of infant antibody pro-
duction after maternal immunisation is that maternal antibodies bind
to vaccine epitopes and mask them from infant B lymphocytes, leading
to attenuation of responses to these antigens. Hence, the ratio between
maternal antibody concentrations and dose of vaccine antigen might in-
fluence the degree of inhibition [35,36]. Since the carrier protein
CRM197 in PCV13 is a modified diphtheria toxin, maternal antibodies
against diphtheria might also mitigate responses to pneumococcal con-
jugate immunisation, which might explains the lower infant pneumo-
coccal vaccine responses. Hib is conjugated to tetanus toxin as a
carrier protein and responses to both tetanus and Hib are consistently
(although not always significantly) higher in infants whose mother re-
ceived dTpa during pregnancy. An unexpected finding in our study,
which cannot be explained by a carrier protein, is that infants whose
mothers received dTpa immunisation during pregnancy also had
lower antibody responses to IPV.

Previously, it has been suggested that because of the short half-life of
maternal antibodies (e.g. pertussis-specific IgGs are undetectable by the
age of 2 months in infants of unvaccinated mothers) [37], maternal an-
tibody interference of infant antibody production is only relevant dur-
ing the first few months of life. However, in our study the effect of
maternal dTpa immunisation during pregnancy (both reduced GMCs
and seroprotection rates) was stronger at 13 months of age than at
7 months of age. Furthermore, three studies that compared vaccine re-
sponses in infants whose mothers received dTpa during pregnancy after
booster immunisations given in the second year of age reported consis-
tently (although not statistically significant) lower antibody concentra-
tions for diphtheria [7,10,38], pertussis (FHA, FIM, PRN and PT) [7,10,
38], Hib [10], HepB [10] and polio [10]. This suggests that the effect of
maternal immunisation during pregnancy persists even after booster
doses.

In our study, the lowest seroprotection rates were observed for per-
tussis (although the protection correlate value is debated) and pneumo-
coccus. For pertussis, the main aim is to protect infants during the
highest risk period occurring during the first few months of life and
hence, the shift of the disease to a later period, as a result of maternal
pertussis immunisation [39], might by an acceptable trade-off. How-
ever, the low seroprotection rates against pneumococcus at the age of
13 months are a concern, as this is a vulnerable age group for invasive
pneumococcal disease.

Priming also occurs in infants after maternal vaccination. As most
vaccines induce very high antibody responses, small differences in anti-
body concentrations may not be of clinical significance in terms of pro-
tective efficacy or may only impact the duration of protection. However,
seroprotection rates are defined as correlates of clinical significance.
Therefore, the differences in seroprotection rates found in our study
might influence clinical outcomes. Nevertheless, protection induced
by vaccines may not relate only to antibody concentration, but also to
the quality of antibodies and cellular and cytokine responses. For exam-
ple, for pertussis, there is no clear correlation between antibody concen-
tration and protection rates. Nevertheless, countries that implement
maternal immunisation might consider adapting their infant
immunisation schedule to a later start (starting at 3 months of age
with a 2-dose primary schedule results in higher antibody responses
than a 3-dose schedule started at 2 months of age) [40] or including ad-
ditional booster doses (e.g. pneumococcal vaccine in the second year of
life to ensure protection during the at-risk period up to 5 years of age).
Of note, new vaccines which interfere less with maternal antibodies are
in development: animal studies show that co-injection of antigen and
antigen-specific IgM increases antibody responses in the presence of in-
hibitory IgGs [41].

The strengths of our study include the low variation in background
characteristics between groups, the detailed demographic and clinical
data available from participants allowing for adjustment for potential
confounding factors, the homogeneity in the vaccines given and the
broad range of antibodies measured. The limitations of the study include
the non-random allocation of maternal immunisations during pregnancy,
the fact that maternal vaccines were given at different time points during
pregnancy, that not all infants had antibody response measured exactly
4 weeks after immunisation and that not all infants had received their
12-month immunisation by the time blood samples were taken at
13 months, meaning a smaller number of participants available for assess-
ment of responses to the 12-month vaccines, and that the number of in-
fants included at both time points was too low to allow longitudal
analysis. In addition, in the interpretation of our results, the lack of con-
sensus on the protective correlate value for PT and the use of multiple sig-
nificance testing need to be taken into consideration.

In conclusion, whilst maternal immunisation protects infant in the
first few months of life, it might increase the risk of disease in older in-
fants as a result of blunting of responses to both related (specific) and
unrelated (heterologous) vaccines. Since the risk of hospitalisation
and death is less in older infants, this might be an acceptable trade-off.
Strategies, such as additional booster doses in the second year of life,
particularly for pertussis and pneumococcus, should be considered to
address this.
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2.3 ADDITIONAL INFORMATION

Table 2.1 Characteristics of participants whose mothers did or did not receive TIV during pregnancy

To primary course of vaccines ending at 6 months of age To 12-month vaccines
At 7 months of age At 13 months of age At 13 months of age
n (%) or median (IQR) n (%) or median (IQR) n (%) or median (IQR)
Maternal TIV No maternal TIV  p-value Maternal TIV No maternal TIV  p-value Maternal TIV No maternal TIV  p-value
(n=55) (n=36) (n=175) (n=136) (n=88) (n=60)

Maternal age at birth (y) 33.1(32.1-35.5) 34.4 (32.6-35.9) 0.75 33.5(30.9-37.8 32-4 (29.6-36.0) 0.36 34.5(31.2-37.6) 32.7 (30.3-36.5) 0.12
Gestational age (w) 40 (38.8-40.6) 39.3 (38.5-40.4) 0.42 39.2 (38.4-40.3 39.3 (38.3-40.3) 0.79 39.3 (38.5-40.4) 39.1(38.1-40.2) 0.21
Caesarean section 19 (35) 16 (44) 0.53 69 (39 48 (35) 0.61 30 (34) 24 (40) 0.62
Sex (male) 26 (47) 17 (47) 1.00 88 (50 64 (47) 0.74 39 (44) 34 (57) 0.39
Birth weight (kg) 3.49 (3.06-3.66) 3.46 (3.24-3.78) 0.67 3.41(3.14-3.73 3.52 (3.09-3.83) 0.96 3.37 (3.14-3.38) 3.43 (2.94-3.75) 0.81
BCG-vaccinated 24 (44) 21 (58) 0.43 93 (53 76 (56) 0.79 42 (49) 34 (57) 0.55
MMR/MenC-Hib-vaccinated - - - 114 (65 96 (71) 0.65 - - -
Age at routine immunisation (d)
- 6-w vaccines 45 (43-48)" 44 (43-47) 0.98 45 (43-49 46 (44-52) 0.85 45 (43-48) 45 (43-49) 0.49
- 4-m vaccines 123 (118-126) 125 (115-128) 0.91 124 (120-129 127 (121-133) 0.03 123 (121-128) 126 (119-132) 0.25
- 6-m vaccines 186 (182-193) 190 (178-193) 0.71 190 (184-201 191 (186-208) 0.13 183 (184-201) 191 (186-207) 0.09
- 12-m vaccines - - - - - 375 (339-384) 377 (371-383) 0.93
Interval between (d)
- 6-m vaccines to 7-m blood sample 28 (21-36) 30 (22-38) 0.67 - - - - - -
- 6-w vaccines to 13-m blood sample - - - 209 (191-224) 209 (190-224) 0.50 - - -
- 12-m vaccines to 13-m blood sample - - - - - - 29 (24-36) 27 (21-35) 0.06
Age at sampling (d) 216 (208-226) 222 (207-228) 0.55 400 (386-418) 404 (392-416) 0.43 406 (395-417) 406 (397-413) 0.23

" age for one participant not available

p-values were determined by t-test for continuous variables and Pearson’s Chi-squared test for categorical variables

d = days, m = month, TIV = trivalent inactivated influenza vaccine, w = week, y = years
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Table 2.2 Seroprotection rates at 7 at 13 months of age in infants whose mothers did or did not receive TIV immunisation during pregnancy

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending

measured at 7 months of age at 6 months of age measured at 13 months of age
Vaccine Protective Maternal No maternal Difference p-value Maternal No maternal Difference p-value

antigen correlate TIV TIV % (95% CI) TIV TIV % (95% CI)

(n=55) (n=36) (n=175) (n=136)
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% ClI)
Diphtheria 0.1 IU/mL’ 98.2 (54); (90.3, 100)  94.4 (34); (81.3,99.3) 3.8 (-4.9, 16.6) 0.56 97.7 (171); (94.3, 99.4) 99.3 (135); (96.0, 100) -1.6 (-5.1, 2.0) 0.39
Tetanus 0.1 1U/mL’ 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 100 (90); (96.0, 100)? 100 (76); (95.3, 100)? 0 (-4.1,4.8) -
PT 25 1U/mL 87.3 (48); (75.5,94.7)  94.4 (34); (81.3, 99.3) -7.2(-19.6, 6.9) 0.31 27.4 (48); (21.0, 34.7) 34.6 (47); (26.6, 43.2) -7.1(-17.5, 3.2) 0.21
Hib 0.15 pg/mL 80.0 (44); (67.0,89.6) 72.2(26); (54.8, 85.8) 7.8 (-9.7, 26.6) 0.62 74.4 (67); (64.1, 83.1)2 78.9 (60); (68.1, 87.5> -4.5(-17.2, 8.7)? 0.712
Polio type 1 0.23 IU/mL 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 100 (175); (97.9, 100) 100 (136); (97.3, 100) 0(-2.2,2.8) -
Polio type 2 0.29 IU/mL 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 99.4 (174); (96.9, 100) 100 (136); (97.3, 100) -0.6 (-3.2,2.2) 1
Polio type 3 0.12 IU/mL 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 100 (175); (97.9, 100) 100 (136); (97.3, 100) 0(-2.2,2.8) -
Pn 1 0.35 pg/mL 98.2 (54); (90.3, 100)  94.4 (34); (81.3,99.3) 3.7 (4.9, 16.6) 0.56 94.3 (165); (89.7, 97.2) 92.6 (126); (86.9, 96.4) 1.6 (-4.0,7.9) 0.64
Pn 3 0.35 pg/mL 98.2 (54); (90.3, 100) 100 (36); (90.3, 100) -1.8(-9.7, 8.0) 1 68.0 (119); (60.5, 74.8) 72.1 (98); (63.7,79.4) -4.1(-14.1,6.3) 0.46
Pn 4 0.35 pg/mL 69.1 (38); (65.2,80.9) 69.4 (25); (51.9, 84.7) 0.4 (-19.0, 19.5) 1 21.7 (38); (15.8, 28.6) 25.7 (35); (18.6, 33.9) -4.0 (-13.8,5.4) 0.42
Pn5 0.35 pg/mL 96.4 (53); (87.5, 100) 100 (36); (90.3, 100) -3.6 (-12.4,6.2) 0.52 87.4 (153); (81.6, 91.2) 86.8 (118); (79.9, 91.2) 0.7 (-6.8, 8.6) 0.87
Pn 6A 0.35 pg/mL 98.2 (54); (90.3, 100) 97.2 (35); (85.5, 100) 1.0 (-7.3, 12.6) 1 84.0 (147); (77.7, 89.1) 89.7 (122); (83.3, 94.3) -5.7 (-13.2,2.1) 0.18
Pn 6B 0.35 pg/mL 90.9 (50); (80.0,97.0)  86.1 (31); (70.5, 95.3) 4.8 (-8.5,20.8) 0.51 61.7 (108); (54.1, 68.9) 67.6 (92); (9.1, 75.4) -5.9 (-16.4, 4.9) 0.29
Pn 7F 0.35 pg/mL 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 98.9 (173); (95.9, 99.9) 100 (136); (97.3, 100) -1.1(-4.1,1.6) 0.51
Pn 9V 0.35 pg/mL 98.2 (54); (90.3, 100) 97.2 (35); (85.5, 100) 1(-7.3,12.6) 1 74.9 (131); (67.8, 81.0) 77.2 (105); (69.2, 84.0) -2.3(-11.8,7.4) 0.69
Pn 14 0.35 pg/mL 89.1 (49); (77.8,95.9)  94.4 (34); (81.3,99.3) -5.4 (-17.4, 8.5) 0.47 84.6 (148); (78.4, 89.6) 89.0 (121); (82.5, 93.7) -4.4 (-11.9, 3.5) 0.32
Pn 18C 0.35 pg/mL 94.5 (52); (84.9, 98.9) 97.2 (35); (85.5, 100) -2.7 (-12.6,9.3) 1 76.0 (133); (69.0, 82.1) 77.9 (106); (70.0, 84.6) -1.9(-11.2,7.7) 0.79
Pn 19A 0.35 pg/mL 94.5 (52); (84.9,98.9)  91.7 (33); (77.5, 98.2) 2.9(-8.1,17.1) 0.68 50.9 (89); (43.2, 58.5) 49.5 (66); (39.9, 57.2) 2.3(-8.8,13.4) 0.73
Pn 19F 0.35 pg/mL 100 (55); (93.5, 100) 100 (36); (90.3, 100) 0(-6.6,9.7) - 100 (175); (97.9, 100) 98.5 (134); (94.8, 99.8) 1.5(-0.7,5.2) 0.19
Pn 23F 0.35 pg/mL 96.4 (53); (87.5,100)  88.9 (32); (74.9, 96.9) 7.5(-3.3,22.2) 0.21 60.6 (106); (52.9, 67.9) 62.5 (85); (54.8, 70.6) -1.9(-12.7,9.0) 0.81
Antibodies to 12-month vaccines measured
at 13 months of age

Maternal No maternal Difference p-value

TIV TIV % (95% Cl)

(n=85) (n=60)
% (n) % (n)

Measles 0.12 IU/mL 97.6 (83); (91.8,99.7) 98.3 (59); (91.1, 100) 0.6 (-6.5, 6.8) 1
Mumps 45 IU/mL 68.2 (58); (57.2, 77.9) 51.7 (31); (38.4, 64.8) 16.6 (0.4, 32.2) 0.06
Rubella 10 IU/mL 88.2 (75); (79.4, 94.2) 85.0 (51); (73.4, 92.9) 3.2(-7.9,15.7) 0.62
MenC 2 pg/mL 98.8 (84); (93.6, 100) 100 (60); (94.0, 100) -1.2(-6.4,4.9) 1
Hib 0.15 pg/mL 98.8 (84); (93.6, 100) 98.3 (59); (91.1, 100) 0.5(-4.9,7.8) 1
Tetanus 0.01 IU/mL 100 (85); (95.8, 100) 100 (60); (94.0, 100) 0(-4.4,6.1) -

10.01 IU/mL at 13 months of age 2 only participants who have not had Hib-MenC

TIV = trivalent inactivated influenza vaccine, Cl = confidence interval, PT = pertussis toxin, Hib = H. influenzae type b, Pn = pneumococcus serotype, MenC = meningococcus C
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Table 2.3 Geometric mean antibody concentrations (GMCs) and geometric mean antibody ratios (GMRs) at 7 and 13 months of age in infants whose mothers
did or did not receive TIV during pregnancy. Bold denotes results with p-value < 0.05.

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine Maternal No maternal Unadjusted p-value Adjusted p-value Maternal No maternal Unadjusted p-value Adjusted p-value
antigen TIV TIV GMR (95% Cl) GMR (95% Cl) TIV TIV GMR (95% Cl) GMR (95% Cl)
(n=55) (n=36) (n=175) (n=136)
GMC (95% Cl) GMC (95% Cl) GMC (95% Cl) GMC (95% Cl)
Diphtheria’ 0.42 (0.34, 0.51) 0.37 (0.28, 0.49) 1.13 (0.81, 1.57) 0.48  1.31(0.96, 1.78)>c9i 0.08 0.07 (0.06, 0.09) 0.09 (0.07,0.10) 0.86 (0.68, 1.08) 0.19 1.00 (0.81, 1.23)Pniik 0.97
Tetanus' 1.19 (0.98, 1.46) 0.99 (0.81, 1.22) 1.20 (0.90, 1.62) 0.22 1.20 (0.90, 1.62) 0.22 0.39 (0.31, 0.49)* 0.52 (0.40, 0.67)°* 0.75(0.53, 1.07)° 0.12% 0.84 (0.60, 1.18) 0.32%
PT! 58.59 (47.63, 72.07) 92.14 (70.73, 120.03) 0.64 (0.46, 0.88) <0.01 0.72 (0.53, 0.98)° 0.04| 16.28 (13.96, 18.98) 19.28 (16.26,22.87) 0.84 (0.67, 1.06) 0.15 0.96 (0.77, 1.19)Pniik 0.71
FHA' 62.08 (49.38, 78.04) 66.34 (50.71, 86.79) 0.94 (0.66, 1.33) 0.71 1.06 (0.76, 1.48)°cN 0.72| 18.59 (15.96, 21.65) 19.92 (17.10, 23.22) 0.93 (0.75, 1.16) 0.53 1.05 (0.85, 1.29)°enk 0.66
PRN' 59.99 (46.68, 77.09) 61.25 (43.33, 86.58) 0.98 (0.65, 1.48) 0.92 1.06 (0.71, 1.58)bef 0.79| 11.14(9.25,13.43) 13.49(11.07, 16.46) 0.83 (0.63, 1.09) 0.17  0.92(0.71, 1.20)>ek 0.55
Hib? 0.55 (0.36, 0.85) 0.46 (0.27,0.77) 1.21 (0.62, 2.37) 0.57 1.33(0.70, 2.51)cN 0.38 0.91 (0.57, 1.46)* 1.55(0.91, 2.64)® 0.59 (0.29, 1.19)° 0.14®  0.73 (0.37, 1.43)>% 0.36°
Polio type 1" | 33.74 (25.39, 44.83)  35.98 (25.24, 51.31) 0.94 (0.60, 1.47) 0.78 0.97 (0.62, 1.50)°f 0.88| 11.23(9.44, 13.35) 11.17 (9.26, 13.48)  1.00 (0.78, 1.30) 0.97 1.07 (0.83, 1.38)>i"k 0.59
Polio type 2' | 54.13 (39.59, 74.03) 79.37 (59.42, 106.02) 0.68 (0.44, 1.07) 0.09 0.71 (0.46, 1.10)b* 0.12| 21.12(17.26,25.84) 22.38 (18.40,27.24) 0.94 (0.71, 1.26) 0.79 1.05(0.79, 1.39)>k 0.73
Polio type 3' |23.05 (16.79, 31.83)  19.19 (13.75, 26.77) 1.20 (0.75, 1.93) 0.45 1.18 (0.74, 1.88) 0.48 9.22 (7.56, 11.25) 8.66 (6.96, 10.77) 1.06 (0.79, 1.43) 0.68 1.19 (0.89, 1.59)°ethk 0.24
Pn 12 4.95 (3.78, 6.47) 3.61(2.52, 5.15) 1.37 (0.89, 2.11) 0.15 1.50 (1.01, 2.22)% 0.04 1.14 (1.01, 1.28) 1.20 (1.02,1.42) 0.95(0.78, 1.16) 0.61 0.99 (0.82, 1.20)>dk 0.95
Pn 32 1.43 (1.19, 1.73) 1.44 (1.15, 1.80) 0.99 (0.75, 1.33) 0.97 1.02 (0.77, 1.35)" 0.91 0.52 (0.46, 0.58) 0.57 (0.50, 0.66) 0.91 (0.75, 1.09) 0.29 0.94 (0.79, 1.12) 0.48
Pn 42 0.55 (0.43, 0.71) 0.46 (0.37, 0.58) 1.20 (0.84, 1.72) 0.30 1.25(0.89, 1.75) 0.20 0.21 (0.19, 0.23) 0.22 (0.20, 0.25) 0.94 (0.81, 1.09) 0.42 1.00 (0.86, 1.16)>conk 0.98
Pn 52 3.39 (2.62, 4.39) 2.83(2.12,3.77) 1.20 (0.81, 1.77) 0.36 1.32(0.92, 1.88)9k 0.14 0.86 (0.75, 0.99) 1.00 (0.85,1.17) 0.87 (0.70, 1.06) 0.16  0.93 (0.76, 1.14)>Hk 0.48
Pn 6A? 4.98 (3.94, 6.30) 4.57 (3.42,6.10) 1.09 (0.75, 1.58) 0.64 1.27 (0.90, 1.77)bgoni 0.17 0.94 (0.81, 1.09) 1.09 (0.92,1.29) 0.86 (0.69, 1.08) 0.19  0.95(0.77, 1.17)>ik 0.64
Pn 6B2 2.13 (1.41, 3.22) 1.63 (0.99, 2.69) 1.31 (0.69, 2.49) 0.41 1.45 (0.78, 2.70)" 0.24 0.47 (0.40, 0.56) 0.59 (0.48,0.72) 0.81(0.62, 1.05) 0.11  0.91(0.70, 1.17)2bk 0.44
Pn 7F2 6.48 (5.09, 8.25) 5.63 (4.68, 6.78) 1.15(0.83, 1.60) 0.40 1.24 (0.90, 1.71)% 0.19 1.75 (1.56, 1.95) 2.06 (1.79,2.36) 0.85(0.71, 1.01) 0.07  0.89(0.75, 1.06)>¥* 0.19
Pn 9Vv2 2.67 (2.11, 3.38) 2.17 (1.65, 2.84) 1.23 (0.86, 1.76) 0.25  1.38 (1.00, 1.90)8"ik 0.05 0.58 (0.51, 0.65) 0.63 (0.54,0.74) 0.91(0.75, 1.11) 0.36  0.96 (0.80, 1.16)"* 0.69
Pn 142 2.62 (1.81, 3.79) 2.74 (1.91, 3.92) 0.96 (0.56, 1.64) 0.88 0.96 (0.56, 1.64) 0.88 1.02 (0.88, 1.18) 1.09 (0.91,1.30) 0.94 (0.74, 1.18) 0.57 0.97 (0.78, 1.22)Mk 0.80
Pn 18C? 3.08 (2.34, 4.06) 2.74 (2.07, 3.61) 1.13 (0.75, 1.68) 0.56 1.16 (0.79, 1.71Y 0.45 0.63 (0.56, 0.70) 0.69 (0.59, 0.80) 0.91(0.76, 1.10) 0.35 0.98 (0.82, 1.18)2Piik 0.86
Pn 19A2 1.94 (1.50, 2.51) 1.43 (1.05, 1.96) 1.35(0.91, 2.02) 0.14 1.50 (1.01, 2.22) ¢ 0.05 0.47 (0.36, 0.57) 0.46 (0.36, 0.57) 1.02(0.76, 1.37) 0.88 1.06 (0.80, 1.42)* 0.68
Pn 19F2 12.83 (10.27, 16.04) 9.79 (7.08, 13.55) 1.31 (0.90, 1.91) 0.16 1.45 (1.01, 2.08) 0.04 2.88 (2.48, 3.34) 3.38(2.78,4.11) 0.85(0.67, 1.09) 0.20  0.87 (0.69, 1.11)Hk 0.26
Pn 23F? 2.59 (1.96, 3.43) 2.00 (1.30, 3.06) 1.30(0.80, 2.10) 0.29 1.42 (0.89, 2.27)% 0.14 0.52 (0.44, 0.62) 0.62 (0.50, 0.78) 0.84 (0.63, 1.10) 0.20 0.88 (0.67, 1.16)>° 0.38
Antibodies to 12-month vaccines measured at 13 months of age
Maternal No maternal Unadjusted p-value Adjusted p-value
TIV TIV GMR (95% Cl) GMR (95% Cl)
(n=85) (n=60)
GMC (95% CI) GMC (95% Cl)
Measles' 2.96 (2.29, 3.82) 3.12(2.45,3.98) 0.94 (0.66, 1.37) 0.78 0.90 (0.63, 1.30)° 0.59
Mumps' 74.85 (56.60, 98.99) 42.87 (30.79, 59.69) 1.75 (1.14, 2.68) 0.01 1.34 (0.94, 1.92)" 0.11
Rubella’ 60.31 (44.52, 81.68) 46.26 (32.08, 66.72) 1.30 (0.81, 2.09) 0.27 0.94 (0.66, 1.35)H 0.75
MenC? 16.05 (13.33, 19.32) 20.55(16.94,24.91) 0.78 (0.60, 1.02) 0.07 0.79 (0.60, 1.03)% 0.08
Hib? 16.31 (11.82, 22.51) 14.39 (9.34,22.18) 1.13(0.67, 1.91) 0.64 1.10 (0.65, 1.84)P4 0.73
Tetanus' 0.91(0.71, 1.18)* 1.15(0.84,1.57)° 0.80 (0.53, 1.18) 0.26 0.80 (0.53, 1.18) 0.26
"IU/ml
2 ug/ml
3 only participants who have not had Hib-MenC
#maternal age ¢ sex "MMR/MenC-Hib immunisation
® maternal dTpa immunisation during pregnancy f birth weight Tage at bleeding

¢ gestational age
d delivery mode

9 BCG immunisation

h age at first DTPa-HepB-IPV-Hib / PCV13 immunisation

ktime between immunisation and bleeding

Cl = confidence interval, FHA = filamentous haemagglutinin, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, Hib = H. influenzae type b, MenC = meningococcus C, Pn =
pneumococcus serotype, PRN = pertactin, PT = pertussis toxin, TIV = trivalent inactivated influenza vaccine
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Figure 2.1 GMCs of antibodies against DTPa-IPV-Hib at 7 months of age in infants whose mothers did or did not receive dTpa immunisation during pregnancy.
Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.2 GMCs of antibodies against pneumococcus at 7 months of age in infants whose mothers did or did not receive dTpa immunisation during
pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.3 GMCs of antibodies against DTPa-IPV-Hib at 13 months of age (persistence of antibodies after 6-months immunisations) in infants whose mothers
did or did not receive dTpa immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.4 GMCs of antibodies against pneumococcus at 13 months of age (persistence of antibodies after 6-months immunisations) in infants whose
mothers did or did not receive dTpa immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.5 GMCs of antibodies against MMR, MenC and Hib at 13 months of age (antibodies against 12-months vaccines) in infants whose mothers did or did
not receive dTpa immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.6 GMCs of antibodies against DTPa-IPV-Hib at 7 months of age in infants whose mothers did or did not receive TIV immunisation during pregnancy.
Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.7 GMCs of antibodies against pneumococcus at 7 months of age in infants whose mothers did or did not receive TIV immunisation during pregnancy.
Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.8 GMCs of antibodies against DTPa-IPV-Hib at 13 months of age (persistence of antibodies after 6-months immunisations) in infants whose mothers
did or did not receive TIV immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.9 GMCs of antibodies against pneumococcus at 13 months of age (persistence of antibodies after 6-months immunisations) in infants whose

mothers did or did not receive TIV immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 2.10 GMCs of antibodies against MMR, MenC and Hib at 13 months of age (antibodies against 12-months vaccines) in infants whose mothers did or did
not receive TIV immunisation during pregnancy. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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CHAPTER 3. THE INFLUENCE OF EARLY-LIFE FACTORS ON ANTIBODY RESPONSES TO ROUTINE
IMMUNISATIONS DURING THE FIRST YEAR OF LIFE

3.1 INTRODUCTION

This chapter contains the published version of a study that investigated the effect of early-life

factors, namely sex, delivery mode, breastfeeding and antibiotic exposure, on antibody responses

to routine immunisations administered during the first year of life.
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1 | INTRODUCTION

Vaccination is one of the most cost-effective, life-saving medical in-
terventions. However, there is substantial variation between individ-
uals in the magnitude of the immune response to vaccination, which
might have implications for both protective efficacy and duration of
protection. At the age of 6 months, for example, antibody responses
to pneumococcal and Haemophilus influenzae type b (Hib) vaccines
may vary up to 40-fold.!

A number of intrinsic host, perinatal and extrinsic factors are
likely to contribute to the variation in vaccine responses.? One of
the intrinsic factors that has been most investigated is biological
sex. But studies to date have almost exclusively been in adults.
Other intrinsic factors include polymorphisms in genes encoding
major histocompatibility complexes or pattern recognition recep-
tors, such as Toll-like or RIG-like receptors.2 Perinatal factors that
might influence vaccine responses include gestational age, birth-

t 34 and feeding method (formula vs breastfed). Potential ex-

weigh
trinsic factors include exposure to probiotics and antibiotics. While
there is evidence for a beneficial effect of probiotics on vaccine
responses,2 to date, only one study has investigated the effect of
antibiotics on vaccine responses in humans. This study reported
that administration of antibiotics before vaccination did not alter
serum immunoglobulin (Ig) A concentrations to oral rotavirus vac-
cine (ORV) in adults.®

Determining the influence of intrinsic and extrinsic factors on
vaccine antibody responses has implications for optimising vaccine
recommendations and individualising vaccine schedules.

In this study, we investigated the effect of biological sex, mode
of delivery, feeding method and antibiotic exposure on antibody re-

sponses to routine vaccinations given in the first year of life.

2 | METHODS

2.1 | Study design and population

Participants were a subset of 471 healthy infants from The
Melbourne Infant Study: Bacille Calmette-Guérin (BCG) for Allergy
and Infection Reduction (MIS BAIR) (http://misbair.org). In this trial,
infants were recruited at birth from 2013 to 2016 and randomised to
receive neonatal BCG vaccination or no intervention to investigate
whether BCG protects from childhood allergies. Inclusion criteria in-
cluded the following: >32 weeks' gestation and birthweight >1500 g.
Details about feeding and antibiotic exposure were prospectively
collected by parent questionnaire.

From the subset of participants whose parent/guardian pro-
vided consent, blood samples were collected at study visits at
7 and/or 13 months of age (designed to be 4 weeks after the
administration of routine scheduled vaccinations). Only partici-
pants who had a blood taken 28 + 14 days after their 6-month
and/or 12-month routine vaccinations were included in the
analysis of immediate post-vaccination responses. For those in
whom persistence of antibodies to their 6-month vaccines was

Key notes

e There are substantial differences between individuals in
the immune response to vaccination.

e In this study, we found that there are differences be-
tween males and females in antibody responses to rou-
tine vaccinations in the first year of life.

e |n contrast, delivery mode, feeding method and antibi-

otic exposure did not affect antibody responses.

measured, blood was taken 7 months + 23 days after their 6-

month vaccinations.

2.2 | Infant vaccination

All infants received routine vaccinations according to the Australian
National Immunisation Program: at birth: intramuscular hepati-
tis B (HepB) vaccine (H-B-Vax Il Paediatric®; bioCSL); at 6 weeks,
4 months and 6 months of age: intramuscular combined diphtheria-
tetanus-acellular pertussis (DTPa)-HepB-inactivated polio (IPV)-Hib
vaccine (Infanrix® Hexa; GlaxoSmithKline), intramuscular conjugate
pneumococcal vaccine (PCV13) (Prevenar13®; Wyeth) and ORV
(RotaTeq®; Merck); and at 12 months of age: subcutaneous mea-
sles-mumps-rubella (MMR) vaccine (Priorix®; GlaxoSmithKline) and
intramuscular combined Hib and conjugated meningococcal C vac-
cine (Menitorix®; GlaxoSmithKline). Approximately half of the in-
fants received intradermal BCG-Denmark (Statens Serum Institut,
Copenhagen) shortly after birth as part of the MIS BAIR. Vaccine
records were obtained from individual vaccination records and/or

the Australian Immunisation Register.

2.3 | Blood collection and antibody assay

Following collection (S-monovette®; Sarstedt), plasma was stored
at -80°C until analysis at the National Institute for Health and
Environment, in Bilthoven, the Netherlands. IgG antibodies against
26 vaccine antigens (diphtheria, tetanus, pertussis [pertussis toxin
[PT], filamentous haemagglutinin [FHA], pertactin [PRN]]), polio
(types 1, 2, 3), Hib, pneumococcus (serotypes 1, 3, 4, 5, 6A, 6B, 7F,
9V, 14, 18C, 19A, 19F, 23F), meningococcus type C (MenC), measles,
mumps and rubella were measured using fluorescent bead-based
multiplex immune assays (Luminex xMAP technology). In all as-
says, international or in-house reference controls and blanks were
included on each plate. All analyses were performed with a Bio-
Plex 200 in combination with Bio-Plex manager software (Bio-Rad
Laboratories).

2.4 | Categorisation of participants

Infants were categorised by biological sex (male or female), delivery
mode (vaginal vs caesarean section), feeding method and antibiotic
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exposure using information collected from hospital records and par-
ent questionnaires. Feeding method was categorised as follows: (a)
infants who did or did not receive formula before leaving their birth
hospital; (b) infants who were or were not still receiving breastmilk
at 1 month of age; and (c) infants who were or were not still receiving
breastmilk at 6 months of age. Antibiotic exposure was categorised
as follows: (a) infants whose mother did or did not receive antibiotics
during delivery and (b) infants who did or did not receive systemic
antibiotics before their first routine vaccinations scheduled at the

age of 6 weeks (assessed individually).

2.5 | Statistical analysis

In each group, the proportion of infants with an antibody concen-
tration above the standard protective correlate value (seroprotec-
tion rate) was calculated for each vaccine.®® The Clopper-Pearson
method was used to estimate the 95% confidence intervals (Cls) of
the seroprotection rates. The rates were compared between groups
using Fisher's exact test and the 95% confidence interval (Cl) for dif-
ferences in proportions estimated. For FHA and PRN, no standard
protective correlate value exists. In each group, the geometric mean
concentration (GMC) for each vaccine antibody was calculated. The
geometric mean ratio (GMR) with 95% confidence interval (Cl) was
obtained as the anti-logged coefficient from a linear regression with
log-concentrations as outcome and early-life factors (biological sex,
delivery mode, feeding choice and antibiotic exposure) as covariates
(univariate regression). Effect modification was assessed using mul-
tiple linear regression with the following pre-specified factors: ma-
ternal age, maternal diphtheria-tetanus-pertussis (dTpa, Boostrix®;
GlaxoSmithKline) and trivalent influenza vaccination in pregnancy,
birthweight, gestational age, infant BCG and MMR vaccination sta-
tus, age at first DTPa-HepB-IPV-Hib/ PCV13 vaccination, age at
sampling and time interval between 6-month or 12-month vaccina-
tion and blood sampling. The GMR for each vaccine antigen was
adjusted for those factors that had an effect on vaccine antigen
response. As the Hib-MenC vaccine includes a tetanus toxoid (as
carrier protein) and a Hib component, infants who had received this
vaccine before blood sampling at 13 months of age were excluded
from the analysis of persistence of antibodies against these two
vaccine antigens. A 5% significance level was used. All statistical
analyses were done using R version 3.4.3.

2.6 | Ethics

Informed consent was obtained from participants' parents or guard-
ians. The study was approved by the Royal Children's Hospital
Human Research Ethics Committee (HREC, authorisation, 38124A).

3 | RESULTS

Of the 471 participants, seven were excluded because they were a
twin of another participant, five because extended parental consent

ACTA PEDIATRICA ERVVITFEIVERES

to use the blood samples was not available, four because they were
not vaccinated according to the routine schedule and one because
vaccine records were not available (Figure 1). Of the remaining 454
participants, 365 had blood taken in the predefined time frame. At
7 months of age, 91 were included in the final analysis. At 13 months
of age, 307 were included for measurement of persistence of anti-
bodies against the primary course of vaccines ending at 6 months
and 141 for antibody responses to the 12-month vaccines. The
background characteristics of the 365 included participants are
summarised in Table 1. The median gestational age was 39.3 weeks
(interquartile range [IQR] 38.4-40.4) and the median birthweight
3.45 kg (IQR 3.13-3.76).

Of the 365 infants, 179 (49%) were male, 137 (37%) were born by
caesarean section, and 100 (28%) had received formula milk before
discharge from their birth hospital. At 1 month of age, 302 (83%)
infants were still receiving breastmilk, and at 6 months of age, this
number was 263 (72%). In total, 70 (19%) mothers received antibi-
otics during delivery: 36 (51%) because they were colonised with
group B streptococcus, 27 (39%) because of prolonged rupture of
membranes, 5 (7%) because of caesarean section delivery and for
2 (3%) the reason was not specified. The administered antibiotics
were benzylpenicillin (n = 30), amoxycillin (n = 14), ampicillin (n = 11),
cefazolin (n = 5), cefotaxime (n = 1), metronidazole (n = 1) and not
specified (n = 11).

Antibiotics were administered to 30 (8%) infants before their
first routine vaccination schedule at 6 weeks of life. These in-
fants received only one course of antibiotics each. The majority
(n =22, 73%) received antibiotics within the first week of life (in-
travenous benzylpenicillin and gentamicin [n = 18], intravenous
benzylpenicillin, gentamicin and vancomycin [n = 1], intravenous
antibiotics not documented [n = 1], oral cephalexin [n = 1] and
oral flucloxacillin [n = 1]). The duration of administration varied
between 2 and 7 days (mean 3, median 3). Of the remaining eight
infants, four were admitted to hospital for intravenous antibiot-
ics (azithromycin [n = 1] and antibiotics not documented [n = 3])
between 2 and 5 weeks of age (mean 3.5, median 3.5). The du-
ration of administration was less than 5 days (n = 2 infants) and
between 5 and 10 days (n = 2 infants). The infant who received
intravenous azithromycin was continued on oral azithromycin for
3 days. Additionally, two infants were continued on oral antibi-
otics (not documented), one for 5 days and one for more than
10 days. There were four infants who received oral antibiotics
after the first week of life (age range 2-4, mean 3.8, median
4 weeks) (amoxicillin [n = 2], cephalexin [n = 2]). The duration of

administration was 5-10 days for all.

3.1 | Effect of sex on vaccine responses

At 7 months of age, females had a lower seroprotection rate against
Hib compared with male infants (66% [95% Cl 51.6%-79.6%] vs 86%
[95% Cl 72.1%-94.7%]; P = .05). However, overall there were no sta-
tistically significant differences between males and females in se-
roprotection rates at 7 or 13 months of age (Table 2a and Figure 2).
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Twin of another participant n = 7
Not vaccinated according to schedule n = 4
Vaccine records not available n = 1
No parental consent n = 5

Blood not taken in correct time frame after
vaccination n = 89

‘ Blood taken at 7 mo of age*

I Blood taken at 13 mo of age*

‘ Response to 6-mo vaccinations

n=91

‘ ‘ Response to 6-mo vaccinations

n =307

N

N

Formula milk in hospital

Female Male Female Male
n=48 n=43 n=158 n=149
Vaginal delivery Caesarean section Vaginal delivery Caesarean section
n=56 n=35 n=192 n=115
Formula milk in hospital No formula milk in hospital Formula milk in hospital No formula milk in hospital
n=25 n=66 n=84 n=223
Breastfedat 1 month Not breastfed at 1 month Breastfed at 1 month Not breastfed at 1 month
n=80 n=11 n=251 n=56
Breastfed at 6 months Not breastfed at 6 months Breastfed at 6 months Not breastfed at 6 months
n=71 n=20 n=219 n=288
Intrapartum antibiotics No intrapartum antibiotics Intrapartum antibiotics No intrapartum antibiotics
n=21 n=70 n=62 n=245
Antibiotics < 6 weeks No antibiotics < 6 weeks Antibiotics < 6 weeks No antibiotics < 6 weeks
n=4 n=87 n=29 n=278
Response to 12-mo vaccinations
n=144
Female Male
n=73 n=71
Vaginal delivery Caesarean section
n=91 n=53

No formula milk in hospital

n=37 n=107
Breastfedat 1 m Not breastfed at 1 m
n=119 n=25
Breastfed at 6 months Not breastfed at 6 months
n=107 n=37
Intrapartum antibiotics No intrapartum antibiotics
n=32 n=112
Antibiotics < 6 weeks No antibiotics < 6 weeks
n=13 n=131

FIGURE 1 Selection of participants. *33 participants had their
blood analysed at both 7 and 13 mo of age

After adjustment for pre-specified factors, the female:male GMR
was below one (indicating lower average antibody concentrations)
in females for tetanus and FHA (Table 2b and Figure 2) at 7 months
of age and for PRN at 13 months of age. These findings were statis-
tically significant. At 13 months of age, adjusted average antibody
concentrations were statistically significantly higher in females for
polio type 3, pneumococcus serotype 6A and measles (Table 2b
and Figure 2).

3.2 | No effect of delivery mode on
vaccine responses

At 7 months of age, seroprotection rates were lower in infants born
vaginally than in those born by caesarean section for the majority of
vaccine antigens. However, none of these differences reached sta-
tistical significance. At 13 months of age, there were no differences
in seroprotection rates between infants born vaginally or by caesar-
ean section (Table Sl1a and Figure S1). At 13 months of age, infants

born vaginally had a higher average antibody concentration against
Hib (Table S1b and Figure S1).

3.3 | No effect of feeding method on
vaccine responses

At 7 and 13 months of age, there were no statistically significant
differences in seroprotection rates or adjusted average antibody
concentrations between infants who received or did not receive for-
mula milk in first few days of life or between infants who were still
receiving breastmilk at 1 or 6 months of age and those who were not
(Tables S2a-S4b and Figures $2-S4). The only exception was a sta-
tistically significant higher adjusted average antibody concentration
(ie, a GMR greater than one) against pneumococcus serotype 7F at
7 months of age in infants who did not receive formula milk during
the first few days of life compared to those who did (Table S2b and
Figure S2), and higher antibody concentration for pneumococcus se-
rotype 19F and MenC at 13 months of age in infants who were still
receiving breast at 6 months of age (Tables S4b and Figure S4).

3.4 | Minimal effect of intrapartum or infant
antibiotic exposure on vaccine responses

At 7 and 13 months of age, there were no differences in seropro-
tection rates between infants whose mothers did or did not receive
antibiotics during delivery (Table S5a and Figure S5). Infants whose
mother received intrapartum antibiotics had a significantly higher
adjusted average antibody concentration against PRN at 7 and
13 months of age (Tables S5b and Figure S5). Antibiotic exposure be-
fore their first routine vaccination scheduled at 6 weeks of age did
not influence seroprotection rates or average antibody concentra-
tions (Table Séa,b and Figure Sé).

4 | DISCUSSION
This study is the first to investigate the effect of multiple different
early-life factors on antibody responses to routine vaccinations in
infancy. We found that infant biological sex had an impact on re-
sponses but delivery mode, feeding method, intrapartum antibiotics
and antibiotic exposure before the first routine immunisation did not.
Our finding that females had lower antibody responses against
tetanus and higher responses against polio (type 3) is consistent with
previous studies in adults.”*! Previous studies have also reported
female adults to have higher antibody responses to dengue, HepA,
HepB, rabies, smallpox and trivalent influenza vaccines, while male
adults have been reported to have higher responses to diphtheria
and conjugated meningococcus A vaccines.? The only studies which
have previously been done in infants reported higher antibody re-
sponses in females to HepB, Hib and PCV13.2 Aside from a higher
average antibody concentration in females against one pneumococ-
cal serotype (6A), we did not find sex differences in the response to
pneumococcal vaccination. This contrasts with studies in adults, in
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which males have generally been reported to have higher antibody
responses to pneumococcal vaccines.?

In our study, we found that female infants had higher antibody levels
against measles at 13 months of age than corresponding males. Previous
studies investigating sex differences in responses to MMR vaccination
report inconsistent findings. Some studies found higher antibody re-
sponses to measles, mumps and rubella vaccination in females, while
others found transiently lower GMCs to rubella and lower serocon-
version rates to measles vaccination in females.? Other studies did not
find any sex differences in antibody responses to mumps and rubella,
rubella vaccination. Notably, even though females are often reported to
have higher antibody responses, faster waning of antibodies has been
observed for antibodies against HepA and pneumococcus in females.?

One mechanism through which sex can affect vaccine responses
is through hormones: oestradiol, progesterone and testosterone all
influence the function of immune cells.!? However, as sex differences
in vaccine responses also occur before puberty and after menopause,
other factors might also be involved. Many genes for proteins in-
volved in the immune responses are encoded on the X chromosome,
and mutations and polymorphisms of X-linked genes therefore have
a greater impact in males.’® A further mechanism through which sex
differences in vaccine responses might occur is through epigenetic
programming, which is also influenced by sex hormones.}?

The microbiota, especially the intestinal microbiota, plays a crucial
role in the development and regulation of the immune system, and its
composition affects how individuals respond to vaccinations.** Sex hor-
mones play a key role in bacterial-host interactions, > and sex differences
in the microbiota might therefore influence immune responses.*®” As
delivery mode and feeding method strongly affect the composition of
the infant microbiota,*® these factors might be expected to influence
vaccine responses. However, in our study, we did not observe any signif-
icant impact of delivery mode or feeding method on vaccines responses.

Maternal antibodies may inhibit infant antibody responses to
some vaccines.’ Although the majority of maternal antibody trans-
fer is through the placenta, breastmilk also contains antibodies that
might interfere with immune responses. Small studies have reported
that after routine vaccination, breastfed infants have higher serum

20 Hib?%?2 and oral polio virus (OPV)2028 yac-

I1gG levels to diphtheria,
cination, and higher salivary IgA levels to tetanus, diphtheria and OPV
vaccination.?’ For ORV, reduced seroconversion rates were observed
in breastfed infants compared with formula-fed infants?*2%: however,
this was not confirmed in subsequent studies.?® Infants with mixed
feeding are sometimes classified as breastfed and sometimes as non-

breastfed?®

and IgA levels, as well as the neutralising activity of IgA in
breastmilk, may depend on geographic location.?’ These factors could
explain some of the inconsistency in results from different studies.
The strengths of our study include the ability to adjust for a large
number of possible confounding factors, the standardisation in the
vaccines given and the wide range of measured antibody responses.
The limitations of the study are the sample size and risk of type-2
error. Furthermore, we did not analyse antibody responses to the
HepB vaccine, as this antigen was not included in our multiplex assay

and we had insufficient sample volume for alternative assays. We

also did not evaluate the effect of antibiotics that might have been
transferred through breastmilk on infant vaccine responses.

As most vaccines induce antibody concentrations above the pro-
tective threshold in the majority of infants, small differences in anti-
body concentrations between groups of individuals are unlikely to be
clinically significant. However, differences in antibody concentrations
might be relevant for the duration of protection. Nonetheless, when
developing new vaccines and designing vaccine schedules, recognis-
ing factors which might influence vaccine antibody responses offers
ways to optimise vaccine immunogenicity and efficacy.
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3.3 ADDITIONAL INFORMATION

Table 3.1 Seroprotection rates at 7 and 13 months of age in infants born vaginally or by Caesarean section

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age measured at 13 months of age
Vaccine Protective Vaginal delivery Caesarean section Difference Two-sided Vaginal delivery Caesarean section Difference Two-sided
antigen correlate (n=56) (n=35) % (95% CI) p-value (n=192) (n=115) % (95% CI) p-value
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 1U/mL" 94.6 (53); (85.1, 98.8) 100 (35); (90.0, 100) -5.4 (-14.6, 4.8) 0.28 97.9 (188); (94.8, 99.4) 99.1 (114); (95.3, 100) -1.2(-4.5, 2.8) 0.65
Tetanus 0.1 1U/mL’ 100 (56); (93.6, 100) 100 (35); (90.0, 100) 0 (-6.5, 10) - 100 (101); (96.4, 100)? 100 (62); (94.2, 100)? 0(-3.7,5.92 -
PT 25 1U/mL 85.7 (48); (73.8, 93.6) 97.1 (34); (85.1, 100) -11.4 (-23.4,1.7) 0.15 29.2 (56); (22.8, 36.1) 31.3 (36); (22.9, 40.6) -2.1(-13.0, 8.2) 0.70
Hib 0.15 pg/mL 73.2 (41); (59.7, 84.2) 80 (28); (63.1, 91.6) -6.8 (-23.6, 12.2) 0.62 84.2 (85); (75.6, 90.7)? 64.5 (40); (51.3,76.3)>  19.6 (6.1, 33.7)? 0.362
Polio type 1 0.23 IU/mL 100 (56); (93.6, 100) 100 (35); (90.0, 100) 0 (-6.5, 10) - 100 (192); (98.1, 100) 100 (115); (96.8, 100) 0(-2.0,3.2) -
Polio type 2 | 0.29 IU/mL 100 (56); (93.6, 100) 100 (35); (90.0, 100) 0 (-6.5, 10) - 99.5 (191); (97.1, 100) 100 (115) ; (96.8, 100) -0.5(-2.9,2.7) 1
Polio type 3 | 0.12 IU/mL 100 (56); (93.6, 100) 100 (35); (90.0, 100) 0 (-6.5, 10) - 100 (187); (98.1, 100) 100 (115) ; (96.8, 100) 0(-2.0,3.2) -
Pn 1 0.35 pg/mL 94.6 (53); (85.1, 98.9) 100 (35); (90.0, 100) -5.4 (-14.6, 4.8) 0.28 95.3 (183); (91.3, 97.8) 91.3 (105); (84.6, 96.8) 4 (-1.5,11) 0.22
Pn 3 0.35 pg/mL 98.2 (55); (90.4, 100) 100 (35); (90.0, 100) -1.8 (-9.5, 8.3) 1 68.8 (132); (61.7, 75.2) 71.3 (82); (62.1,79.4) -2.6 (-12.8, 8.3) 0.70
Pn 4 0.35 pg/mL 67.9 (38); (54.0, 79.7) 71.4 (25); (53.7, 85.4) -3.6 (-22.0, 16.5) 0.82 22.9 (44); (17.1,29.5)  22.6 (22.6); (15.2, 31.3) -0.3(-9.8,9.7) 1
Pn5 0.35 pg/mL 98.2 (55); (90.4, 100) 97.1 (34); (85.1, 100) 1.1(-7.0, 13.0) 1 88.5 (170); (83.2,92.7) 84.3 (97); (76.4, 90.5) 4.2 (-3.4,12.9) 0.30
Pn 6A 0.35 pg/mL 96.4 (54); (87.7, 99.6) 100 (35); (90.0, 100) -3.6 (-12.1, 6.6) 0.52 89.1 (171); (83.8, 93.1) 82.6 (95); (74.4, 89.0) 4.2 (-1.4,15.3) 0.12
Pn 6B 0.35 pg/mL 83.9 (47); (71.7,92.4) 97.1 (34); (85.1, 100) -13.2 (-26, 0.1) 0.08 64.6 (124); (57.4,71.3) 63.5 (73); (54.0,72.3)  1.11(-9.8, 12.3) 0.90
Pn 7F 0.35 pg/mL 100 (53); (93.6, 100) 100 (35), (90.0, 100) 0 (-6.5, 10) - 100 (192); (98.1, 100) 98.3 (113); (98, 100) 1.74 (-0.3, 6.1) 0.14
Pn 9V 0.35 pg/mL 96.4 (54); (87.7, 99.6) 100 (35); (90.0, 100) -3.6 (-12.1, 6.6) 0.52 78.6 (151); (72.2, 84.2) 71.3 (82); (62.1,79.4) 7.3(-2.5,17.8) 0.17
Pn 14 0.35 pg/mL 91.1 (51); (80.4, 97.0) 91.4 (32); (76.9, 98.2) -0.4 (-12.4, 14.6) 1 85.4 (164); (79.6, 90.1) 87.8 (101); (80.4, 93.2) -2.4 (-10.0, 6.0) 0.61
Pn 18C 0.35 pg/mL 92.9 (52); (82.7, 98.0) 100 (35); (90.0, 100) -7.1(-17,3.1) 0.29 78.1 (150); (71.6, 84.8) 74.8 (86); (65.8, 82.4) 3.3(-6.2, 13.5) 0.57
Pn 19A 0.35 pg/mL 89.3 (50); (78.1, 96.0) 100 (35); (90.0, 100) -10.7 (-21.5, 3.1) 0.08 50.5 (97); (43.2, 57.8) 48.7 (56); (39.3, 58.2) 1.8 (-9.7, 13.3) 0.81
Pn 19F 0.35 pg/mL 100 (56); (93.6, 100) 100 (35); (90.0, 100) 0 (-6.4, 10) - 99.0 (190); (96.3, 99.9) 100 (115); (96.8, 100) -1.0(-3.7,2.2) 0.53
Pn 23F 0.35 pg/mL 92.9 (52); (82.7; 98.0) 94.2 (33); (80.8, 99.3) -1.4 (-12.4,12.3) 1 61.5 (118); (54.2, 68.4) 60.9 (70); (51.3,69.8) 0.6 (-10.5, 11.9) 1
Antibodies to 12-month vaccines
measured 13 months of age
Vaginal delivery Caesarean section Difference Two-sided
(n=91) (n=53) % (95% CI) p-value
% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 96.7 (88); (90.7, 99.3) 100 (53); (93.3, 100) -3.3(-9.2, 3.6) 0.12
Mumps 45 1U/mL 65.9 (60); (55.3, 75.6) 50.9 (27); (36.8,64.9) 15.0(-1.6, 31.2) 0.74
Rubella 10 IU/mL 87.9 (80); (79.4, 93.8) 84.9 (45); (72.4,93.3) 3.0 (-8.1,16.2) 0.09
MenC 2 pg/mL 100 (91); (96.0, 100) 98.1 (52), (90.0, 100) 1.9 (-2.2,10.0) 0.49
Hib 0.15 pg/mL 98.9 (90); (94.0, 100) 98.1 (52); (90.0, 100) 0.8 (-4.3,9.0) 1
Tetanus 0.01 IU/mL 100 (91); (96.0, 100) 100 (53); (93.3, 100) 0(-4.1,6.8) -

10.01 IU/mL at 13 months of age

2 includes only participants who have not had Hib-MenC

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin
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Table 3.2 GMCs and GMRs at 7 and 13 months of age in infants born vaginally or by Caesarean section

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age measured at 13 months of age
Vaccine Vaginal delivery Caesarean section Unadjusted Two- Adjusted* Two- Vaginal delivery Caesarean section Unadjusted Two- Adjusted** Two-
antigen (n=56) (n=35) GMR (95% Cl) sided GMR (95% CIl) sided (n=192) (n=115) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p- GMC (95% Cl) GMC (95% Cl) p- p-
value value value value
Diphtheria’ 0.36 (0.29, 0.45) 0.46 (0.36, 0.57) 0.79 (0.57, 1.10) 0.17  0.89 (0.65, 1.23) 0.49 0.08 (0.07, 0.09) 0.08 (0.06, 0.10) 0.97 (0.77, 1.23) 0.82 1.02 (0.81, 1.27) 0.89
Tetanus' 1.12 (0.93, 1.32) 1.11(0.86, 1.44) 0.99 (0.74, 1.35) 0.99 0.88(0.65,1.19) 0.40 0.46 (0.36, 0.58)° 0.41(0.31,0.55)° 1.12(0.77,1.61)°> 0.55° 1.07 (0.75, 1.54)°  0.69°
PT! 63.11 (50.69, 78.58) 82.87 (64.07, 0.76 (0.54, 1.07) 0.11  0.90 (0.64, 1.26) 0.52 | 17.68 (15.43,20.25) 16.92(13.77, 20.78) 1.04 (0.83, 1.32) 0.72 1.10 (0.87, 1.38) 0.42
107.19)
FHA' 58.30 (47.14,72.10) 73.50 (54.72,98.71) 0.79 (0.56, 1.13) 0.19 0.87(0.61,1.23) 0.41 | 18.57 (16.37,21.06) 19.43 (15.93, 23.69) 0.96 (0.77, 1.19) 0.69 1.03 (0.82, 1.28) 0.82
PRN' 59.27 (45.42, 77.33) 62.49 (45.56, 85.72) 0.95 (0.63, 1.43) 0.80 1.13(0.73,1.75) 0.58 11.48 (9.69, 13.61) 12.78 (10.17, 16.06) 0.90 (0.68, 1.19) 0.45 0.86 (0.66, 1.14) 0.30
Hib? 0.53 (0.34, 0.81) 0.49 (0.29, 0.82) 1.07 (0.55, 2.11) 0.84 0.90 (0.46, 1.76) 0.75 1.49 (0.97, 2.30)° 0.71(0.39,1.30)° 2.10(1.02,4.33)° 0.04° 1.89 (1.07, 3.36)°  0.03°
Polio type 1! | 34.21 (24.98, 46.84) 35.26 (26.68,46.61) 0.97 (0.62, 1.52) 0.89 1.09(0.67,1.77) 0.73 10.43 (8.91,12.19) 12.58 (10.14, 15.61) 0.83 (0.64, 1.08) 0.16 0.88 (0.68, 1.16) 0.36
Polio type 2' | 64.53 (47.27, 88.09) 60.59 (44.67,82.19) 1.06 (0.67, 1.68) 0.79 1.20(0.75, 1.93) 0.45 | 21.51(18.12,25.53) 21.76 (16.86, 28.07) 0.99 (0.74, 1.33) 0.94 1.03 (0.76, 1.39) 0.85
Polio type 3" | 22.28 (16.16, 30.72) 20.15 (14.41,28.17) 1.11(0.68, 1.79) 0.68 1.12(0.67,1.88) 0.66 8.86 (7.40, 10.62) 8.95 (6.94, 11.53) 0.99 (0.73, 1.34) 0.95 0.98 (0.72, 1.33) 0.90
Pn 12 4.06 (2.99, 5.52) 4.91(3.75,6.42) 0.83(0.53, 1.28) 0.39 0.85(0.56, 1.31) 0.46 1.25(1.10, 1.43) 1.04 (0.90, 1.19) 1.21 (0.99, 1.48) 0.06 1.23 (1.00, 1.51) 0.05
Pn 32 1.39 (1.14, 1.70) 1.51(1.25,1.82) 0.92(0.69, 1.23) 0.57 0.90 (0.66, 1.23) 0.52 0.56 (0.50, 0.64) 0.50 (0.44, 0.56) 1.14 (0.94, 1.37) 0.18 1.16 (0.96, 1.41) 0.12
Pn 42 0.49 (0.38, 0.62) 0.55(0.42,0.72) 0.89(0.62, 1.28) 0.53 0.86 (0.60, 1.24) 0.42 0.22 (0.20, 0.24) 0.21 (0.18, 0.23) 1.07 (0.91, 1.25) 0.43 1.05 (0.89, 1.23) 0.55
Pn 52 3.01(2.33, 3.89) 3.41(2.56, 4.55) 0.88(0.60, 1.31) 0.53 0.94 (0.63, 1.40) 0.76 0.96 (0.84, 1.10) 0.85 (0.73, 1.00) 1.13 (0.91, 1.40) 0.27 1.17 (0.94, 1.46) 0.15
Pn 6A2 4.47 (3.48,5.74) 5.42 (4.23,6.95) 0.83(0.57, 1.19) 0.30 0.90 (0.63, 1.30) 0.58 1.04 (0.89, 1.20) 0.95 (0.80, 1.13) 1.09 (0.87, 1.38) 0.46 1.15 (0.91, 1.44) 0.23
Pn 6B2 1.54 (1.00, 2.37) 2.72 (1.75,4.22) 0.57 (0.30, 1.07) 0.08 0.59(0.30, 1.13) 0.11 0.54 (0.46, 0.65) 0.48 (0.39, 0.58) 1.14 (0.87, 1.50) 0.34 1.18 (0.90, 1.56) 0.23
Pn 7F?2 6.16 (4.95, 7.67) 6.08 (4.76,7.78) 1.01(0.73, 1.41) 0.94 1.07 (0.77,1.45) 0.69 1.96 (1.76, 2.18) 1.75 (1.51, 2.03) 1.12 (0.93, 1.34) 0.22 1.17 (0.98, 1.40) 0.09
Pn 9Vv2 2.30 (1.79, 2.95) 2.74 (2.18, 3.45) 0.84 (0.58, 1.20) 0.33 0.89(0.63, 1.25) 0.50 0.61 (0.54, 0.69) 0.58 (0.49, 0.68) 1.07 (0.87, 1.30) 0.54 1.11 (0.90, 1.36) 0.32
Pn 142 2.53 (1.79, 3.57) 2.91(1.92,4.39) 0.87 (0.51, 1.49) 0.61  0.96 (0.54, 1.70) 0.90 1.00 (0.86, 1.17) 1.12 (0.94, 1.34) 0.89 (0.71, 1.13) 0.35 0.93 (0.73, 1.19) 0.56
Pn 18C? 2.68 (2.04, 3.53) 3.40 (2.61,4.43) 0.79(0.53, 1.18) 0.24 0.78(0.51,1.18) 0.24 0.69 (0.60, 0.78) 0.60 (0.52, 0.69) 1.15 (0.95, 1.40) 0.16 1.22 (1.00, 1.48) 0.05
Pn 19A2 1.62 (1.25, 2.10) 1.89(1.38,2.60) 0.85(0.57, 1.28) 0.44 0.97 (0.64, 1.48) 0.90 0.47 (0.39, 0.57) 0.45 (0.35, 0.57) 1.06 (0.78, 1.44) 0.69 1.12 (0.82, 1.54) 0.48
Pn 19F?2 11.38 (8.82, 14.68) 11.77 (9.00, 15.41)  0.97 (0.66, 1.41) 0.86 1.06 (0.72, 1.54) 0.78 3.19 (2.74, 3.72) 2.96 (2.43, 3.61) 1.08 (0.84, 1.38) 0.56 1.12 (0.86, 1.44) 0.40
Pn 23F?2 2.10 (1.51, 2.94) 2.77 (2.02,3.79) 0.76 (0.47, 1.24) 0.27 0.83(0.51, 1.35) 0.45 0.59 (0.49, 0.70) 0.53 (0.42, 0.67) 1.10 (0.83, 1.47) 0.50 1.05 (0.78, 1.42) 0.72
Antibodies to 12-month vaccines
measured 13 months of age
Vaginal delivery Caesarean section Unadjusted Two- Adjusted* Two-
(n=91) (n=53) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p-
value value
Measles' 3.03 (2.35, 3.92) 3.03 (2.42,3.79) 1.00 (0.69, 1.45) 1.00 1.03 (0.69, 1.52) 0.90
Mumps' 64.97 (48.81,86.49) 48.11 (34.69, 66.74) 1.35(0.86, 2.11) 0.19 1.07 (0.72, 1.58) 0.75
Rubella’ 57.83 (43.24,77.33) 44.31(30.18, 65.07) 1.36 (0.84, 2.30) 0.22 1.07 (0.71, 1.60) 0.75
MenC? 18.66 (15.64, 22.27)  15.94 (12.96, 19.60) 1.17 (0.88, 1.55) 0.26 1.31(0.99, 1.75) 0.06
Hib? 15.55 (11.29, 21.41) 15.23 (9.77, 23.73) 1.02 (0.60, 1.74) 0.94 0.97 (0.56, 1.67) 0.90
Tetanus' 1.06 (0.82, 1.37) 0.89 (0.65, 1.22) 1.19 (0.79, 1.79) 0.41 1.20 (0.78, 1.85) 0.41
"IU/ml 2pg/ml  %includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13
immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /
PCV13 immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =
measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Table 3.3 Seroprotection rates at 7 and 13 months of age in infants who did or did not receive formula milk before discharge from birth hospital

Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age
measured at 13 months of age

Vaccine Protective No formula milk Formula milk Difference Two-sided No formula milk Formula milk Difference Two-sided
antigen correlate (n=66) (n=25) % (95% CI) p-value (n=223) (n=84) % (95% ClI) p-value
% (n); (95% Cl) % (n); (95% CI) % (n); (95% Cl) % (n); (95% CI)
Diphtheria 0.1 IU/mL’ 95.5 (63); (87.3, 99.1) 100 (25); (86.3, 100) 2.3(-12.5,9.1) 0.60 97.8 (218); (94.8, 99.3) 100 (84); (95.7, 100) -2.24 (-5.2,2.1) 0.68
Tetanus 0.1 IU/mL’ 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.6, 13.4) - 100 (114); (96.8, 100)? 100 (49); (92.7, 100)? 0(-3.3, 7.3)? -
PT 25 IU/mL 87.9 (58); (77.5, 94.6) 96.0 (24); (79.6, 99.9) -8.1(-19.2, 8.4) 1 28.7 (64); (22.9, 35.1) 33.3(28); (23.4, 44.5) -4.6 (-16.7, 6.5) 0.62
Hib 0.15 pg/mL 74.2 (49); (62.0, 84.2) 80.0 (20); (59.3, 93.2) -5.8 (-22.2,15.7) 0.05 76.3 (87); (67.4, 83.8)? 77.6 (38); (63.4, 88.2)? -1.2 (14.2, 14.0)® 0.362
Polio type 1 0.23 IU/mL 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.6, 13.4) - 100 (223); (98.4, 100) 100 (84); (95.7, 100) 0(-1.7,4.3) -
Polio type 2 0.29 IU/mL 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.6, 13.4) - 100 (223); (98.4, 100) 100 (84); (95.7, 100) -0.4 (-2.5, 3.9) 0.49
Polio type 3 0.12 IU/mL 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.4,17.0) - 100 (211); (98.3, 100) 100 (84); (95.7, 100) 0(-1.7,4.3) -
Pn 1 0.35 pg/mL 95.5 (63); (87.3, 99.1) 100 (25); (86.3, 100) -4.5(-12.6, 9.1) 1 93.7 (209); (89.7, 96.6) 94.0 (79); (86.7, 98.0) -0.3 (-5.7,7.3) 0.35
Pn 3 0.35 pg/mL 98.4 (65); (91.2, 100) 100 (25); (86.3, 100) -1.5(-0.9, 12.0) 1 68.6 (153); (62.1, 74.6) 72.6 (61); (61.8, 81.8) -4.0 (-14.7,7.9) 0.90
Pn 4 0.35 pg/mL 74.2 (49); (62.0, 84.2) 56.0 (14); (34.9, 76.6) 18.2 (-2.9, 39.9) 0.65 22.9 (51); (17.5, 28.9) 22.6 (19); (14.2, 33.0) 0.3 (-11-0, 10.0) 0.68
Pn 5 0.35 pg/mL 98.5 (65); (91.8, 100) 96.0 (24); (79.6, 99.9) 2.5(-4.9,18.3) 0.50 86.5 (193); (81.4, 90.7) 88.1 (74); (79.2, 94.1) -1.5(-9.0,7.9) 0.24
Pn 6A 0.35 pg/mL 96.7 (64); (89.5, 99.6) 100 (25); (86.3, 100) -3.3 (-10.5, 10.5) 1 86.1 (192); (80.9, 90.4) 88.1 (74); (79.2, 94.1) -2.0 (-9.5,7.5) 0.51
Pn 6B 0.35 pg/mL 87.9 (58); (77.5, 94.6) 92.0 (23) (74.0, 99.0) -4.1 (-16.25, 14.0) 0.10 65.0 (145); (58.4, 71.3) 61.9 (52); (50.7, 72.3) 3.1(-8.6,15.4) 0.12
Pn 7F 0.35 pg/mL 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.6, 13.4) - 100 (223); (98.4, 100) 97.6 (82); (91.7, 99.7) 2.4 (-0.7, 8.3) 1
Pn 9V 0.35 pg/mL 96.7 (64); (89.5, 99.6) 100 (25); (86.3, 100) -3.0 (-10.5, 10.5) 1 77.1(172); (71.1, 82.5) 72.6 (61); (61.8, 81.8) 45(-5.9,16.1) 0.18
Pn 14 0.35 pg/mL 90.9 (60); (81.3, 96.6) 92.0 (23); (73.4, 99.0) -1.1(-12.5, 16.8) 1 85.2 (190); (79.9, 89.6) 89.3 (75); (80.6, 95.0) -4.1(-11.5,5.2) 0.51
Pn 18C 0.35 pg/mL 95.5 (63); (87.3, 99.1) 96.0 (24); (79.6, 99.9) -5.5 (-9.5, 15.5) 1 77.1 (172); (71.1, 82.5) 76.2 (64); (65.7, 84.8) 0.9 (-9.0, 12.3) 0.50
Pn 19A 0.35 pg/mL 92.4 (61); (83.2, 97.5) 96.0 (24); (79.6, 99.9) -3.6 (-18, 8.5) 1 50.7 (113); (43.9, 57.4) 47.6 (40); (36.6, 58.8) 3.1(-9.4,15.4) 0.42
Pn 19F 0.35 pg/mL 100 (66); (94.6, 100) 100 (25); (86.3, 100) 0(-5.4,17.0) - 99.1 (221); (96.8, 99.9) 100 (84); (95.7, 100) -0.9 (-3.2, 3.5) 0.50
Pn 23F 0.35 pg/mL 92.4 (61); (83.2, 97.5) 96.0 (24); (79.6, 99.9) -3.6 (-13.6, 12.6) 0.68 63.2 (141); (56.6, 69.6) 56.0 (47); (44.7, 66.8) 7.3 (-4.8,19.6) 0.64
Antibodies to 12-month vaccines
measured 13 months of age
No formula milk Formula milk Difference Two-sided
(n=107) (n=37) % (95% ClI) p-value
% (n); (95% Cl) % (n); (95% CI)

Measles 0.12 IU/mL 98.1 (105); (93.4, 99.8) 97.3 (36); (85.8, 99.9) 0.8 (-4.4,12.1) 0.12
Mumps 45 1U/mL 61.7 (66); (51.8, 70.1) 56.8 (21); (39.5, 72.9) 49 (-7.1,27.9) 0.74
Rubella 10 IU/mL 86.9 (93); (79.0, 92.7) 86.5 (32); (71.2, 95.5) 0.4 (-10.7, 15.9) 0.09
MenC 2 pg/mL 99.1 (106); (94.9, 100) 100 (37); (90.5, 100) -0.9 (-5.1, 8.6) 0.49
Hib 0.15 pg/mL 99.1 (106); (94.9, 100) 97.3 (36); (85.8, 99.9) 1.8 (-2.9, 13.0) 1
Tetanus 0.01 IU/mL 100 (107); (96.6, 100) 100 (37); (90.1, 100) 0(-3.4,9.5)

10.01 IU/mL at 13 months of age

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin

2 includes only participants who have not had Hib-MenC
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Table 3.4 GMCs and GMRs at 7 and 13 months of age in infants who did or did not receive formula milk before discharge from hospital

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age measured at 13 months of age
Vaccine No formula milk Formula milk Unadjusted Two- Adjusted* Two- No formula milk Formula milk Unadjusted Two- Adjusted** Two-
antigen (n=66) (n=25) GMR (95% Cl) sided GMR (95% Cl)  sided (n=223) (n=84) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p- GMC (95% Cl) GMC (95% Cl) p- p-
value value value value
Diphtheria’ 0.39 (0.32, 0.47) 0.42 (0.31,0.56) 0.93(0.65, 1.34) 0.71  1.12(0.79, 1.60) 0.52 0.07 (0.06, 0.08) 0.10 (0.08, 0.12) 0.73 (0.56, 0.94) 0.01 0.82 (0.64, 1.04) 0.10
Tetanus' 1.09 (0.91, 1.29) 1.17 (0.89, 1.53) 0.93 (0.67, 1.28) 0.64 0.84(0.60, 1.17) 0.30 0.45 (0.37, 0.55)* 0.42 (0.29, 0.60)° 1.07 (0.72, 1.57)° 0.743 0.93 (0.63, 1.35)>  0.69°
PT' 64.16 (52.67,78.15) 88.47 (64.69, 121.00) 0.73 (0.50, 1.05) 0.09 0.84(0.58, 1.21) 0.34 | 16.89 (14.77, 19.33) 18.78 (15.10, 23.36) 0.90 (0.70, 1.16) 0.42 1.00 (0.79, 1.28) 0.98
FHA' 56.82 (47.28, 68.28) 86.30 (58.45, 127.42) 0.66 (0.45, 0.96) 0.03 0.73(0.49, 1.06) 0.10 | 17.86 (15.81,20.19) 21.90 (17.51, 27.38) 0.82 (0.64, 1.04) 0.10 0.91 (0.72, 1.15) 0.42
PRN' 56.69 (44.42,72.34) 71.79 (50.14, 102.77) 0.79 (0.50, 1.24) 0.30 0.82(0.50, 1.33) 0.41 11.38 (9.71, 13.34) 13.61(8.67, 15.21) 0.84 (0.62, 1.13) 0.25 0.82 (0.61, 1.11) 0.20
Hib? 0.51 (0.35, 0.75) 0.51(0.26, 1.00) 1.01(0.49, 2.11) 0.97 1.05(0.50, 2.21) 0.90 1.19(0.78, 1.82)° 0.98 (0.50, 1.91)° 1.22 (0.56, 2.65)° 0.61° 1.01(0.55, 1.88)  0.96°
Polio type 1" | 34.37 (26.42, 44.71) 35.37 (23.37,53.20)  0.97 (0.60, 1.59) 0.92 1.05(0.62, 1.80) 0.85 11.38 (9.74, 13.29) 10.70 (8.63, 13.27) 1.06 (0.80, 1.41) 0.67 1.24 (0.93, 1.65) 0.14
Polio type 2' | 67.95 (52.79, 87.48) 51.54 (32.19, 82.52) 1.32(0.80, 2.16) 0.27 1.43(0.85, 2.41) 0.18 | 22.11(18.68, 26.17) 20.30 (15.46, 26.66) 1.09 (0.79, 1.50) 0.60 1.23 (0.89, 1.70) 0.21
Polio type 3' | 23.51(18.00, 30.71) 16.80 (10.36, 27.24)  1.40 (0.83, 2.35) 0.20 1.40(0.79, 2.46) 0.24 9.16 (7.67, 10.94) 8.23 (6.33, 10.69) 1.11 (0.80, 1.55) 0.52 1.28 (0.92, 1.78) 0.14
Pn 12 4.33 (3.36, 5.58) 4.47 (2.95,6.77) 0.97 (0.60, 1.56) 0.90 1.20(0.75, 1.92) 0.45 1.18 (1.05, 1.33) 1.14 (0.69, 1.35) 1.03 (0.83, 1.29) 0.76 1.03 (0.82, 1.28) 0.80
Pn 32 1.40 (1.20, 1.64) 1.54 (1.11,2.12)  0.91 (0.66, 1.25) 0.56 0.97 (0.69, 1.36) 0.85 0.52 (0.47, 0.58) 0.58 (0.48, 0.69) 0.91 (0.74, 1.12) 0.37 0.89 (0.72, 1.09) 0.25
Pn 42 0.53 (0.43, 0.66) 0.47 (0.34,0.65) 1.14(0.77, 1.69) 0.51 1.22(0.82, 1.82) 0.33 0.22 (0.20, 0.24) 0.21 (0.18, 0.24) 1.03 (0.87, 1.22) 0.72 1.01 (0.85, 1.20) 0.89
Pn 52 3.01(2.42,3.74) 3.59(2.39,5.39) 0.84 (0.55, 1.29) 0.42 1.01(0.65, 1.56) 0.97 0.90 (0.80, 1.02) 0.97 (0.79, 1.18) 0.93 (0.74, 1.18) 0.57 0.97 (0.77, 1.22) 0.79
Pn 6A? 4.81 (3.90, 5.94) 4.81(3.32,6.98) 1.00 (0.67, 1.50) 1.00 1.24(0.84, 1.85) 0.28 1.00 (0.87, 1.15) 1.00 (0.83, 1.23) 1.00 (0.78, 1.29) 1.00 1.06 (0.83, 1.36) 0.62
Pn 6B? 1.99 (1.37, 2.89) 1.73(0.93,3.22) 1.15(0.57, 2.33) 0.70 1.62(0.78, 3.38) 0.19 0.54 (0.46, 0.63) 0.47 (0.38, 0.58) 1.14 (0.85, 1.54) 0.37 1.25 (0.93, 1.63) 0.14
Pn 7F2 6.39 (5.34, 7.66) 5.49(3.82,7.88) 1.16(0.81, 1.67) 0.40 1.44 (1.02, 2.05) 0.04 1.89 (1.71, 2.09) 1.84 (1.55, 2.19) 1.03 (0.84, 1.25) 0.80 1.06 (0.87, 1.29) 0.56
Pn 9Vv? 2.42(1.97,2.97) 2.57 (1.80, 3.67) 0.94 (0.63, 1.39) 0.75 1.19(0.81, 1.74) 0.38 0.58 (0.52, 0.66) 0.64 (0.53, 0.77) 0.91 (0.74, 1.14) 0.44 0.94 (0.76, 1.17) 0.59
Pn 142 2.68 (1.97, 3.63) 2.65(1.55,4.53) 1.01 (0.56, 1.82) 0.97 1.14(0.61, 2.14) 0.68 0.98 (0.85, 1.13) 1.24 (1.03, 1.49) 0.80 (0.62, 1.03) 0.08 0.83 (0.64, 1.08) 0.17
Pn 18C? 2.98 (2.35, 3.77) 2.84 (1.97,4.10) 1.05(0.67, 1.63) 0.84 1.19(0.75, 1.90) 0.46 0.65 (0.58, 0.72) 0.66 (0.55, 0.79) 0.98 (0.80, 1.21) 0.87 1.03 (0.83, 1.27) 0.82
Pn 19A2 1.70 (1.37, 2.11) 1.77 (1.12,2.80) 0.96 (0.62, 1.50) 0.86 1.15(0.72, 1.84) 0.54 0.48 (0.40, 0.57) 0.43 (0.33, 0.56) 1.10 (0.79, 1.53) 0.58 0.99 (0.71, 1.38) 0.94
Pn 19F2 11.35 (9.15, 14.08) 12.03 (8.21.17.62) 0.94 (0.62, 1.43) 0.78 1.18(0.77,1.79) 0.44 3.23 (2.78, 3.75) 2.80 (2.31, 3.40) 1.15(0.88, 1.51) 0.30 1.17 (0.89, 1.54) 0.26
Pn 23F2 2.24 (1.67, 2.99) 2.63(1.73,3.98) 0.85(0.50, 1.45) 0.55 1.02(0.59, 1.75) 0.95 0.58 (0.49, 0.68) 0.54 (0.41, 0.70) 1.07 (0.78, 1.46) 0.67 1.06 (0.77, 1.45) 0.72
Antibodies to 12-month vaccines
measured 13 months of age
No formula milk Formula milk Unadjusted Two- Adjusted* Two-
(n=107) (n=37) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p-
value value
Measles' 3.02 (2.43, 3.75) 3.08 (2.23, 4.25) 0.98 (0.65, 1.48) 0.92 0.93 (0.61, 1.43) 0.74
Mumps' 61.11 (47.59, 78.46) 50.46 (32.25, 78.95) 1.21 (0.74, 1.99) 0.45 1.02 (0.66, 1.57) 0.94
Rubella’ 51.32 (40.06, 65.74) 55.79 (31.87, 97.67) 0.92 (0.54, 1.56) 0.76 0.84 (0.54, 1.30) 0.43
MenC? 17.81 (15.05, 21.08) 17.04 (13.93, 20.83) 1.05 (0.77, 1.42) 0.78 1.12 (0.82, 1.54) 0.47
Hib? 17.20 (12.92, 22.90) 11.27 (6.36, 19.95) 1.53 (0.85, 2.74) 0.16 1.36 (0.75, 2.45) 0.31
Tetanus' 1.02 (0.81, 1.28) 0.92 (0.63, 1.36) 1.10(0.70, 1.73) 0.67 1.09 (0.68, 1.76) 0.71
"IU/ml 2pg/ml 3includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13
immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /
PCV13 immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =
measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Table 3.5 Seroprotection rates at 7 and 13 months of age in infants who were or were not still receiving breast milk at the age of 1 month

Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age
measured at 13 months of age

Vaccine Protective Breastfed Not Breastfed Difference Two-sided Breastfed Not Breastfed Difference Two-sided
antigen correlate (n=80) (n=11) % (95% CI) p-value (n=251) (n=56) % (95% ClI) p-value
% (n); (95% CI) % (n); (95% CI) % (n); (95% Cl) % (n); (95% Cl)

Diphtheria 0.1 IU/mL’ 96.3 (77); (89.4, 99.2) 100 (11); (71.5, 100) -3.8 (-10.5, 22.5) 0.60 98.4 (247); (96.0, 99.6) 98.2 (55); (90.4, 100) 0.2 (-2.7,7.9) 0.68
Tetanus 0.1 IU/mL’ 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6, 26.1) - 100 (132); (97.2, 100)? 100 (31); (88.8, 100)? 0(-2.8,11.1)2 -
PT 25 IU/mL 88.8 (71); (79.7,94.7) 100 (11); (71.5, 100) -11.3 (-20.1, 15.3) 1 30.7 (77); (25.0, 36.8) 26.8 (15); (15.8, 40.3) 3.9 (-10.0, 15.6) 0.62
Hib 0.15 pg/mL 72.3 (58); (61.4, 81.9) 100 (11); (71.5, 100) -27.5 (-38.2, 0.5) 0.05 | 79.5(105); (71.7, 86.0)° 64.5 (20); (45.4, 80.8)? 15 (-1.4, 33.9) 0.362
Polio type 1 0.23 IU/mL 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6,26.1) - 100 (251); (98.5, 100) 100 (56); (93.6, 100) 0(-1.5,6.4) -
Polio type 2 0.29 IU/mL 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6,26.1) - 99.6 (250); (97.4, 100) 100 (56); (93.6, 100) -0.4 (-2.2,5.0) 0.49
Polio type 3 0.12 IU/mL 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6,26.1) - 100 (251); (98.5, 100) 100 (56); (93.6, 100) 0(-1.5,6.4) -
Pn 1 0.35 pg/mL 96.3 (77); (89.4, 99.2) 100 (11); (71.5, 100) -3.8 (-10.5, 22.5) 1 93.2 (234); (89.4, 96.0) 96.4 (54); (87.7, 99.6) -3.2(-8.0, 5.6) 0.35
Pn 3 0.35 pg/mL 98.8 (79); (93. 2 100) 100 (11); (71.5, 100) -1.3 (-6.8, 24.9) 1 67.3 (169); (61.1, 73.1) 80.4 (45); (67.6, 89.8) -13.0 (-23.5, 0.3) 0.90
Pn 4 0.35 pg/mL 70.0 (56); (38.8, 79.7) 63.6 (7); (30.8, 89.1) 6.4 (-18.0, 36.6) 0.65 22.7 (57); (17.7, 28.4) 23.2(13); (13.0, 36.4) -0.5 (-14.0, 10.3) 0.68
Pn5 0.35 pg/mL 98.8 (79); (93.2, 100) 90.9 (10); (74.0, 99.9) -7.8 (0.8, 36.7) 0.50 86.5 (217); (81.6, 90.4) 89.3 (50); (78.1, 96.0) -2.8 (-10.4, 8.5) 0.24
Pn 6A 0.35 pg/mL 97.5 (78); (89.8, 99.6) 100 (11); (71.5, 100) -2.5(-8.7,23.7) 1 85.7 (215); (80.7, 89.7) 91.1 (51); (81.0, 95.4) -5.4 (-12.6, 5.5) 0.51
Pn 6B 0.35 pg/mL 87.5(70); (78.2, 93.8) 100 (11); (71.5, 100) -12.5 (-21.6, 14.1) 0.10 64.1 (161); (57.9, 70.1) 64.3 (36); (50.4, 76.7) -0.1(-13.1,14.2) 0.12
Pn 7F 0.35 pg/mL 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6,26.1) - 99.2 (249); (97.2, 99.9) 100 (56); (93.6, 100) -0.8 (-28.6, 5.7) 1
Pn 9V 0.35 pg/mL 97.5 (78); (91.3, 99.7) 100 (11); (71.5, 100) -2.5(-8.7,23.7) 1 76.9 (193); (79.8, 89.8) 71.4 (40); (57.8, 82.7) 5.5(6.2, 19.3) 0.18
Pn 14 0.35 pg/mL 91.3 (73); (82.8, 96.4) 90.9 (10); (58.7, 99.8) 0.3 (-11.3,29.7) 1 85.3 (214); (80.3, 89.4) 91.1 (51); (80.4, 97.0) -5.8 (-13.1,5.2) 0.51
Pn 18C 0.35 pg/mL 95.0 (76); (87.7, 98.6) 100 (11); (71.5, 100) -5.0 (-12.2, 21.3) 1 76.9 (193); (71.2, 81.2) 76.8 (43); (63.4, 87) 0.1 (-10.7, 13.6) 0.50
Pn 19A 0.35 pg/mL 92.5 (74); (84.4, 97.2) 100 (11); (71.5, 100) -7.5 (-15.5, 18.0) 1 48.2 (121); (41.9, 54.6) 57.1(32); (43.2,70.3) -8.9 (-22.6, 5.5) 0.42
Pn 19F 0.35 pg/mL 100 (80); (95.5, 100) 100 (11); (71.5, 100) 0(-4.6, 26.1) - 99.2 (249); (97.2, 99.9) 100 (56); (93.6, 100) -0.8(-2.9,5.7) 0.50
Pn 23F 0.35 pg/mL 92.5 (74); (84.4, 97.2) 100 (11); (71.5, 100) -7.5 (-15.5, 18.0) 0.68 62.2 (156); (55.8, 68.2) 57.1(32); (43.2,70.3) 5.0 (-8.7,19.3) 0.64

Antibodies to 12-month vaccines
measured 13 months of age
Breastfed Not Breastfed Difference Two-sided
(n=119) (n=25) % (95% ClI) p-value
% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 97.5 (116); (92.8, 99.5) 100 (25); (86.3, 100) -2.5(-7.2,10.9) 0.12
Mumps 45 IU/mL 61.3 (73); (52.0, 70.1) 56.0 (14); (34.9, 75.6) 5.3 (-14.5, 26.3) 0.74
Rubella 10 IU/mL 86.6 (103); (79.1, 92.1) 88.0 (22); (68.8,97.5) -1.45(-12.5,17.3) 0.09
MenC 2 pg/mL 99.2 (118); (95.4, 100) 100 (25); (86.3, 100) -0.8 (-4.6, 24.6) 0.49
Hib 0.15 pg/mL 99.2 (118); (95.4, 100) 96 (24); (79.6, 99.9) 3.2(-1.6,18.8) 1
Tetanus 0.01 IU/mL 100 (119); (96.9, 100) 100 (25); (86.3, 100) 0(-3.1,13.4) -

10.01 IU/mL at 13 months of age

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin

2 includes only participants who have not had Hib-MenC
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Table 3.6 GMCs and GMRs at 7 and 13 months of age in infants who were or were not still receiving breast milk at the age of 1 month

Antibodies to primary course of vaccines ending at 6 months of age

measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age

measured at 13 months of age

Vaccine Breastfed Not Breastfed Unadjusted Two- Adjusted* Two- Breastfed Not Breastfed Unadjusted Two- Adjusted** Two-
antigen (n=80) (n=11) GMR (95% Cl) sided GMR (95% Cl)  sided (n=251) (n=56) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p- GMC (95% Cl) GMC (95% Cl) p- p-
value value value value
Diphtheria’ 0.38 (0.32, 0.45) 0.53(0.22,0.83) 0.73(0.44, 1.19) 0.20 0.82(0.52, 1.30) 0.39 0.07 (0.07, 0.08) 0.09 (0.07, 0.13) 0.79 (0.59, 1.06) 0.11 0.8 (0.63, 1.08) 0.17
Tetanus' 1.09 (0.94, 1.27) 1.26 (0.74,2.12) 0.84 (0.58, 1.20) 0.53 0.98 (0.63, 1.52) 0.92 0.44 (0.36, 0.53)° 0.45(0.28, 0.72)° 1.03 (0.66, 1.62)° 0.89° 1.04 (0.68, 1.59)°>  0.86°
PT! 68.91 (57.34,82.82) 79.23 (53.47,117.39) 0.87 (0.54, 1.41) 0.57 0.95(0.72, 1.25) 0.57 | 17.48 (15.37, 19.98) 16.97 (13.26, 21.72) 1.03 (0.77, 1.38) 0.84 1.05 (0.80, 1.38) 0.72
FHA' 61.37 (51.13,73.66) 83.90 (48.37, 145.52) 0.72(0.44, 1.18) 0.19 1.11(0.85, 1.44) 0.46 | 18.39(16.32,20.72) 21.29 (16.49, 27.50) 0.86 (0.65, 1.14) 0.30 0.90 (0.69, 1.18) 0.46
PRN' 62.25 (49.98, 77.54) 49.07 (29.60, 81.36)  1.24 (0.53, 1.21) 0.50 0.89(0.63, 1.24) 0.48 | 12.11(10.44, 14.05) 11.27 (8.00, 15.87) 1.07 (0.76, 1.53) 0.69 1.13 (0.81, 1.58) 0.48
Hib? 0.46 (0.33, 0.65) 1.10 (0.39, 3.16)  0.55(0.21, 1.43) 0.21 0.54(0.27,1.07) 0.08 1.19 (0.81, 1.76)° 0.86 (0.35, 2.16)° 0.72(0.29, 1.78)° 0.48° 1.85(0.94,3.64) 0.08°
Polio type 1! | 33.78 (26.54, 43.00) 41.30 (25.68, 66.42) 0.79 (0.40, 1.59) 0.51 0.84(0.61,1.17) 0.30 11.43 (9.89, 13.22) 10.14 (7.89, 13.03) 1.13 (0.81, 1.57) 0.47 1.18 (0.86, 1.64) 0.30
Polio type 2' | 63.97 (50.47, 81.10) 56.22 (27.54, 114.78)  1.10 (0.56, 1.79) 0.78 0.75(0.52, 1.08) 0.12 22.55 (19.27,26.40) 17.81 (12.65, 25.08) 1.27 (0.88, 1.83) 0.21 1.33(0.93, 1.91) 0.12
Polio type 3' | 21.63 (16.88, 27.71) 20.09 (9.18,43.97) 1.00 (0.48, 2.02) 0.99 1.12(0.87, 1.44) 0.37 9.05 (7.69, 10.64) 8.24 (5.78, 11.74) 1 10 (0.75, 1.61) 0.63 1.11(0.77, 1.61) 0.58
Pn 12 4.20 (3.32, 5.31) 5.80 (3.55,9.45) 0.92 (0.50, 1.70) 0.79  1.13(0.90, 1.42) 0.31 1.14 (1.03, 1.27) 1.29 (1.00, 1.67) .88 (0.69, 1.14) 0.33 0.89 (0.70, 1.15) 0.37
Pn 32 1.37 (1.17, 1.59) 2.07 (1.63,2.63) 0.71 (0.46, 1.09) 0.12  1.09 (0.90, 1.33) 0.36 0.52 (0.47, 0.58) 0.61 (0.50, 0.75) .85 (0.68, 1.08) 0.19 0.89 (0.71, 1.12) 0.31
Pn 42 0.50 (0.42, 0.61) 0.61(0.35, 1.06) 0.97 (0.57, 1.64) 0.90 0.98(0.75, 1.27) 0.86 0.21 (0.19, 0.23) 0.23 (0.19, 0.28) .92 (0.75, 1.11) 0.36 0.91 (0.75, 1.11) 0.36
Pn 52 3.09 (2.52, 3.79) 3.69 (1.96,6.98) 1.05(0.59, 1.85) 0.88 0.96 (0.69, 1.34) 0.82 0.92 (0.82, 1.03) 0.92 (0.70, 1.21) .00 (0.76, 1.31) 1.00 1.02 (0.79, 1.33) 0.86
Pn 6A? 4.67 (3.83, 5.69) 6.02 (4.13,8.76) 0.93 (0.55, 1.55) 0.77 1.24 (0.80, 1.93) 0.33 1.00 (0.89, 1.14) 0.99 (0.75, 1.30) 01 (0.76, 1.36) 0.93 1.04 (0.79, 1.37) 0.76
Pn 6B2 1.79 (1.27, 2.52) 3.16 (1.47,6.80) 0.72(0.28, 1.86) 049 1.32(0.58,2.97) 0.50 0.51 (0.44, 0.59) 0.53 (0.39, 0.72) 0 98 (0.70, 1.37) 0.89 1 04 (0.75, 1.45) 0.82
Pn 7F2 6.02 (5.06, 7.19) 6.89 (4.29,11.06) 1.01(0.63, 1.61) 0.98 1.30(0.88, 1.93) 0.19 1.85(1.68, 2.03) 2.02 (1.61, 2.55) 0.91 (0.73, 1.14) 0.42 .92 (0.74, 1.15) 0.48
Pn 9Vv2 2.41 (1.99, 2.91) 2.84 (1.68,4.81) 1.08 (0.66, 1.78) 0.75 1.29(0.78, 1.81) 0.42 0.59 (0.53, 0.66) 0.63 (0.48, 0.82) 0.95 (0.73, 1.22) 0.66 O 97 (0.76, 1.24) 0.81
Pn 142 2.76 (2.08, 3.67) 2.07 (1.02,4.17) 1.47 (0.65, 3.31) 0.35 1.84(0.92, 3.68) 0.09 1.01 (0.89, 1.15) 1.21 (0.92, 1.58) 0.84 (0.62, 1.13) 0.25 0.83 (0.62, 1.12) 0.23
Pn 18C? 2.88 (2.32, 3.58) 3.41(2.18,5.32) 0.95(0.52, 1.75) 0.88 1.15(0.68, 1.94) 0.59 0.65 (0.59, 0.72) 0.66 (0.52, 0.84) 0.98 (0.77, 1.25) 0.88 1.00 (0.79, 1.26) 0.98
Pn 19A2 1.66 (1.35, 2.05) 2.20(1.12,4.32) 0.84 (0.46, 1.53) 0.56 1.04 (0.63, 1.73) 0.87 0.44 (0.38, 0.52) 0.56 (0.39, 0.80) 0.79 (0.54, 1.16) 0.24 0.82 (0.56, 1.19) 0.30
Pn 19F?2 11.10 (9.08, 13.58) 15.15(9.41,24.41) 0.85(0.50, 1.47) 0.57 1.15(0.72, 1.84) 0.56 2.96 (2.89, 5.07) 3.83(2.89, 5.07) 0.77 (0.57, 1.06) 0.10 0.78 (0.57, 1.06) 0.11
Pn 23F?2 2.21(1.71, 2.86) 3.46 (1.82,6.58) 0.80 (0.40, 1.03) 0.52 1.35(0.76, 2.40) 0.31 0.55 (0.48, 0.64) 0.62 (0.43, 0.90) 0.89 (0.62, 1.28) 0.53 0.92 (0.64, 1.32) 0.65
Antibodies to 12-month vaccines
measured 13 months of age
Breastfed Not Breastfed Unadjusted Two- Adjusted” Two-
(n=119) (n=25) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p-
value value
Measles' 2.93 (2.38, 3.62) 3.55 (2.64, 4.78) 0.83 (0.51, 1.33) 0.43 0.91 (0.56, 1.49) 0.71
Mumps' 59.29 (46.88, 74.98) 53.14 (29.56, 95.51) 1.12 (0.63, 1.98) 0.71 1.17 (0.72, 1.92) 0.52
Rubella’ 48.60 (38.06, 62.07) 75.22 (39.04, 144.93) 0.64 (0.35, 1.19) 0.16 0.66 (0.40, 1.08) 0.10
MenC? 18.24 (15.67, 21.23) 14.89 (11.17, 19.85) 1.22 (0.86, 1.75) 0.26 1.29 (0.90, 1.85) 0.16
Hib? 17.41 (13.49, 22.48) 8.67 (3.68, 20.45) 2.01 (1.03, 3.92) 0.04 1.85 (0.95, 3.62) 0.07
Tetanus' 1.03 (0.83, 1.28) 0.83 (0.51, 1.38) 0.81(0.48, 1.36) 0.43 1.26 (0.74, 2.16) 0.39
"IU/ml 2pg/ml 3includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13
immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /

PCV13 immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =
measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Table 3.7 Seroprotection rates at 7 and 13 months of age in infants who were or were not still receiving breast milk at the age of 6 months

Antibodies to primary course of vaccines ending at 6 months of age

measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age

measured at 13 months of age

Vaccine Protective Breastfed Not Breastfed Difference Two- Breastfed Not Breastfed Difference Two-

antigen correlate (n=71) (n=20) % (95% CI) sided (n=219) (n=88) % (95% CI) sided
% (n); (95% Cl) % (n); (95% Cl) p-value % (n); (95% CI) % (n); (95% CI) p-value
Diphtheria 0.1 IU/mL’ 95.8 (68); (88.1, 99.1) 100 (20); (83.2, 100) -4.2 (-11.8,12.2) 0.60 98.2 (215); (95.4, 99.5) 98.9 (87); (93.8, 100) -0.7 (-3.7,4.4) 0.68
Tetanus 0.1 IU/mL’ 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 100 (112); (96.8, 100)? 100 (51); (93.0, 100)? 0 (-3.3, 7.0)? -
PT 25 IU/mL 88.7 (63); (79.0, 95.0) 95.0 (19); (75.1, 99.9) -6.3(-17.1,13.2) 1 32.4 (71); (26.3, 39.1) 23.9(21); (15.4, 34.1) 8.6 (-2.9, 18.8) 0.62
Hib 0.15 pg/mL 76.1 (54); (64.5, 85.4) 75.0 (15); (50.9, 91.3) 1(-17.2,24.9) 0.05 76.8 (86); (62.9, 84.2)? 76.5 (39); (62.5, 87.2)? 0.3 (12.8, 15.4)? 0.362
Polio type 1 0.23 IU/mL 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 100 (219); (98.3, 100) 100 (88); (95.6, 100) 0(-1.8,4.4) -
Polio type 2 0.29 IU/mL 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 99.5 (218); (97.5, 100) 100 (88); (95.6, 100) -0.5(-2.5,3.7) 0.49
Polio type 3 0.12 IU/mL 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 100 (219); (98.3, 100) 100 (88); (95.6, 100) 0(-1.8,4.4) -
Pn 1 0.35 pg/mL 95.8 (68); (88.1, 99.1) 100 (20); (83.2, 100) -4.2 (-11.8,12.2) 1 94.1 (206); (90.1, 96.8) 93.2 (82); (85.7, 97.5) 0.9 (-4.5, 8.6) 0.35
Pn 3 0.35 pg/mL 98.6 (70); (92.4, 100) 100 (20); (83.2, 100) -1.4 (-7.6, 14.9) 1 67.6 (148); (60.9, 73.7) 75.0 (66); (64.6, 83.6) -7.4 (-17.8,4.2) 0.90
Pn 4 0.35 pg/mL 73.2 (52); (61.4, 83.1) 55.0 (11); (31.5, 76.9) 18.2 (-4.3, 41.5) 0.65 23.3(51); (17.9, 29.5) 21.6 (19); (13.5, 31.6) 1.7 (9.2, 11.3) 0.68
Pn5 0.35 pg/mL 98.6 (70); (92.4, 100) 100 (20); (83.2, 100) 3.6 (-3.6,22.4) 0.50 86.8 (190); (81.5, 90.9) 87.5(77); (78.7, 94.6) -0.7 (-8. 3 8.6) 0.24
Pn 6A 0.35 pg/mL 97.2 (69); (90.2, 99.7) 100 (20); (83.2, 100) -2.8(-9.8, 13.6) 1 85.4 (187); (80.0, 89.8) 89.7 (79); (81.5, 95.2) -4.4 (-11.7, 4.6) 0.51
Pn 6B 0.35 pg/mL 88.7 (63); (79.0, 95.0) 90.0 (18) (68.3, 98.8) -1.3(-13.7,19.8) 0.1 63.5 (139); (56.7, 69.9) 65.9 (58); (55.0, 75.7) 2. 4 ( 13.7,9.7) 0.12
Pn 7F 0.35 pg/mL 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 100 (219); (98.3, 100) 97.7 (86); (92.0, 99.7) 3(-0.5,7.9) 1
Pn 9V 0.35 pg/mL 97.2 (69); (90.2, 99.7) 100 (20); (83.2, 100) -2.8(-9.8, 13.6) 1 78.1 (171); (72.0, 83.4) 70.5 (62); (59.8, 79.7) 7. 6 (-2.8,19.1) 0.18
Pn 14 0.35 pg/mL 91.5 (65); (82.5, 96.8) 90 (18; (68.3, 98.8) 1.5(-10.2, 22.4) 1 85.3 (180); (79.8, 89.8) 88.3 (68); (79.0, 94.5) -3(-10.8,7.0) 0.57
Pn 18C 0.35 pg/mL 94.4 (67); (86.2, 98.4) 100 (20); (83.2, 100) -5.6 (-13.7,10.8) 1 77.6 (170); (71.5, 83.0) 75.0 (66); (64.6, 83.6) 2.6 (-7.3,13.8) 0.50
Pn 19A 0.35 pg/mL 91.5 (65); (82.5, 96.8) 100 (20); (83.2, 100) -8.5(-17.3, 8.1) 1 46.6 (102); (39.9, 53.4) 58.0 (51); (47.0, 68.4) -11.4 (-23.3, 1.0) 0.42
Pn 19F 0.35 pg/mL 100 (71); (94.9, 100) 100 (20); (83.2, 100) 0(-5.2, 16.3) - 99.1 (217); (96.7, 99.9) 100 (88); (95.6, 100) -0.9 (-3.3,3.3) 0.50
Pn 23F 0.35 pg/mL 94.4 (67); (86.2, 98.4) 90.0 (18); (68.3, 98.8) (-6.6, 25.0) 0.68 62.6 (137); (55.8, 69.0) 58.0 (51); (47.0, 68.4) 4.6 (-7.3, 16.8) 0.64

Antibodies to 12-month vaccines
measured 13 months of age

Breastfed Not Breastfed Difference Two-

(n=107) (n=37) % (95% ClI) sided
% (n); (95% Cl) % (n); (95% Cl) p-value
Measles 0.12 IU/mL 98.1 (105); (93.4, 99.8) 97.3 (36); (85.8, 99.9) 0.8(-4.4,12.1) 0.11
Mumps 45 IU/mL 60.7 (65); (50.8, 70.0) 59.5 (22); (42.1,75.2) 1.3(-16.1, 19.8) 0.74
Rubella 10 IU/mL 85.0 (91); (76.9, 91.2) 91.9 (34); (78.1, 98.3) -6.8 (-16.9, 7.4) 0.09
MenC 2 pg/mL 100 (107); (96.6, 100) 97.3 (36); (85.8, 99.9) 2.7 (-0.8, 13.9) 0.49
Hib 0.15 pg/mL 99.1 (106); (94.9, 100) 97.3 (36); (85.8, 99.9) 1.8 (-2.9, 13.0) 1
Tetanus 0.01 IU/mL 100 (107); (96.6, 100) 100 (37); (90.5, 100) 0(-3.4,94) -

10.01 IU/mL at 13 months of age

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin

2 includes only participants who have not had Hib-MenC
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Table 3.8 GMCs and GMRs at 7 and 13 months of age in infants who were or were not still receiving breast milk at the age of 6 months

Antibodies to primary course of vaccines ending at 6 months of age

measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age

measured at 13 months of age

Vaccine Breastfed Not Breastfed Unadjusted Two- Adjusted* Two- Breastfed Not Breastfed Unadjusted Two- Adjusted** Two-
antigen (n=71) (n=20) GMR (95% ClI) sided GMR (95% Cl)  sided (n=219) (n=88) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p- GMC (95% Cl) GMC (95% Cl) p- p-
value value value value
Diphtheria’ 0.40 (0.33, 0.48) 0.39 (0.28, 0.55) 1.02 (0.69, 1.51) 0.90 0.97 (0.67, 1.39) 0.85 0.07 (0.06, 0.08) 0.09 (0.07, 0.11) 0.85 (0.66, 1.10) 0.22 0.90 (0.71, 1.13) 0.37
Tetanus' 1.06 (0.91, 1.25) 1.28 (0.89, 1.85) 0.83 (0.58, 1.18) 0.30 0.87(0.62, 1.23) 0.42 0.43 (0.35, 0.53)° 0.46 (0.32, 0.65)° 1.06 (0.72, 1.56)°  0.76° 1.02 (0.71,1.46)° 0.923
PT' 69.87 (57.48,84.92) 70.84 (50.47, 99.43) 0.99 (0.66, 1.48) 0.95 0.95(0.65, 1.39) 0.81 | 17.98 (15.68, 20.61) 16.00 (12.97, 19.74) 1.12 (0.87, 1.45) 0.36 1.19 (0.94, 1.50) 0.15
FHA' 63.55 (52.36, 77.13)  64.40 (43.11, 96.20) 0.99 (0.65, 1.50) 0.95 0.90(0.61, 1.33) 0.59 | 18.86 (16.61, 21.43) 18.94 (15.42, 23.27) 1.00 (0.79, 1.26) 0.97 1.06 (0.85, 1.34) 0.60
PRN' 62.60 (49.35,79.42) 53.54 (36.91, 77.67) 1.17 (0.72, 1.90) 0.52 1.13(0.69, 1.85) 0.62 | 11.93(10.16, 14.02) 12.00 (9.26, 15.54) 0.99 (0.74, 1.34) 0.97 1.02 (0.80, 1.42)  0.66°
Hib? 0.50 (0.35, 0.72) 0.56 (0.25, 1.25) 0.89 (0.40, 1.96) 0.76 0.77 (0.36, 1.63) 0.49 1.09 (0.72, 1.67)° 1.19 (0.61, 2.32)° 1.09 (0.51,2.34)° 0.83% 1.31 (0.74, 2.34) 0.36
Polio type 1' 34.05 (26.13,44.35)  36.68 (25.77, 52.22) 0.93 (0.55, 1.57) 0.78 0.81(0.47, 1.39) 0.44 11.16 (9.56, 13.02) 11.26 (9.00, 14.08) 0.99 (0.75, 1.31) 0.95 1.06 (0.80, 1.40) 0.68
Polio type 2' 64.74 (49.78,84.18) 57.14 (37.84, 86.28) 1.13 (0.66, 1.94) 0.64 1.03(0.60, 1.76) 0.90 | 22.30(18.84, 26.38) 19.96 (15.20, 26.22) 1.12 (0.81, 1.53) 0.49 1.21 (0.88, 1.65) 0.24
Polio type 3' 21.44 (16.39, 28.05)  21.42(13.03, 35.24) 1.00 (0.57, 1.76) 1.00 0.90 (0.50, 1.60) 0.71 9.16 (7.70, 10.88) 8.27 (6.23, 10.98) 1.11 (0.80, 1.53) 0.54 1.15 (0.84, 1.59) 0.38
Pn 12 4.50 (3.53, 5.74) 3.93 (2.45, 6.31) 1.14 (0.68, 1.92) 0.61 1.12(0.70, 1.81) 0.63 1.15(1.03, 1.29) 1.21 (1.00, 1.46) 0.96 (0.77, 1.18) 0.68 0.97 (0.78, 1.20) 0.75
Pn 32 1.38 (1.18, 1.62) 1.65 (1.21, 2.26) 0.83(0.59, 1.17) 0.29 0.81(0.57, 1.14) 0.21 0.53 (0.48, 0.60) 0.55 (0.47, 0.64) 0.97 (0.79, 1.18) 0.75 1.00 (0.82, 1.22) 0.98
Pn 42 0.52 (0.43, 0.63) 0.50 (0.32, 0.78) 1.03 (0.67, 1.57) 0.89 1.02(0.68, 1.54) 0.91 0.21 (0.19, 0.23) 0.22 (0.19, 0.25) 0.97 (0.82, 1.15) 0.72 0.97 (0.82, 1.15) 0.75
Pn 52 3.35(2.74, 4.08) 2.57 (1.51, 4.39) 1.30 (0.82, 2.06) 0.26 1.27(0.82, 1.98) 0.28 0.93 (0.82, 1.05) 0.90 (0.73, 1.11) 1.03 (0.81, 1.30) 0.80 1.05 (0.84, 1.32) 0.67
Pn 6A2 4.95 (4.02, 6.09) 4.37 (3.00, 6.37) 1.13 (0.73, 1.75) 0.57 1.13(0.75, 1.69) 0.56 1.01 (0.88, 1.15) 0.99 (0.81, 1.22) 1.01 (0.79, 1.30) 0.92 1.03 (0.81, 1.30) 0.81
Pn 6B2 1.93 (1.34, 2.78) 1.87 (0.96, 3.64) 1.03 (0.48, 2.21) 0.94 1.07 (0.50, 2.25) 0.87 0.51 (0.44, 0.60) 0.53 (0.42, 0.66) 0.97 (0.73, 1.30) 0.85 1.02 (0.77, 1.36) 0.87
Pn 7F? 6.40 (5.34, 7.67) 5.27 (3.59, 7.72) 1.22 (0.82, 1.79) 0.32 1.26(0.88, 1.81) 0.21 1.90 (1.72, 2.10) 1.83 (1.53, 2.19) 1.04 (0.86, 1.26) 0.69 1.05 (0.87, 1.27) 0.62
Pn 9Vv2 2.53(1.42, 3.51) 2.98 (2.22, 4.00) 1.13 (0.74,1.73) 0.56 1.14(0.77, 1.67) 0.52 0.60 (0.54, 0.67) 0.59 (0.48, 0.72) 1.03 (0.83, 1.28) 0.81 1.04 (0.84, 1.28) 0.73
Pn 142 2.98 (2.22, 4.00) 1.79 (1.01, 3.17) 1.67 (0.89, 3.10) 0.11  1.77 (0.95, 3.31) 0.07 1.03 (0.89, 1.18) 1.09 (0.89, 1.34) 0.98 (0.75, 1.28) 0.90 0.92 (0.71, 1.19) 0.54
Pn 18C? 2.95(2.34, 3.73) 2.90 (2.03, 4.16) 1.02 (0.63, 1.63) 0.95 1.03(0.64, 1.66) 0.90 0.66 (0.59, 0.74) 0.63 (0.52, 0.75) 1.06 (0.86, 1.30) 0.59 1.07 (0.87, 1.31) 0.51
Pn 19A2 1.77 (1.42, 2.21) 1.55(0.97, 2.48) 1.14 (0.71, 1.84) 0.58 1.06 (0.66, 1.69) 0.82 0.43 (0.36, 0.51) 0.56 (0.43, 0.74) 0.76 (0.55, 1.05) 0.09 0.75 (0.55, 1.04) 0.08
Pn 19F?2 11.87 (9.64, 14.60) 10.41 (6.73, 16.09) 1.14 (0.73, 1.78) 0.56 1.12(0.73,1.72) 0.59 2.89 (2.51, 3.32) 3.73(2.96, 4.71) 0.77 (0.59, 1.01) 0.06 0.76 (0.58, 0.99) 0.04
Pn 23F?2 2.40 (1.84, 3.13) 2.14 (1.23, 3.70) 1.12 (0.63, 1.99) 0.69 1.13(0.65, 1.95) 0.67 0.57 (0.49, 0.67) 0.55 (0.42,0.71) 1.06 (0.77 ,1.43) 0.75 1.08 (0.80, 1.47) 0.62
Antibodies to 12-month vaccines
measured 13 months of age
Breastfed Not Breastfed Unadjusted Two- Adjusted* Two-
(n=107) (n=37) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p-
value value
Measles' 3.09 (2.56, 3.74) 2.86 (1.82, 4.49) 1.08 (0.71, 1.64) 0.71 1.15(0.74,1.77) 0.53
Mumps' 58.53 (45.27, 75.69) 57.14 (37.77, 86.46) 1.02 (0.62, 1.68) 0.92 1.17 (0.76, 1.80) 0.48
Rubella’ 46.00 (35.22, 60.08) 76.54 (48.77, 120.15) 0.60 (0.36, 1.01) 0.06 0.66 (0.43, 1.03) 0.07
MenC? 19.32 (16.52, 22.60) 13.46 (10.45, 17.35) 1.44 (1.06, 1.94) 0.02 1.53 (1.12,2.11) <0.01
Hib? 17.25 (13.16, 22.63) 11.17 (5.93, 21.01) 1.55 (0.86, 2.77) 0.14 1.51 (1.11, 2.06) 0.33
Tetanus' 1.08 (0.85, 1.36) 0.79 (0.54, 1.16) 1.10(0.70, 1.73) 0.67 1.40 (0.87, 2.24) 0.16
"IU/ml 2pg/ml 3includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13

immunisation, age at sampling and time between immunisation and sampling

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /
PCV13 immunisation age at sampling and time between immunisation and sampling

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =

measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Table 3.9 Seroprotection rates at 7 and 13 months of age in infants whose mothers did or did not received antibiotics during delivery

Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age

measured at 13 months of age

Vaccine Protective Intrapartum No intrapartum Difference Two-sided Intrapartum No intrapartum Difference Two-sided
antigen correlate antibiotics antibiotics % (95% CI) p-value antibiotics antibiotics % (95% CI) p-value
(n=21) (n=70) (n=62) (n=245)
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 1U/mL’ 100 (21); (83.9, 100) 95.7 (67); (88.0,99.1) 4.3(-11.5.4,11.9) 0.6 98.4 (61); (91.3, 100) 98.4 (241); (95.9, 99.5) 0(-7.0,2.9) 0.68
Tetanus 0.1 1U/mL’ 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 100 (30); (88.4, 100)? 100 (133); (97.3, 100)? 0(-11.4, 2.8y -
PT 25 1U/mL 90.5 (19); (69.6, 98.8) 90.0 (63); (80.5, 95.9) 0.5(-19.8, 12.5) 1 32.3 (20); (20.9, 45.3) 29.4 (72); (23.8, 35.6) 2.9(-9.2,16.4) 0.62
Hib 0.15 pg/mL 71.4 (15); (47.8, 88.7) 77.1 (54); (65.6, 86.3) -5.7 (-29.1, 13.2) 0.05 83.3 (25); (65.3; 94.4) 75.2 (100); (67.0; 82.3)> 8.1 (-10.0, 20.9)? 0.362
Polio type 1 0.23 IU/mL 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 100 (62); (94.2, 100) 100 (245); (98.5, 100) 0(-11.1,1.4) -
Polio type 2 0.29 IU/mL 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 98.4 (61); (91.3, 100) 100 (245); (98.5, 100) -1.6 (-8.6, 0) 0.49
Polio type 3 0.12 IU/mL 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 100 (62); (94.2, 100) 100 (245); (98.5, 100) 0(-5.9, 1.5) -
Pn 1 0.35 pg/mL 100 (21); (83.9, 100) 95.7 (67); (88.0, 99.1) 43(-11.511.9) 1 95.2 (59); (86.5, 99.0) 93.5 (229); (89.6, 96.2) 1.7 (-7.1,6.8) 0.35
Pn 3 0.35 pg/mL 100 (21); (83.9, 100) 98.6 (69); (92.3, 100) 1.4 (-14.2,7.7) 1 74.2 (46); (61.5, 84.5) 68.6 (168); (62.4, 74.3) 5.6 (-7.6, 16.9) 0.90
Pn 4 0.35 pg/mL 76.2 (16); (52.8, 91.8) 67.1 (47); (54.8, 77.9) 9.1 (-14.7, 27.4) 0.65 25.8 (16); (15.6, 38.5) 22.0 (54); (17.0, 27.8) 3.8 (-7.2,16.8) 0.68
Pn5 0.35 pg/mL 100 (21); (83.9, 100) 97.1 (68); (90.1, 99.7) 2.9(-12.9,9.9) 1 91.9 (57); (82.2, 97.3) 85.7 (210); (81.6, 90.1) 6.2 (-3.9, 13.2) 0.24
Pn 6A 0.35 pg/mL 100 (21); (83.9, 100) 97.1 (68); (90.1, 99.7) 2.9(-12.9,9.9) 1 90.3 (56); (80.1, 96.4) 85.7 (210); (81.6, 90.1) 4.6 (-5.9,12.0) 0.51
Pn 6B 0.35 pg/mL 95.2 (20); (76.2, 100) 87.1(61); (77.0, 93.9) 9.1 (-10.8, 19.3) 0.09 67.7 (42); (54.7, 79.1) 63.3 (155); (56.9, 69.3) 4.5(-9.2,16.7) 0.12
Pn 7F 0.35 pg/mL 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 100 (62); (94.2, 100) 99.2 (243), (97.1, 99.9) 0.8 (-5.0, 2.9) 1
Pn 9V 0.35 pg/mL 100 (21); (83.9, 100) 97.1 (68); (90.1, 99.7) 2.9(-12.9,9.9) 1 83.9 (52); (72.3, 92.0) 73.9 (181); (69.8,80.3) 10.0 (-2.1, 19.4) 0.18
Pn 14 0.35 pg/mL 95.2 (20); (76.2, 100) 90.0 (63); (80.5, 95.9) 5.2 (-13.4, 15.8) 1 88.7 (55); (70.2, 96.4) 85.7 (210); (81.6, 90.1) 3.0 (-7.9,10.7) 0.51
Pn 18C 0.35 pg/mL 100 (21); (83.9, 100) 94.3 (66); (86.9, 98.4) 5.7 (-12.9,9.9) 1 83.9 (52); (72.3, 92.0) 75.1 (184); (69.2, 80.4) 8.8 (-3.4,18.2) 0.50
Pn 19A 0.35 pg/mL 100 (21); (83.9, 100) 91.4 (64); (82.3, 96.8) 8.6 (-7.3, 17.5) 1 46.8 (29), (34.0, 59.9) 50.6 (121); (44.2,57.0) -3.8(-17.4,10.0) 0.42
Pn 19F 0.35 pg/mL 100 (21); (83.9, 100) 100 (70); (94.9, 100) 0(-15.6, 5.3) - 98.4 (61); (91.3, 100) 99.6 (244); (97.7, 100) -1.2(-8.2,0.1) 0.50
Pn 23F 0.35 pg/mL 100 (21); (83.9, 100) 91.4 (64); (82.3, 96.8) 8.6 (-7.3, 17.5) 0.68 66.1 (41), (53.0, 77.7) 60.0 (147), (53.6, 66.2) 6.1 (-7.7, 18.5) 0.64
Antibodies to 12-month vaccines
measured 13 months of age
Intrapartum No intrapartum Difference Two-sided
antibiotics antibiotics % (95% CI) p-value
(n=32) (n=112)
% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 100 (32); (89.1, 100) 97.3 (109); (92.4, 99.4) 2.7(-82,7.7) 0.12
Mumps 45 1U/mL 84.4 (27); (67.2,94.7) 87.5 (98); (79.9, 93.0) -3.1(-20.2, 8.6) 0.09
Rubella 10 IU/mL 53.1 (17); (34.7, 70.9) 62.5 (70); (52.9, 71.5) -9.4 (-28.4,9.3) 0.74
MenC 2 pg/mL 100 (32); (89.1, 100) 99.1 (111); (95.1, 100) -9.4 (-9.9,4.9) 0.49
Hib 0.15 pg/mL 100 (32); (89.1, 100) 98.2 (110); (93.7, 99.8) 1.8 (-9.0,6.3) 1
Tetanus 0.01 1U/mL 100 (32); (89.1, 100) 100 (112); (96.8, 100) 0(-10.8,3.3) -

10.01 IU/mL at 13 months of age

2 includes only participants who have not had Hib-MenC

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin
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Table 3.10 GMCs and GMRs at 7 and 13 months of age in infants whose mothers did or did not received antibiotics during delivery

Antibodies to primary course of vaccines ending at 6 months of age

measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age
measured at 13 months of age

Vaccine Intrapartum No intrapartum Unadjusted Two- Adjusted* Two- Intrapartum No intrapartum Unadjusted Two- Adjusted** Two-
antigen antibiotics antibiotics GMR (95% Cl)  sided GMR (95% CI) sided antibiotics antibiotics GMR (95% Cl) sided GMR (95% Cl) sided
(n=21) (n=70) p- p- (n=62) (n=245) p- p-
GMC (95% ClI) GMC (95% Cl) value value GMC (95% Cl) GMC (95% Cl) value value
Diphtheria’ 0.49 (0.36, 0.68) 0.37 (0.31, 0.45)  1.33(0.91, 1.95) 0.14 1.27(0.89, 1.82) 0.19 0.08 (0.06, 0.10) 0.08 (0.07, 0.09) 1.33 (0.91, 1.94) 0.14 1.10 (0.85, 1.43) 0.46
Tetanus' 1.15(0.91, 1.46) 1.10(0.92,1.31)  1.05(0.75, 1.49) 0.77 1.16 (0.82, 1.64) 0.40 0.53 (0.22, 0.85)° 0.42 (0.35,0.51)° 1.25(0.79, 1.98)° 0.33° 1.35(0.88,2.07)° 0.17%
PT! 78.15 (55.17,110.72) 67.83 (55.89, 82.32) 1.15(0.78, 1.71) 0.48 1.06(0.72, 1.55) 0.76 | 17.90(13.83,23.16) 17.26 (15.19, 19.62) 1.12 (0.76, 1.63) 0.57 1.09 (0.84, 1.42) 0.53
FHA' 59.70 (44.06, 80.89) 64.99 (52.86, 79.91) 0.92 (0.61, 1.38) 0.68 0.85(0.57, 1.25) 0.39 | 18.16 (14.45,22.81) 19.08 (16.87, 21.57) 1.25(0.87,1.78) 0.22 0.99 (0.76, 1.27) 0.91
PRN' 95.00 (70.77, 127.54) 52.83 (41.61, 67.07) 1.80 (1.13, 2.85) 0.01 1.97(1.23,3.16) <0.01 15.08 (11.50, 19.78) 11.27 (9.64, 13.17) 1.49 (0.95, 2.33) 0.09 1.46 (1.06, 2.01) 0.02
Hib? 0.56 (0.25, 1.25) 0.50(0.35,0.72) 1.11(0.51, 2.42) 0.79 0.90(0.42, 1.92) 0.78 1.70 (0.71, 4.03)° 1.02 (0.69, 1.51)° 1.66 (0.66, 4.13)° 0.28° 1.33 (0.66,2.66)° 0.42°
Polio type 1° 34.05 (19.51, 59.43) 34.78 (27.42,44.09) 0.98 (0.58, 1.65) 0.94 0.96 (0.56, 1.67) 0.89 11.39 (8.57, 15.13) 11.14 (9.66, 12.84) 0.80 (0.53, 1.22) 0.30 1.06 (0.78, 1.45) 0.70
Polio type 2° 60.83 (39.31, 94.12) 63.64 (49.02, 82.64) 0.96 (0.56, 1.62) 0.87 0.90 (0.53, 1.54) 0.69 | 24.54 (17.56, 34.29) 20.91 (17.85, 24.50) 0.71 (0.44, 1.14) 0.16 1.20 (0.85, 1.70) 0.30
Polio type 3' 16.88 (10.70, 26.65) 23.03 (17.54,30.24) 0.73(0.42,1.27) 0.27 0.77 (0.43, 1.38) 0.38 8.27 (5.83, 11.74) 9.06 (7.70, 10.66) 0.78 (0.48, 1.27) 0.31 0.95 (0.66, 1.36) 0.78
Pn 12 5.63 (3.49, 9.08) 4.05(3.18,5.15)  1.39 (0.84, 2.30) 0.20 1.26(0.78, 2.03) 0.34 1.29 (1.04, 1.58) 1.14 (1.02, 1.27) 1.00 (0.73, 1.39) 0.99 1.17 (0.92, 1.49) 0.19
Pn 32 1.55(1.13, 2.11) 1.40 (1.20,1.65) 1.10(0.79, 1.54) 0.57 1.03(0.73, 1.46) 0.86 0.56 (0.47, 0.68) 0.53 (0.48, 0.59) 0.99 (0.73, 1.33) 0.93 1.08 (0.87, 1.35) 0.48
Pn 42 0.58 (0.43, 0.78) 0.50 (0.40,0.62) 1.16 (0.76, 1.75) 0.49 1.02(0.68, 1.54) 0.91 0.22 (0.20, 0.28) 0.21 (0.19, 0.23) 0.90 (0.70, 1.16) 0.43 1.16 (0.96, 1.39) 0.12
Pn 52 3.76 (2.45, 5.78) 3.00 (2.41,3.72) 1.26 (0.80, 1.97) 0.32 1.16(0.74, 1.81) 0.50 1.01 (0.83, 1.22) 0.90 (0.80, 1.02) 1.03 (0.73, 1.45) 0.89 1.15(0.89, 1.48) 0.27
Pn 6A2 5.84 (4.25, 8.02) 4.54 (3.67,5.63) 1.28 (0.84, 1.96) 0.24 1.17(0.78, 1.76) 0.43 1.05 (0.83, 1.32) 0.99 (0.87, 1.13) 0.92 (0.63, 1.33) 0.65 1.09 (0.84, 1.42) 0.53
Pn 6B2 2.59 (1.56, 4.28) 1.75(1.19,2.57) 1.48(0.70, 3.12) 0.30 1.37(0.65, 2.90) 0.40 0.54 (0.41, 0.73) 0.51 (0.44, 0.59) 1.03 (0.67, 1.60) 0.87 1.07 (0.78, 1.47) 0.67
Pn 7F?2 6.77 (4.92, 7.20) 5.95(4.92,7.20) 1.14(0.77,1.67) 0.51 1.05(0.73, 1.52) 0.78 2.03 (1.72, 2.39) 1.84 (1.66, 2.04) 1.03 (0.77, 1.38) 0.83 1.13 (0.91, 1.39) 0.27
Pn 9Vv2 2.96 (2.04, 4.31) 2.32(1.90,2.85) 1.27(0.84, 1.93) 0.25 1.16(0.79, 1.71) 0.45 0.67 (0.56, 0.80) 0.58 (0.52, 0.65) 1.05 (0.76, 1.45) 0.78 1.18 (0.93, 1.50) 0.17
Pn 142 3.24 (2.05, 5.12) 2.52(1.84,3.44) 1.29(0.69, 2.39) 0.42 1.18(0.62, 2.23) 0.61 1.12(0.88, 1.42) 1.03 (0.90, 1.17) 1.08 (0.74, 1.58) 0.68 1.13 (0.85, 1.50) 0.41
Pn 18C? 3.24 (2.32, 4.51) 2.86 (2.25,3.62) 1.13(0.71, 1.81) 0.60 1.03(0.64, 1.65) 0.91 0.71 (0.59, 0.87) 0.64 (0.57,0.71) 0.99 (0.72, 1.35) 0.94 1.16 (0.92, 1.45) 0.21
Pn 19A2 1.82 (1.21,2.73) 1.69(1.34,2.13) 1.08 (0.67,1.72) 0.76  1.05(0.66, 1.69) 0.83 0.52 (0.36, 0.75) 0.45 (0.38, 0.53) 0.96 (0.59, 1.57) 0.87 1.24 (0.87, 1.78) 0.24
Pn 19F?2 14.42 (10.19, 20.42) 10.78 (8.67, 13.40)  1.34 (0.87, 2.07) 0.19 1.31(0.85, 1.99) 0.22 3.48 (2.63, 4.60) 3.02 (2.64, 3.45) 1.03 (0.69, 1.53) 0.90 1.21 (0.90, 1.62) 0.21
Pn 23F?2 2.91(1.87, 4.53) 2.19 (1.65,2.90) 1.33(0.76, 2.33) 0.32 1.24(0.72, 2.16) 0.43 0.59 (0.44, 0.80) 0.56 (0.48, 0.65) 0.79 (0.50, 1.24) 0.30 1.04 (0.74, 1.47) 0.83
Antibodies to 12-month vaccines
measured 13 months of age
Intrapartum No intrapartum Unadjusted Two- Adjusted* Two-
antibiotics antibiotics GMR (95% Cl) sided GMR (95% Cl) sided
(n=32) (n=112) p- p-
GMC (95% CI) GMC (95% CI) value value
Measles' 3.66 (2.89, 4.64) 2.87 (2.30, 3.59) 0.69 (0.38, 1.27) 0.23 1.33 (0.86, 2.07) 0.20
Mumps' 47.61 (30.54, 74.23)  61.60 (47.99, 79.07) 0.57 (0.27, 1.18) 0.13 0.82(0.53, 1.27) 0.37
Rubella’ 42.71 (25.43,71.73)  55.59 (42.89, 72.05) 0.43 (0.20, 0.92) 0.03 0.75(0.47, 1.18) 0.21
MenC? 20.46 (14.89, 28.13)  16.87 (14.54, 19.57) 1.12 (0.64, 1.95) 0.70 1.23 (0.89, 1.70) 0.21
Hib? 14.73 (8.40,25.83)  15.63 (11.67, 20.95) 1.03 (0.44, 2.44) 0.95 1.13 (0.62, 2.09) 0.68
Tetanus' 1.06 (0.69, 1.62) 0.97 (0.78, 1.22) 1.09 (0.68, 1.75) 0.72 1.16 (0.72, 1.89) 0.54
"IU/ml - 2pg/ml  ®includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13
immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /

PCV13 immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =

measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Table 3.11 Seroprotection rates at 7 and 13 months of age in infants who did or did not received antibiotics before their 6-weeks immunisation

Antibodies to primary course of vaccines ending at 6 months of age

measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age

measured at 13 months of age

Vaccine Protective Antibiotics No antibiotics Difference Two-sided Antibiotics No antibiotics Difference Two-sided
antigen correlate (n=4) (n=87) % (95% CI) p-value (n=29) (n=278) % (95% CI) p-value
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 IU/mL’ 100 (4); (39.8, 100) 96.6 (84); (90.3, 99.3) 3.4 (-46.0,9.7) 0.60 100 (29); (88.1, 100) 98.2 (273); (95.9, 99.4) 1.8(-10.0, 4.1) 0.68
Tetanus 0.1 IU/mL’ 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0(-49.3,4.3) - 100 (16); (79.4, 100)? 100 (147); (97.5, 100)? 0(-19.5, 2.6)° -
PT 25 IU/mL 100 (4); (39.8, 100) 89.7 (78); (81.3, 95.2) 10.5 (-39.3, 18.6) 1 31.0 (9); (15.2, 50.8) 29.9 (83); (24.5, 35.6) 1.2 (-13.9, 20.2) 0.62
Hib 0.15 pg/mL 100 (4); (39.8, 100) 74.7 (65); (64.3, 83.4) 25.3 (-24.8, 35.4) 0.05 81.3 (13); (54.4; 96.0)>  76.2 (112); (68.5, 82.8)° 5.1 (-20.1, 19.9)° 0.362
Polio type 1 0.23 IU/mL 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0 (-49.3,4.3) - 100 (29); (88.1, 100) 100 (278); (98.7, 100) 0(-11.7,1.4) -
Polio type 2 0.29 IU/mL 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0(-49.3,4.3) - 100 (29); (88.1, 100) 99.6 (277); (98.0; 100) 0.4 (-11.74, 2.0) 0.49
Polio type 3 0.12 IU/mL 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0(-49.3,4.3) - 100 (29); (88.1, 100) 100 (278); (98.7, 100) 0(-11.7,1.4) -
Pn 1 0.35 pg/mL 100 (4); (39.8, 100) 96.6 (84); (90.3, 99.3) 3.4 (-46.0,9.7) 1 93.1 (27); (77.2, 99.2) 93.9 (261); (90.4, 96.4) -0.8 (-16.0, 5.5) 0.35
Pn 3 0.35 pg/mL 100 (4); (39.8, 100) 98.9 (86); (93.8, 100) 1.1(-48.2,6.3) 1 79.3 (23); (58.9, 90.4) 68.7 (191); (62.9, 74.1) 10.6 (-7.9, 23.1) 0.90
Pn 4 0.35 pg/mL 75.0 (3); (19.4,99.4) 69.0 (60); (58.1, 78.5) 6.0 (-40.4, 30.1) 0.65 17.2 (5); (5.5, 33.7) 23.4 (65); (18.5, 28.8) -6.1(-17.4,11.8) 0.68
Pn5 0.35 pg/mL 100 (4); (39.8, 100) 97.7 (85); (91.9, 99.7) 2.3(-47.1, 8.0) 1 93.1 (27); (77.2, 99.2) 86.3 (240); (81.7, 90.1) 6.8 (-8.7,13.9) 0.24
Pn 6A 0.35 pg/mL 100 (4); (39.8, 100) 97.7 (85); (91.9, 99.7) 2.3(-47.1, 8.0) 1 82.8 (24); (64.2,94.2) 87.1 (242); (82.5, 90.8) -4.3 (-22.0, 6.5) 0.51
Pn 6B 0.35 pg/mL 75.0 (3); (19.4,99.4) 89.7 (78); (81.3, 95.2) -14.7 (-60.3, 7.7) 0.10 65.5 (19); (45.7, 82.1) 64.0 (178); (58.1, 69.7) 1.5(-17.6, 17.3) 0.12
Pn 7F 0.35 pg/mL 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0(-49.3,4.3) - 100 (29); (88.1, 100) 99.3 (276), (97.4, 99.9) 0.7 (-11.0, 2.6) 1
Pn 9V 0.35 pg/mL 100 (4); (39.8, 100) 97.7 (85); (91.9, 99.7) 2.3(-47.1, 8.0) 1 82.8 (24); (64.2,94.2) 75.2 (209); (69.7, 80.1) 7.6 (-10.4, 18.9) 0.18
Pn 14 0.35 pg/mL 100 (4); (39.8, 100) 90.8 (79); (82.7, 95.9) 9.2 (-40.4, 17.2) 1 86.2 (25); (68.3, 96.1) 86.3 (240); (81.7, 90.1) -0.1 (-17.3, 9.5) 0.51
Pn 18C 0.35 pg/mL 75.0 (3); (19.4, 99.4) 96.6 (84); (90.3, 99.3) -21.6 (-66.9, 0.3) 0.28 72.4 (21), (52.8, 87.3) 77.3 (215); (72.0, 82.1) -4.9 (-23.7,9.2) 0.66
Pn 19A 0.35 pg/mL 75.0 (3); (19.4,99.4) 94.3 (82); (87.1, 98.1) -19.3 (-64.7, 2.4) 0.24 51.7 (15), (32.5, 70.6) 49.6 (138); (43.6, 55.7) 2.0 (-16.3, 20.1) 0.42
Pn 19F 0.35 pg/mL 100 (4); (39.8, 100) 100 (87); (95.8, 100) 0(-49.3,4.3) - 100 (29); (88.1, 100) 99.3 (276); (97.4, 99.9) 0.7 (-11, 2.6) 0.50
Pn 23F 0.35 pg/mL 100 (4); (39.8, 100) 93.1 (81); (85.6, 97.4) 6.9 (-42.6, 14.3) 0.68 51.7 (15), (32.5, 70.6) 62.2 (173), (56.2, 68.0) -10.5 (-28.8, 7.5) 0.64
Antibodies to 12-month vaccines
measured 13 months of age
Antibiotics No antibiotics Difference Two-sided
(n=13) (n=131) % (95% ClI) p-value
% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 100 (13); (75.3, 100) 97.7 (128); (93.5, 99.5) 2.3(-20.7, 6.5) 0.12
Mumps 45 [U/mL 46.2 (6); (19.2, 74.9) 61.8 (81); (52.9,70.2) -15.7 (-40.4, 10.7) 0.74
Rubella 10 IU/mL 76.9 (10); (46.2, 95.0) 87.8 (115); (80.9, 92.9) -10.9 (-81.8, 8.5) 0.09
MenC 2 pg/mL 100 (13); (75.3, 100) 98.5 (129); (94.6, 99.8) 0.8(-21.4,5.4) 0.49
Hib 0.15 pg/mL 100 (13); (75.3, 100) 98.5 (128); (94.5, 99.8) 1.5(-20.2, 5.5) 1
Tetanus 0.01 IU/mL 100 (13); (75.3, 100) 100 (131); (97.2, 100) 0(-22.9, 2.9) -

10.01 IU/mL at 13 months of age

2 includes only participants who have not had Hib-MenC

Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin
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Table 3.12 GMCs and GMRs at 7 and 13 months of age in infants who did or did not received antibiotics before their 6-weeks immunisation

Antibodies to primary course of vaccines ending at 6 months of age
measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age
measured at 13 months of age

Vaccine Antibiotics No antibiotics Unadjusted Two- Adjusted* Two- Antibiotics No antibiotics Unadjusted Two- Adjusted** Two-
antigen (n=4) (n=87) GMR (95% CI) sided GMR (95% Cl) sided (n=29) (n=278) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p- GMC (95% Cl) GMC (95% Cl) p- p-
value value value value
Diphtheria’ 0.17 (0.07, 2.55) 0.40 (0.34, 0.47) 1.04 (0.47, 2.29) 0.92 0.91(0.44, 1.89) 0.80 0.10 (0.07, 0.16) 0.08 (0.07, 0.08) 1.36 (0.92, 2.01) 0.12 1.30(0.91,1.86) 0.15
Tetanus' 1.44 (0.84, 2.46) 1.10 (0.94, 1.27) 1.31 (0.65, 2.66) 0.45 1.34(0.67,2.70) 0.40 0.42 (0.20, 0.87)° 0.44 (0.37, 0.53)° 0.96 (0.53,1.74)° 0.88% 1.06 (0.60, 1.85)° 0.85°
PT! 82.19 (17.30, 390.41) 69.57 (58,71, 82.44) 1.18 (0.52, 2.67) 0.69 1.20(0.56, 2.57) 0.63 | 18.99 (12.76, 28.26) 17.23 (15.29, 19.42) 1.10 (0.74, 1.63) 0.63 1.03(0.72,1.48) 0.87
FHA' 74.62 (14.35, 388.01) 63.27 (53.15, 75.32) 1.18 (0.51, 2.73) 0.70 1.15(0.52, 2.51) 0.73 | 23.54 (16.90, 32.79) 18.46 (16.47, 20.69) 1.28 (0.88, 1.84) 0.19 1.18(0.83,1.68) 0.35
PRN' 80.66 (10.03, 648.31) 59.69 (48.75, 73.09) 1.35 (0.51, 3.60) 0.54 1.33(0.49, 3.58) 0.57 | 16.22(10.20, 25.77) 11.58 (10.04, 13.35) 1.40 (0.88, 2.23) 0.15 1.37(0.88,2.14) 0.16
Hib? 1.14 (0.17,7.71) 0.49 (0.35, 0.69) 2.31(0.47,11.38) 0.30 1.86(0.35, 1.26) 0.42 0.97 (0.28, 3.34)° 1.14 (0.78, 1.66)° 0.85(0.26,2.08)° 0.79° 0.96 (0.39, 2.37)° 0.93°
Polio type 1° 31.38 (1.99, 495.32) 34.77 (27.98, 43.19) 0.90 (0.31, 2.62) 0.85 0.83(0.28,2.49) 0.74 8.57 (5.54, 13.27) 11.59 (10.07, 13.13) 0.75 (0.48, 1.15) 0.18 0.72(0.47,1.10) 0.12
Polio type 2' 43.69 (1.68, 1134.3) 64.05 (51.63, 79.47) 0.68 (0.23, 2.00) 0.48 0.76 (0.26, 2.24) 0.62 14.61 (9.74, 21.93) 22.50 (19.34, 26.18) 0.65 (0.40, 1.06) 0.08 0.63(0.39,1.01) 0.06
Polio type 3' 15.87 (1.23, 204.86) 21.73 (17.20, 27.46) 0.73(0.22, 2.27) 0.58 0.75(0.23, 2.40) 0.62 6.68 (4.33, 10.32) 9.16 (7.84, 10.71) 0.73 (0.44, 1.20) 0.31 0.76 (0.47,1.24) 0.27
Pn 12 6.93 (1.41, 33.92) 4.28 (3.44,5.32) 1.62 (0.57, 4.57) 0.36  1.32(0.51, 3.47) 0.56 1.16 (0.78, 1.72) 1.17 (1.06, 1.29) 0.99 (0.71, 1.38) 0.95 0.99(0.71,1.38) 0.97
Pn 32 1.65 (0.30, 9.00) 1.42 (1.24, 1.64) 1.16 (0.58, 2.30) 0.67 1.06 (0.53,2.14) 0.87 0.54 (0.39, 0.75) 0.54 (0.49, 0.59) 1.00 (0.74, 1.37) 0.99 1.01(0.74,1.37) 0.95
Pn 42 0.66 (0.21, 2.06) 0.51(0.43, 0.61) 1.29 (0.55, 3.03) 0.56 1.19(0.52,2.71) 0.68 0.20 (0.15, 0.25) 0.22 (0.20, 0.23) 0.91 (0.70, 1.18) 0.48 0.93(0.71,1.19) 0.53
Pn 52 6.62 (1.81, 24.21) 3.05 (2.52, 3.70) 2.17 (0.87, 5.44) 0.10 1.75(0.72, 4.25) 0.21 0.93 (0.65, 1.33) 0.92 (0.82, 1.03) 1.01 (0.71, 1.44) 0.96 0.98(0.69,1.39) 0.90
Pn 6A2 4.16 (0.77, 22.60) 4.85 (4.04, 5.82) 0.86 (0.36, 2.07) 0.73 0.73(0.32, 1.65) 0.44 0.90 (0.58, 1.40) 1.01 (0.90, 1.14) 0.89 (0.61, 1.30) 0.55 0.85(0.59,1.23) 0.39
Pn 6B2 2.19 (0.03, 163.57) 1.90 (1.39, 2.60) 1.15 (0.25, 5.39) 0.86 0.93(2.04,4.19) 0.92 0.52 (0.31, 0.88) 0.52 (0.45, 0.59) 1.01 (0.64, 1.58) 0.97 0.97 (0.62,1.50) 0.88
Pn 7F?2 8.85 (2.69, 29.18) 6.03 (5.11,7.11) 1.47 (0.67, 3.23) 0.34 1.36(0.65, 2.84) 0.40 1.89 (1.33, 2.69) 1.88 (1.72, 2.05) 1.01 (0.75, 1.36) 0.95 0.97(0.73,1.30) 0.85
Pn 9Vv2 3.50 (1.18, 10.40) 2.42 (2.02, 2.90) 1.45 (0.61, 3.42) 0.39 1.17 (0.53, 2.56) 0.69 0.63 (0.46, 0.85) 0.60 (0.54, 0.66) 1.05 (0.75, 1.47) 0.77 1.03(0.74,1.44) 0.84
Pn 142 3.71(0.42, 32.35) 2.63(2.01, 3.43) 1.41 (0.39, 5.04) 0.59 1.28(0.35,4.64) 0.70 1.11 (0.66, 1.88) 1.04 (0.93, 1.17) 1.07 (0.72, 1.58) 0.75 1.05(0.71,1.56) 0.79
Pn 18C? 2.87 (0.29, 28.05) 2.94 (2.42, 3.58) 0.98 (0.38, 2.55) 0.96 0.87(0.34, 2.28) 0.78 0.64 (0.44, 0.92) 0.65 (0.59, 0.72) 0.97 (0.71, 1.35) 0.88 0.95(0.69,1.30) 0.74
Pn 19A2 4.01 (0.27, 58,78) 1.65 (1.37, 2.00) 2.43 (0.94, 6.28) 0.07 2.04 (0.80, 5.22) 0.14 0.45 (0.28, 0.72) 0.45 (0.40, 0.54) 0.96 (0.58, 1.59) 0.88 0.98(0.59,1.60) 0.92
Pn 19F?2 20.83 (2.54, 171.12) 11.22 (9.34, 13.48) 1.86 (0.76, 4.54) 0.17 1.60(0.68, 3.76) 0.28 3.11(2.01, 4.81) 3.11 (2.74, 3.52) 1.00 (0.66, 1.51) 1.00 0.98(0.65,1.48) 0.94
Pn 23F?2 6.71 (0.80, 56.00) 2.23(1.76, 2.82) 3.02 (0.97, 9.37) 0.06 2.40(0.81,7.13) 0.11 0.44 (0.26, 0.73) 0.58 (0.50, 0.67) 0.75 (0.46, 1.21) 0.24 0.72(0.45,1.16) 0.18
Antibodies to 12-month vaccines
measured 13 months of age
Antibiotics No antibiotics Unadjusted Two- Adjusted* Two-
(n=13) (n=131) GMR (95% Cl) sided GMR (95% Cl) sided
GMC (95% Cl) GMC (95% Cl) p- p-
value value
Measles' 2.00 (1.08, 3.72) 3.16 (2.61, 3.82) 0.63 (0.34, 1.18) 0.15 0.65(0.34,1.26) 0.20
Mumps' 36.46 (18.28, 72.72) 60.93 (48.48, 76.58) 0.60 (0.28, 1.27) 0.18 1.28(0.66,2.48) 0.47
Rubella’ 21.73 (11.24, 42.02) 57.22 (44.95, 72.84) 0.38 (0.17, 0.84) 0.02 0.73(0.37,1.44) 0.36
MenC? 20.17 (13.26, 30.68) 17.37 (15.06, 20.05) 1.16 (0.73, 1.86) 0.53 0.98(0.61,1.60) 0.95
Hib? 14.33 (4.53, 45.34) 15.54 (11.94, 20.24) 0.92 (0.38, 2.26) 0.86 0.95(0.38,2.38) 0.92
Tetanus' 1.40 (0.62, 3.15) 0.96 (0.78, 1.18) 1.46 (0.74, 2.89) 0.28 1.30(0.63,2.69) 0.48
"IU/ml 2pg/ml 3includes only participants who have not had Hib-MenC

*adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG immunisation status, age at first DTPa-HepB-IPV-Hib / PCV13
immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

**adjusted for maternal dTpa (diphtheria-tetanus-acellular pertussis) and trivalent influenza vaccine during pregnancy, gestational age, sex, BCG and MMR immunisation status, age at first DTPa-HepB-IPV-Hib /

PCV13 immunisation, age at sampling and time between immunisation and sampling using multiple linear regression

BCG = Bacillus Calmette-Guérin, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type b, MMR =
measles-mumps-rubella, MenC = meningococcus C, Pn = pneumococcal serotype, PRN = pertactin, PT = pertussis toxin
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Figure 3.1 Seroprotection rates and geometric mean antibody concentrations (GMCs) in infants born vaginally or by Caesarean section
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Figure 3.2 Seroprotection rates and GMCs infants who did or did not receive formula milk before discharge from birth
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Figure 3.3 Seroprotection rates and GMCs in infants who were or were not still breastfed at 1 month of age
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Figure 3.4 Seroprotection rates and GMCs in infants who were or were not still breastfed at 6 months of age
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Figure 3.5 Seroprotection rates and GMCs in infants whose mothers did or did not receive antibiotics during delivery
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Figure 3.6 Seroprotection rates and GMCs in infants who did or did not receive antibiotics before their 6-weeks immunisation
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CHAPTER 4. THE INFLUENCE OF NEONATAL BACILLUS CALMETTE-GUERIN (BCG) IMMUNSATION
ON HETEROLGOUS VACCINE RESPONSES IN INFANTS

4.1 SYSTEMATIC REVIEW

This literature review was done and published while our study on the influence of BCG at birth on
heterologous vaccine responses in infants was being designed. It summarises studies that have
investigated the influence of previous or co-administered BCG on heterologous vaccine antibody

responses in children and adults.
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Introduction: Bacillus Calmette-Guérin vaccine (BCG), one of the most widely used vaccines, does not
only provide protection against tuberculosis and other mycobacterial infections, but also has non-
specific (heterologous) immunomodulatory effects. In participants in a randomised trial, we investigated
the effect of neonatal BCG immunisation on antibody responses to routine infant vaccines given in the
first year of life.
Methods: Antibodies against antigens in the diphtheria, tetanus, pertussis, polio, Haemophilus influenzae
type b (Hib), and the 13-valent pneumococcal conjugate vaccines were measured in 91 (45 BCG-
vaccinated, 46 BCG-naive) infants one month after, and in 310 (169 BCG-vaccinated, 141 BCG-naive)
infants seven months after immunisation at 6 weeks, 4 and 6 months of age. In addition, antibodies
against meningococcus C, Hib, measles, mumps, and rubella were measured in 147 (78 BCG-
vaccinated, 69 BCG-naive) infants one month after immunisation at 12 months of age. The seroprotection
rates for each vaccine and the geometric mean concentrations (GMC) of antibodies were compared in
BCG-vaccinated and BCG-naive infants.
Results: At 7 months of age, seroprotection rates were high in both BCG-vaccinated and BCG-naive
infants. At 13 months of age, seroprotection rates were lower than at 7 months of age, particularly for
pertussis and a number of pneumococcal antigens, with generally higher rates for the latter in BCG-
vaccinated infants. Although not statistically significant, antibody responses in BCG-vaccinated infants
were consistently higher against diphtheria, tetanus, and pneumococcal antigens at both 7 and
13 months of age, and against measles and mumps at 13 months of age, but were lower against Hib
one month after immunisation at both 7 and 13 months of age.
Conclusion: The immunomodulatory effect of BCG on antibody responses to heterologous vaccines adds
to the evidence that BCG immunisation at birth has broad heterologous effects on the infant immune
system.
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Bacillus Calmette-Guérin (BCG) vaccine, is given to over 160
million infants each year, making it one of the most widely used
vaccines worldwide. The vaccine is primarily considered to protect
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against tuberculosis (TB), particularly infant TB [1,2] and other
mycobacterial infections [3]. However, BCG has powerful non-
specific (heterologous) immunomodulatory effects, which are of
particular importance for the early development of the immune
system [4,5]. Randomised trials have shown that BCG reduces
childhood mortality from causes other than TB by approximately
one quarter in developed countries [6] and by approximately half
in high-mortality settings [7-9]. The reduced mortality is attribu-
ted to decreased deaths from pneumonia, sepsis and diarrhoea
[7,10,11]. Additionally, BCG immunisation is reported to decrease
hospitalisation rates due to non-TB respiratory infections and sep-
sis [12,13]. Moreover, the immunomodulatory effects of BCG might
decrease the risk for atopic dermatitis [14] and allergies [15]; are
proposed to beneficial in the treatment of multiple sclerosis [16]
and diabetes mellitus [17]; and are used in the prevention and
treatment of bladder cancer [18], melanoma [19], and leukaemia
[20].

The immunomodulatory effects of BCG also influence responses
to heterologous immunisations [21]|. Previous or concurrent
administration of BCG with other vaccines has been associated
with significantly higher concentrations of antibodies against hep-
atitis B (HepB), polio, pneumococcus and influenza [22-26], but
not with altered antibody responses to diphtheria, tetanus, pertus-
sis, Haemophilus influenzae type b (Hib) and typhoid [23,24,27,28].
One study reported lower antibodies concentrations against HepB
in infants who were vaccinated with BCG compared to BCG-naive
infants [23].

Using samples from participants in a randomised trial, we
investigated the effect of BCG immunisation at birth on humoral
responses to routine infant immunisations given in the first year
of life.

2. Methods
2.1. Study design and population

Participants were a subset of infants from The Melbourne Infant
Study: BCG for Allergy and Infection Reduction (MIS BAIR). This
randomised trial comprises 1272 healthy infants recruited antena-
tally from 2013 to 2016 to investigate whether BCG immunisation
at birth protects against childhood infection, allergy and asthma.
Inclusion criteria were: greater than 32 weeks gestation, birth
weight greater than 1500 g, mother not HIV positive, absence of
symptoms or signs of illness, and no known contact with TB. Twins
of participants were excluded, as they were not considered inde-
pendent. Three-monthly parent questionnaires were used to
prospectively collect demographic and other data.

2.2. Intervention

Infants in MIS BAIR were randomised within 10 days of birth to
either receive BCG-Denmark (Statens Serum Institut, Copenhagen)
0.05 ml intradermally in the deltoid region of the left arm (BCG-
vaccinated) or no BCG (BCG-naive). The infants included in this
study were not randomised specifically for the measurement of
vaccine responses, but were a subset of the randomised
participants.

2.3. Routine immunisation

All infants received routine immunisations according to the
Australian National Immunisation Program: at birth: intramuscu-
lar HepB vaccine (H-B-Vax Il Paediatric® (bioCSL)); at 6 weeks,
4months and 6 months of age: intramuscular combined
diphtheria-tetanus-acellular pertussis (DTPa)-HepB-inactivated

polio (IPV)-Hib vaccine (Infanrix® hexa (GlaxoSmithKline)), intra-
muscular 13-valent conjugate pneumococcal vaccine (PCV13)
(Prevenar13® (Wyeth)), and oral rotavirus vaccine (RotaTeq®
(Merck)); at 12 months of age: subcutaneous measles-mumps-
rubella (MMR) vaccine (Priorix® (GlaxoSmithKline)) and intramus-
cular combined meningococcal C (MenC) and Hib vaccine
(Menitorix® (GlaxoSmithKline)). Vaccine records were obtained
from individual immunisation records and/or the Australian
Immunisation Register.

2.4. Blood collection

From the subset of participants whose parent/guardian pro-
vided consent, blood samples were collected at study visits one
month after the scheduled 6-month routine vaccines (‘7 months’)
and the scheduled 12-month routine vaccines (‘13 months’) in
tubes containing sodium-heparin (S-monovette® (Sarstedt)). Only
participants who had a blood sample taken 28 + 14 days after their
6-month and/or 12-month routine vaccinations were included in
the analysis of immediate post-vaccination responses. Plasma
was stored at —80 °C until analysis.

2.5. Antibody measurement

Plasma samples were analysed at the National Institute for
Health and Environment, in Bilthoven, the Netherlands.
Immunoglobulin (Ig) G antibodies were measured using fluores-
cent bead-based multiplex immune-assays (Luminex xXMAP tech-
nology) [29-34] against 26 vaccine antigens: (diphtheria, tetanus,
pertussis (pertussis toxin (PT), filamentous haemagglutinin
(FHA), pertactin (PRN)), polio (types 1, 2, 3), Hib, pneumococcus
(serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F),
meningococcus type C (MenC), measles, mumps and rubella). In
all assays, international or in-house reference controls and blanks
were included on each plate. All analyses were performed with a
Bio-Plex 200 in combination with Bio-Plex manager software
(Bio-Rad Laboratories, Hercules, CA).

2.6. Statistical analysis

The proportion of infants with an antibody concentration above
the standard protective correlate value for each vaccine was calcu-
lated (seroprotection rate) for the BCG-vaccinated and BCG-naive
groups [32,35,36]. The Clopper-Pearson method was used to esti-
mate the 95% confidence intervals (Cls) of the seroprotection rates.
For FHA and PRN, no accepted protective correlate value exists.
Proportions were compared using Fisher’s exact test and 95% con-
fidence interval (CI) for differences in proportions estimated. In
each group, the geometric mean concentration (GMC) for each vac-
cine antibody (IgG) was calculated. Geometric mean ratios (GMR)
with 95% CI were derived from the anti-logged coefficient using a
linear regression with log-concentrations as outcome and BCG
immunisation status as covariate. Effect modification was assessed
using the following pre-specified factors: maternal BCG immunisa-
tion status, maternal dTpa (Boostrix® (GlaxoSmithKline)) immuni-
sation in pregnancy, gestational age, delivery mode, sex, birth
weight, age at randomisation (pre-specified as<48h ver-
sus > 48 h), age at first DTPa-HepB-IPV-Hib/PCV13 vaccination,
MMR immunisation status (for responses at 13 months of age),
age at blood sampling and time between 6-month or 12-month
immunisation and blood sampling. The GMR for each vaccine anti-
gen was adjusted for those factors that both differed between
groups and had an effect on that vaccine antigen response. As
the Hib-MenC vaccine includes a tetanus toxoid (as carrier protein)
and a Hib component, infants who had received this vaccine before
blood sampling at 13 months of age were excluded from the
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analysis of persistence of antibodies against these two vaccine
antigens. A 5%-significance level was used. All statistical analyses
were done using R version 3.4.3.

2.7. Ethics

Informed consent was obtained from participants’ parents or
legal guardians. The study was approved by the Royal Children’s
Hospital Human Research Ethics Committee (HREC, authorisation
(33025). MIS BAIR is registered with the Australia & New Zealand
Clinical Trials Registry (1051228) and the U.S. National Institutes
of Health (NCT01906853).

3. Results

Of the 471 potentially eligible participants, seven were
excluded because they were a twin of another participant, four
because they were not vaccinated according to the standard sched-
ule, one because he received BCG outside the study and one
because vaccine records were not available (Fig. 1). Of the remain-
ing participants, 90 were excluded because their blood samples
were not taken 28 + 14 days after their 6-month and 12-month
routine vaccines. For the final analysis, at 7 months of age, 91 (45
BCG-vaccinated and 46 BCG-naive) participants were included for

measurement of antibodies following their primary course of vac-
cines ending at 6 months of age. At 13 months of age, 147 (78 BCG-
vaccinated and 69 BCG-naive) were included for measurement of
antibodies following their 12-month vaccines. In addition, at
13 months of age, a total of 310 (169 BCG-vaccinated and 141
BCG-naive) participants had their samples analysed for persistence
of antibodies following their primary course of vaccines. For these
participants, blood was taken 7 months * 23 days after their 6-
month vaccinations. Baseline characteristics of participants are
summarised in Table 1.

3.1. The effect of BCG immunisation on seroprotection rates

One month after immunisation, the large majority of infants
had antibody concentrations above the standard protective corre-
late, except for Hib and pneumococcus serotype 4 at 7 months of
age, and mumps at 13 months of age. In contrast, at 13 months
of age, for immunisations given in the first 6 months, a high pro-
portion of infants did not have antibody concentrations above
the protective correlate, particularly for PT and pneumococcus ser-
otype 4 (Table 2). There was no consistent difference in seroprotec-
tion rates between BCG-vaccinated and BCG-naive infants at either
7 or 13 months of age. Although there was a suggestion of higher
seroprotection rates in BCG-vaccinated infants for some

Total
participants
n=471
Twin of another participant n=7
Not vaccinated according to schedule n=4
— < ;
Vaccine records not available n=1
Received BCG outside study n=1
n=458
R Blood not taken in correct time frame
after vaccination n=90
n=368

| Blood taken at 7 months of age* |

Response to 6-month vaccinations
n=91

N

BCG-vaccinated BCG-naive
n=45 n=46

| Blood taken at 13 months of age* |

Response to 6-month vaccinations
n=310

N

BCG-vaccinated BCG-naive
n=169 n=141

Response to 12-month vaccinations
n=147

N

BCG-vaccinated BCG-naive
n=78 n=69

* 33 participants had their blood analysed at both 7 and 13 months of age

Fig. 1. Selection of participants.



Table 1

Characteristics of participants.

Samples at 7 months of age for antibodies

Samples at 13 months of age for persistence of

antibodies

Samples at 13 months of age for antibodies

to primary course of vaccines
ending at 6 months of age

to primary course of vaccines
ending at 6 months of age

to 12-month vaccines

BCG-vaccinated BCG-naive p-value BCG-vaccinated BCG-naive p-value BCG-vaccinated BCG-naive p-value
(n=45) (n=46) (n=169) (n=141) (n=78) (n=69)
n (%) or n (%) or n (%) or n (%) or n (%) or n (%) or
median (IQR) median (IQR) median (IQR) median (IQR) median (IQR) median (IQR)
Mother BCG-vaccinated 13 (30)' 9 (21)* 0.48 35 (22)° 30 (22)* 0.92 22 (29)° 12 (18)? 0.24
Maternal dTpa in pregnancy 18 (40) 28 (61) 0.25 85 (50) 61 (43) 0.46 39 (50) 30 (43) 0.63
Gestational age (weeks) 39.1 (38.5-40.4) 40.0 (38.7-40.5) 0.46 39.4 (38.5-40.3) 39.2 (38.3-40.3) 0.25 39.4 (38.5-40.5) 39.2 (38.3-40.3) 0.23
Caesarean section 21 (47) 14 (30) 0.29 62 (37) 55 (39) 0.78 27 (35) 27 (39) 0.70
Sex (male) 20 (44) 23 (50) 0.75 79 (47) 72 (51) 0.66 36 (46) 36 (52) 0.67
Birth weight (kg) 3.44 (3.06-3.62) 3.49 (3.22-3.81) 0.44 3.46 (3.14-3.79) 3.42 (3.12-3.75) 0.27 3.45 (3.13-3.68) 3.36 (3.14-3.64) 0.48
Age at randomisation (hours) 33.5 (20.4-53.7) 31.1 (19.6-58.1) 0.87 26.2 (17.3-51.1) 25.6 (19.3-56.3) 0.31 24.9 (16.9-47.8) 26.5 (19.6-50.8) 0.32
MMR/Hib-MenC-vaccinated - - 110 (65) 110 (71) 0.30 78 (100) 69(100) 1
Age at routine immunisation (days)
— 6-week vaccines 44 (42-48) 45 (43-47)° 0.94 46 (43-50) 45 (43-49) 0.94 45 (43-48) 45 (43-48) 0.77
— 4-month vaccines 123 (118-128) 123 (115-126) 0.16 125 (120-133) 124 (121-131) 0.12 124 (119-132) 124 (122-130) 0.71
— 6-month vaccines 188 (183-194) 186 (178-193) 0.12 191 (185-208) 191 (184-200) 0.07 190 (184-207) 190 (185-197) 0.14
— 12-month vaccines - - 377 (371-385) 374 (368-381) 0.37 377 (370-385) 374 (368-381) 0.09
Interval between (days)
— 6-month vaccines to 7-month blood sample 30 (24-36) 26 (20-38) 0.40 - - - -
— 6-month vaccines to 13-month blood sample - - 209 (189-223) 210 (191-227) 0.05 - -
— 12-month vaccines to 13-month blood sample - - - - 30 (24-35) 27 (21-37) 0.45
Age at blood sampling (days) 222 (210-227) 216 (206-226) 0.05 402 (386-416) 400 (389-418) 0.24 409 (399-415) 402 (394-412) 0.07

p-values were determined by t-test for continuous variables and Pearson’s Chi-squared test for categorical variables.
BCG = Bacille Calmette-Guérin vaccine, dTpa = diphtheria-tetanus-acellular pertussis vaccine.

1
2
3
4
5
6

1 mother with unknown BCG status.
3 mothers with unknown BCG status.
7 mothers with unknown BCG status.
6 mothers with unknown BCG status.
2 mothers with unknown BCG status.
Date not available for 1 participant.
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Table 2

Seroprotection rates in participants at 7 and 13 months of age.

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine antigen Protective correlate BCG-vaccinated BCG-naive Difference p-value BCG-vaccinated BCG-naive Difference p-value
(n=45) (n=46) % (95% CI) (n=169) (n=141) % (95% CI)
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)

Diphtheria 0.1 1U/mL’ 100 (45); (92.1, 100) 93.5 (43); (82.1, 98.6) 6.5(-1.7,17.6) 0.24 98.8 (167); (95.6, 99.9) 97.9 (138); (93.9, 99.6) 0.9 (-2.3,5.0) 0.66
Tetanus 0.11U/mL! 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) - 100 (93); (96.1, 100) 100 (73); (95.0, 100)° 0 (-4.0, 5.0 -
PT 25 IU/mL 88.9 (40); (75.9, 96.3) 91.3 (42); (79.2, 97.8) -24(-162,11.0) 0.74 302 (51); (23.4, 37.7) 30.5 (43); (23.0, 38.8) -0.3(-10.7,9.9) 1
Hib 0.15 pg/mL 71.1 (32); (55.7, 83.6) 80.4 (37); (66.1, 90.6) -9.3(-26.9, 8.5) 0.34 73.1 (68); (62.9, 81.8) 80.8 (59); (70.0, 89.1)° ~7.7 (-203, 5.5)° 0.27
Polio type 1 0.23 IU/mL 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) 100 (169); (97.8, 100) 100 (141); (97.4, 100) 0(-22,26) -
Polio type 2 0.29 1U/mL 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) - 99.4 (168); (96.7, 100) 100 (141); (97.4, 100) ~0.6(-3.3,2.1) 1
Polio type 3 0.12 IU/mL 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) - 100 (169); (97.8, 100) 100 (141); (97.4, 100) 0(-22,2.6) -
Pn1 0.35 pg/mL 97.8 (44); (88.2,99.9) 95.7 (44); (85.2,99.5) 2.0(-7.8,12.7) 1 92.3 (156); (87.2, 95.8) 95.0 (134); (90.0, 98.0) —2.7 (-85,3.1) 0.36
Pn3 0.35 pg/mL 97.8 (44); (88.2, 99.9) 100 (46); (92.2, 100) ~22(-116,5.7) 0.49 71.6 (121); (64.2, 78.3) 67.4 (95); (59.0, 75.0) 42 (-6.0, 14.6) 0.46
Pn 4 0.35 pg/mL 77.8 (35); (62.9, 88.8) 60.9 (28); (45.4, 74.9) 16.9 (-2.2, 35.0) 0.11 26.0 (44); (19.6, 33.3) 19.9 (28); (13.6, 27.4) 6.2(-3.3,154) 0.23
Pn5 0.35 pg/mL 97.8 (44); (88.2,99.9) 97.8 (45); (88.5,99.9) 0(-9.7,94) 1 87.0 (147); (81.0,91.7) 87.2 (123); (80.6, 92.3) -0.3(-7.8,7.6) 1
Pn 6A 0.35 pg/mL 100 (45); (0.92, 100) 95.7 (44); (0.85, 99.5) 43(-3.8,146) 0.49 87.6 (148); (81.6, 92.1) 85.1 (85); (78.1, 90.5) 2.5 (-5.2, 10.5) 0.62
Pn 6B 0.35 pg/mL 91.1 (41); (78.8, 97.5) 87.0 (40); (73.7,95.1) 2(-9.7,18.3) 0.74 67.5 (114); (59.8, 74.5) 60.3 (120); (51.7, 68.4) 2 (-3.5,17.9) 0.19
Pn 7F 0.35 pg/mL 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) - 100 (169); (97.8, 100) 98.6 (139); (95.0, 99.8) 1.4 (-0.8,5.0) 0.21
Pn 9V 0.35 pg/mL 100 (45); (92.1, 100) 95.7 (44); (85.2, 99.5) 43 (-3.8,14.6) 0.49 78.1 (132); (71.1, 84.1) 73.0 (103); (64.9, 80.2) 5.1 (—4.5, 14.8) 0.35
Pn 14 0.35 pg/mL 91.1 (41); (78.8, 97.5) 91.3 (42); (79.2, 97.6) ~02(-13.4,129) 1 86.4 (146); (80.3,91.2) 86.5 (122); (79.8,91.7) ~0.1(-7.8,7.8) 1
Pn 18C 0.35 pg/mL 97.8 (44); (88.2,99.9) 93.5 (43); (82.1, 98.6) 4.3 (-5.9,15.7) 0.62 75.7 (128); (68.6, 82.0) 78.0 (110); (70.3, 84.5) -23(-116,7.3) 0.69
Pn 19A 0.35 pg/mL 95.6 (43); (84.9, 99.5) 91.3 (42); (79.2, 97.6) 43(-7.4,16.7) 0.68 53.3 (90); (45.4, 61.0) 46.1 (65); (37.7, 54.7) 7.2 (-4.0, 18.2) 0.25
Pn 19F 0.35 pg/mL 100 (45); (92.1, 100) 100 (46); (92.2, 100) 0(-7.9,7.8) - 98.8 (167); (95.8, 99.9) 100 (141); (97.4, 100) ~12(-42,15) 0.50
Pn 23F 0.35 pg/mL 95.6 (43); (84.9, 99.5) 91.3 (42); (79.2, 97.6) 43 (-7.4,16.7) 0.68 64.5 (109); (56.8, 71.7) 57.4 (81); (48.8,65.7) 1(-3.8,17.8) 0.24

Antibodies to 12-month vaccines measured at 13 months of age

BCG-vaccinated BCG-naive Difference p-value

(n=78) (n=69) % (95% CI)

% (n); (95% CI) % (n); (95% CI)
Measles 0.12 IU/mL 98.7 (77); (93.1, 100) 97.1 (67); (89.9, 99.6) 1.6 (—4.4, 8.8) 0.60
Mumps 45 IU/mL 65.4 (51); (53.8,75.8) 56.5 (39); (44.0, 68.4) 8.9 (-6.9, 24.4) 0.31
Rubella 10 IU/mL 88.5 (69); (79.2, 94.6) 85.5 (59); (75.0, 92.8) 3.0(-8.2,14.7) 0.66
MenC 2 pg/mL 98.7 (77); (93.1, 100) 98.6 (68); (92.2, 100) 0.2 (-5.6, 6.6) 1
Hib 0.15 pg/mL 98.7 (77); (92.1, 100) 98.6 (68); (92.2, 100) 0.2 (-5.6, 6.6) 1
Tetanus 0.01 [U/mL 93.6 (73); (85.7, 97.9) 95.7 (66); (87.8,99.1) —2.1(-10.5, 6.5) 0.72

BCG = Bacille Calmette-Guérin vaccine, Cl =
10.01 IU/mL at 13 months of age.

2 Only participants who had not had Hib-MenC.

confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcus serotype, PT = pertussis toxin.
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pneumococcal serotypes at 7 months of age and for mumps and
rubella at 13 months of age, these differences were not statistically
significant (Table 2, Fig. 2).

3.2. The effect of BCG immunisation on concentration of antibodies to
the primary course of vaccines

GMCs for antibodies to immunisations given in the first
6 months at 7 months of age and their persistence at 13 months
of age are shown in Tables 3 and Supplementary Data, Figs. 1-2.
After adjusting for pre-specified factors, GMRs were consistently
above one, indicating higher average antibody responses in BCG-
vaccinated infants, for diphtheria, tetanus and pneumococcal anti-
gens at both 7 months and 13 months, though these findings were
not statistically significant. In contrast, for pertussis and polio,
there was no consistent direction of change at both time points:
GMRs for pertussis antigens were mostly above one at both time
points; GMRs for polio antigens were below one for all three anti-
gens at 13 months of age (Table 3, Fig. 3).

3.3. The effect of BCG immunisation on concentration of antibodies to
the 12-month vaccines

GMCs at 13 months of age for antibodies to immunisations
given at 12 months of age in BCG-vaccinated and BCG-naive
infants are shown in Table 3 and Supplementary Data Fig. 3. After
adjustment for pre-specified factors, GMRs were above one in BCG-
vaccinated infants for measles and mumps (Table 3, Fig. 3). In con-
trast, the GMR for Hib at 13 months of age indicated a lower
response to this booster dose in BCG-vaccinated infants, consistent
with the finding at 7 months of age of a diminished response to the
primary course of Hib immunisations. These findings did not, how-
ever, reach statistically significance.

Difference in seroprotection rate (%)
o

-20 20

Diphtheria
Tetanus
PT

Hib

Polio type 1
Polio type 2
Polio type 3

Pn1

Pn3

3.4. Effect modifiers

Age at bleeding, time between immunisation and bleeding, and
maternal dTpa immunisation during pregnancy were the strongest
effect modifiers of infant vaccine responses. We also observed a
moderate effect of biological sex and gestational age on vaccine
responses, while maternal BCG status, age at randomisation, birth
weight and delivery mode had little effect.

3.5. Effect modification by ‘age at randomisation’

Seroprotection rates and GMCs/GMRs of infants randomised on
day 0-1 of life and those randomised on day 2-10 of life are shown
in Supplementary Data Tables 1-4 and in Supplementary Data
Fig. 4. In infants randomised on day 2-10, at 7 months of age,
BCG-vaccinated infants had significantly higher antibody
responses to pneumococcal serotype 9V, 19F and 23F compared
with BCG-naive infants (Supplementary Data Table 4). In infants
randomised on day 0-1, at 13 months of age, BCG-vaccinated
infants had significantly higher antibody responses (persistence
of antibodies) against tetanus compared with BCG-naive infants
(Supplementary Data Table 2).

Within the group of infants who were BCG-vaccinated, at
7 months of age, antibody concentrations against all 22 vaccine
antigens were higher in those randomised to BCG on day 2-10 of
life compared to those randomised on day 0-1 of life. This was sta-
tistically significant for pneumococcal serotype 9V (GMR 0.67, p-
value = 0.04) and 19A (GMR 0.50, p-value = 0.03) (Supplementary
Data Table 5). At 13 months of age, there was no apparent differ-
ence in GMRs between participants randomised to BCG on day
0-1 and those randomised on day 2-10 (Supplementary Data
Table 5).

Difference in seroprotection rate (%)
-20 -10 0 10 20
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Polio type 1 R
Polio type 2 »_|_4
Polio type 3 —
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Pn 6A
Pn 6B
Pn7F

Pnov
Pn 14

Pn18C

Pn 19A
Pn19C
Pn 23F
Mealses
Mumps
Rubella

MenC

Hib o EE—

Tetanus -

* only participants who had not had the Hib-MenC

Fig. 2. Differences with 95% CI in seroprotection rates for 26 vaccine antigens in participants at 7 (left panel) and 13 months (right panel) of age. A positive difference
indicates a higher seroprotection rate in BCG-vaccinated infants. In right panel, first 20 results relate to responses to primary course of vaccines ending at 6 months of age; last

6 results relate to responses to 12-month vaccines.



Table 3
Geometric mean antibody concentrations (GMCs) and geometric mean antibody ratios (GMRs) in participants at 7 and 13 months of age.

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age  Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine antigen BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value
(n=45) (n=46) GMR (95% CI) GMR (95% CI) (n=169) (n=141) GMR (95% CI) GMR (95% CI)
GMC (95% CI) GMC (95% CI) GMC (95% CI) GMC (95% CI)

Diphtheria' 0.47 (0.38, 0.58) 0.34 (0.26, 0.43) 1.40 (1.02, 1.92) 0.04 1.18 (0.87, 1.61)>“¢ 0.28 0.08 (0.07, 0.10) 0.07 (0.06, 0.08) 1.19 (0.95, 1.50) 0.14 1.16 (0.94, 1.43)>&"  0.17
Tetanus' 1.22 (1.01, 1.48) 1.01 (0.81, 1.26) 1.22 (091, 1.62) 0.18 1.23 (0.93, 1.64)e 0.14 0.48 (0.37, 0.63)° 0.39 (0.31, 0.50)° 1.24 (0.87,1.77)° 0.24 1.33 (0.95, 1.86)*" 0.10
PT! 77.68 (59.87, 100.80) 63.36 (51.12, 78.54) 1.23 (0.88, 1.71) 0.23 1.06 (0.78,1.45)>  0.70 17.81 (15.24,20.81) 17.13 (14.45, 20.30) 1.04 (0.83,1.31) 0.74 1.03 (0.83, 1.27)°¢ 0.80
FHA' 64.25 (50.50, 81.73) 63.23 (49.11, 81.42) 1.02 (0.72, 1.43) 0.93 0.91 (0.66, 1.26)"“° 0.58 19.77 (16.87, 23.17) 18.31 (15.82, 21.18) 1.08 (0.87, 1.34) 0.49 1.09 (0.88, 1.34)"¢" 0.43
PRN' 66.20 (51.24, 85.53) 55.38 (40.44, 75.82) 1.20 (0.80, 1.78) 0.38 1.05 (0.71, 1.56)°<" 0.79 12.54 (10.41, 15.11) 11.53 (9.42, 14.11) 1.09 (0.83, 1.43) 0.55 1.08 (0.83, 1.41)>¢"  0.54
Hib? 0.54 (0.32, 0.93) 0.48 (0.32, 0.72) 1.13 (0.58, 2.17) 0.72 0.92 (0.48, ]475)““ 0.80 1.05 (0.65, 1,69)° 1.22 (0.72, 2.05)° 0.86 (0.42, 1.75)° 0.68 1.06 (0.54, 2.08)>"  0.86
Polio type 1' 36.40 (27.76, 47.75) 32.94 (23.23, 46.70) 1.11(0.71, 1.71) 0.65 1.06 (0.69, 1.63)“"  0.80 10.47 (8.82,12.42) 11.98 (9.92, 14.47) 0.87 (0.68,1.13) 0.30 0.86 (0.67, 1.10)>™  0.22
Polio type 2' 65.26 (49.67, 85.75) 60.83 (42.60, 86.86) 1.07 (0.69, 1.67) 0.75 1.01 (0.65, 1.56)>"  0.97 19.72 (16.21, 24.00) 23.95 (19.51, 29.40) 0.82 (0.62, 1.09) 0.18 0.82 (0.62, 1.09)"" 0.17
Polio type 3! 20.20 (14.50, 28.14) 22.72 (16.22, 31.81) 0.89 (0.56, 1.42) 0.62 0.94 (0.60, 1.49)"  0.80 8.68 (7.09, 10.62)  9.18 (7.41,11.36)  0.95(0.71, 1.27) 0.71 0.92 (0.69, 1.23)><" 0,57
Pn 17 5.30 (4.16, 6.74) 3.62 (2.55,5.12) 1.47 (0.96, 2.23) 0.07 1.18 (0.79, 1.75)*¢" 0.42 1.23 (1.07, 1.42) 1.10 (0.96, 1.26) 1.12 (0.92, 1.36) 0.27 1.08 (0.89, 1.30)"%"  0.44
Pn 3? 1.47 (1.21, 1.79) 1.40 (1.14, 1.72) 1.05 (0.79, 1.40) 0.71 1.05 (0.79, 1.40) 0.71 0.57 (0.50, 0.65) 0.51 (0.45, 0.58) 1.12 (0.93,1.34) 0.23 1.07 (0.90, 1.28)" 043
Pn 4° 0.55 (0.44, 0.69) 0.48 (0.37, 0.63) 1.14 (0.80, 1.62) 0.45 1.02 (0.73, 1.44)>  0.89 0.23 (0.21, 0.26) 0.20 (0.18, 0.22) 1.14 (0.98, 1.33) 0.08 1.11 (0.96, 1.29)><™  0.16
Pn 5° 3.90 (3.07, 4.95) 2.57 (1.92, 3.44) 1.52 (1.05, 2.20) 0.03 1.28 (0.89, 1.83)*¢" 0.18 0.98 (0.85, 1.13) 0.85 (0.74, 0.99) 1.15(0.93, 1.41) 0.19 1.11 (0.91, 1.36)>#"  0.30
Pn 6A? 5.69 (4.65, 6.97) 4.09 (3.04, 5.48) 1.39 (0.98, 1.98) 0.07 1.21 (0.85, 1.72)>¢  0.29 1.07 (0.92, 1.25) 0.93 (0.78, 1.09) 1.16 (0.92, 1.45) 0.21 1.10 (0.90, 1.37)°¢"  0.35
Pn 6B? 2.39 (1.55, 3.68) 1.54 (0.97, 2.46) 1.55 (0.83, 2.89) 0.17 1.23 (0.66, 2.31)¢  0.51 0.56 (0.47, 0.67) 0.47 (0.39, 0.57) 1.19(0.92, 1.55) 0.19 1.16 (0.90, 1.49)°" 0.26
Pn 7F? 6.64 (5.35, 8.25) 5.67 (4.44,7.24) 1.17 (0.85, 1.62) 0.33 1.04 (0.75, 1.44)>¢  0.81 1.97 (1.75, 2.22) 1.76 (1.55, 2.01) 1.12 (0.94, 1.33) 0.20 1.08 (0.92, 1.28)>¢"  0.34
Pn 9V? 3.00 (2.47, 3.64) 2.03 (1.52, 2.70) 1.48 (1.05, 2.09) 0.03 1.25 (0.90, 1.75)*¢" 0.18 0.62 (0.55, 0.71) 0.57 (0.49, 0.66) 1.10(0.90, 1.33) 0.35 1.04 (0.86, 1.25)*™  0.69
Pn 14° 2.87 (1.92, 4.29) 2.48 (1.76, 3.51) 1.16 (0.69, 1.95) 0.58 1.16 (0.69, 1.95) 0.58 1.09 (0.93, 1.28) 1.00 (0.85, 1.17) 1.09 (0.87,1.37) 0.44 1.04 (0.83, 1.30)2™  0.74
Pn 18C? 3.11 (2.39, 4.05) 2.78 (2.07, 3.75) 1.12 (0.75, 1.65) 0.58 1.01 (0.69, 1.50)*  0.94 0.67 (0.59, 0.77) 0.62 (0.55, 0.71) 1.08 (0.89, 1.30) 0.43 1.04 (0.87, 1.24)°¢4  0.70
Pn 19A* 2.00 (1.47, 2.70) 1.49 (1.15, 1.92) 1.34 (091, 1.99) 0.14 1.25 (0.84, 1.85)>¢  0.27 0.49 (0.40, 0.61) 0.43 (0.34, 0.53) 1.16 (0.86, 1.56) 0.32 1.07 (0.81, 1.42)™ 0.64
Pn 19F° 1337 (10.29, 17.37) 9.97 (7.67,12.97) 1.34(0.93,1.93) 0.12 1.15 (0.80, 1.66)*¢  0.44 3.24 (2.73, 3.83) 2.93 (2.47, 3.47) 1.10 (0.87, 1.40) 0.42 1.04 (0.82,1.31)2"  0.75
Pn 23F° 2.96 (2.19, 4.00) 1.86 (1.29, 2.66) 1.59 (1.00, 2.54) 0.05 1.43 (0.90, 2.28)*  0.13 0.62 (0.51, 0.74) 0.51 (0.42, 0.62) 1.21 (092, 1.59) 0.17 1.15 (0.87, 1.50)>¢""  0.32

Antibodies to 12-month vaccines measured at 13 months of age
Vaccine antigen BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value

(n=178) (n=69) GMR (95% CI) GMR (95% CI)

GMC (95% CI) GMC (95% CI)
Measles' 3.34 (2.75, 4.06) 2.73 (2.01, 3.72) 1.22 (0.86, 1.74) 0.26 1.20 (0.84, 1.70)° 0.31
Mumps' 67.50 (50.13, 90.88) 52.81 (38.48, 72.49) 1.28 (0.83,1.97) 0.26 1.14 (0.80, 1.62)=" 047
Rubella’ 54.23 (40.61, 72.42) 52.56 (36.57, 75.53) 1.03 (0.65, 1.63) 0.89 0.90 (0.63, 1.27)" 0.54
MenC? 16.60 (13.43, 20.53) 17.81 (13.76, 23.05) 0.93 (0.67, 1.29) 0.67 0.94 (0.68, 1.30)*" 0.70
Hib? 13.71 (9.47,19.85) 18.39 (12.98, 26.06) 0.75 (0.45, 1.24) 0.26 0.72 (0.44, 1.19)°¢"  0.20
Tetanus' 0.95 (0.72, 1.25) 1.07 (0.81, 1.41) 0.89 (0.60, 1.31) 0.55 0.89 (0.60, 1.31) 0.55
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BCG = Bacille Calmette-Guérin vaccine, CI=confidence interval, FHA = filamentous haemagglutinin, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, Hib = H. influenzae type b,
MenC = meningococcus C, Pn = pneumococcus serotype, PT = pertussis toxin, PRN = pertactin.
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Fig. 3. GMRs with 95% CI for 26 vaccine antigens in participants at 7 and 13 months of age.

4. Discussion

BCG immunisation has heterologous effects on the infant
immune system [37]. It is a low-cost and readily available inter-
vention with a well-established safety profile. To date, only a few
studies have investigated the effect of previous or concurrent
administration of BCG on heterologous vaccines responses [21]. A
number of these studies have reported that BCG immunisation is
associated with increased vaccine responses to HepB, polio, pneu-
mococcus and influenza [23-26]. However, a recent study in Den-
mark found higher GMCs against pertussis and pneumococcus
(statistically significant for serotypes 9V, 18C and 19F) only when
BCG was given after the first day of life [27].

Our study includes the broadest range of vaccine responses
tested to date for BCG immunomodulatory effects and is the first
to include responses to meningococcal and MMR immunisation,
as well as to three different pertussis and polio antigens. Our
results suggest that neonatal BCG immunisation might lead to
higher GMCs and seroprotection rates for diphtheria, tetanus and
pneumococcal antigens, and a reduced response and seroprotec-
tion rate for Hib. Although our findings only reached statistical sig-
nificance for a few of the pneumococcal serotypes (9V, 19F and
23F) when BCG was given after the first day of life, the consistent
direction of change in GMRs at both 7 and 13 months of age sug-
gest a possible effect of BCG on antibody responses. Our results

are consistent with those from a recent trial in Denmark [27]
which reported a stronger effect on vaccine responses when BCG
vaccine was administered after the first day of life.

Although the observed differences in GMCs measured approxi-
mately one month after immunisation were relatively small, these
differences in antibody response might influence the duration of
protection. This is highlighted by the differences in the proportion
of participants who had antibody concentrations above the protec-
tive threshold at 13 months of age, although the clinical signifi-
cance of these differences is uncertain.

The precise mechanisms underlying the immunomodulatory
effects of BCG immunisation are the subject of ongoing investiga-
tion. Studies show that BCG immunisation affects both innate
[24,38,39] and T cell immunity [40]. Epigenetic reprogramming
by BCG alters innate immune cells that my function as antigen-
presenting cells [41,42]. Changes in innate immune function early
in life, together with increased expression of co-stimulatory mole-
cules or cytokine responses, might mechanisms by which BCG
influences adaptive immune responses to other vaccines [38,43].

Although the effects of BCG on T-cell immunity are well estab-
lished [5,24,40], few studies have investigated the influence of BCG
on cellular responses to heterologous vaccines. A case-control
study showed that BCG given at birth leads to an increase in inter-
feron (IFN)-gamma-producing spot-forming cells (SFC) to tetanus
and polio, but not to HepB antigens [44], and a randomised trial
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of BCG-Tice given at birth led to an increase in IFN-gamma (as well
as interleukin (IL)-5- and IL-13-) producing T cells to HepB anti-
gens [24]. Augmented cellular responses induced by BCG is there-
fore another possible mechanism by which BCG influences vaccine
responses, especially in infants, who have reduced T-helper 1 cell
responses to many pathogens and toxins [45]. The possibility that
BCG only has indirect effects on B-cells through innate immunity
and T-cells [24,44] might be one explanation for the small magni-
tude of the differences in heterologous vaccine responses between
BCG-vaccinated and BCG-naive infants.

Different BCG vaccine strains are associated with differences in
vaccine efficacy. BCG-Japan has been suggested to have superior
efficacy compared to BCG-Russia in protecting against TB [46].
TB-specific responses (mycobacterial-specific polyfunctional and
cytotoxic T cells) are higher after immunisation with BCG-
Denmark and BCG-Japan compared with BCG-Russia [47]. BCG-
Denmark also leads to higher in vitro cytokine responses to both
specific and non-specific stimuli compared with BCG-Russia and
BCG-Bulgaria [47,48]. It is therefore possible that different BCG
vaccine strains also have dissimilar heterologous effects. To date,
most studies investigating the effect of BCG on heterologous vac-
cine responses, including the recent study from Denmark [27]
and ours, have used BCG-Denmark, which is a strain that has been
associated with superior efficacy for both specific and non-specific
effects [49].

The strengths of our study are the use of samples from a ran-
domised trial, the detailed participant demographic and clinical
data allowing for adjustment for possible confounding factors,
the homogeneity in the vaccines given and the range of measured
antibody responses. The limitations of the study, aside from the
small sample size and consequent risk of type-2 error, include
the fact that participants were not specifically randomised for
the outcome of this study, that not all participants had antibodies
measured exactly 4 weeks after immunisation, and that antibody
concentrations were not measured pre vaccination.

The results of this study add to the evidence that BCG immuni-
sation at birth modulates the early-life immune system, including
the humoral response to heterologous vaccines. The immunomod-
ulatory effects of BCG might be used to improve vaccine efficacy
and duration of protection on a population level. They also need
to be taken into account when considering replacing BCG with
new vaccines, as well as when deciding on recommendations for
discontinuation of universal BCG immunisation programmes [3].
Future studies investigating the immunomodulatory effects of
BCG should focus on the differences between BCG vaccine strains
and on the optimal timing of administration.

5. Competing interests

The authors declare that they have no competing interests.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by the Australian National Health and
Medical Research Council (NHMRC) (grants GNT1051228 and
GNT1099680), the University of Melbourne (International
Research Scholarship to PZ), and the European Society of Paediatric
Infectious Diseases (Fellowship to PZ). MGN was supported by a
Spinoza grant of the Netherlands Organization for Scientific
Research. We thank Rhian Bonnici for help with processing of
blood samples, Hannah Elborough and Judith Spotswood for

collection of blood samples, and Casey Goodall for help with data
entry. We also thank Prof Andrew Pollard for his helpful comments
on the manuscript.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.03.016.

References

[1] Trunz BB, Fine P, Dye C. Effect of BCG vaccination on childhood tuberculous
meningitis and miliary tuberculosis worldwide: a meta-analysis and
assessment of cost-effectiveness. Lancet 2006;367:1173-80.

[2] Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV, et al.
Efficacy of BCG vaccine in the prevention of tuberculosis. Meta-analysis of the
published literature. Jama 1994;271:698-702.

[3] Zimmermann P, Finn A, Curtis N. Does BCG vaccination protect against non-
tuberculous mycobacterial infection? A systematic review and meta-analysis. ]
Infect Dis 2018.

[4] Pollard AJ, Finn A, Curtis N. Non-specific effects of vaccines: plausible and
potentially important, but implications uncertain. Arch Dis Child 2017.

[5] Goodridge HS, Ahmed SS, Curtis N, Kollmann TR, Levy O, Netea MG, et al.
Harnessing the beneficial heterologous effects of vaccination. Nat Rev
Immunol 2016;16:392-400.

[6] Shann F. The non-specific effects of vaccines. Arch Dis Child 2010;95:662-7.

[7] Shann F. The nonspecific effects of vaccines and the expanded program on
immunization. J Infect Dis 2011;204:182-4.

[8] Roth A, Benn CS, Ravn H, Rodrigues A, Lisse IM, Yazdanbakhsh M, et al. Effect of
revaccination with BCG in early childhood on mortality: randomised trial in
Guinea-Bissau. BM] 2010;340:c671-c.

[9] Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials.
BM] (Clin Res Ed). 2011;343:d5928.

[10] Shann F. The new decade of vaccines. Lancet. 2012;379:26. author reply 7.

[11] Aaby P, Ravn H, Roth A, Rodrigues A, Lisse IM, Diness BR, et al. Early diphtheria-
tetanus-pertussis vaccination associated with higher female mortality and no
difference in male mortality in a cohort of low birthweight children: an
observational study within a randomised trial. Arch Dis Child 2012;97.

[12] Hollm-Delgado MG, Stuart EA, Black RE. Acute lower respiratory infection
among Bacille Calmette-Guerin (BCG)-vaccinated children. Pediatrics
2014;133:e73-81.

[13] de Castro M], Pardo-Seco ], Martinon-Torres F. Nonspecific (Heterologous)
protection of neonatal BCG vaccination against hospitalization due to
respiratory infection and sepsis. Clin Infect Dis 2015;60:1611-9.

[14] Steenhuis TJ, van Aalderen WM, Bloksma N, Nijkamp FP, van der Laag ], van
Loveren H, et al. Bacille-Calmette-Guerin vaccination and the development of
allergic disease in children: a randomized, prospective, single-blind study. Clin
Exp Allergy: ] British Soc Allergy Clin Immunol 2008;38:79-85.

[15] Freyne B, Curtis N. Does neonatal BCG vaccination prevent allergic disease in
later life? Arch Dis Child 2014;99:182-4.

[16] Ristori G, Romano S, Cannoni S, Visconti A, Tinelli E, Mendozzi L, et al. Effects of
Bacille Calmette-Guerin after the first demyelinating event in the CNS.
Neurology 2014;82:41-8.

[17] Faustman DL, Wang L, Okubo Y, Burger D, Ban L, Man G, et al. Proof-of-concept,
randomized, controlled clinical trial of Bacillus-Calmette-Guerin for treatment
of long-term type 1 diabetes. PLoS ONE 2012;7:e41756.

[18] Hemdan T, Johansson R, Jahnson S, Hellstrom P, Tasdemir I, Malmstrom PU. 5-
Year outcome of a randomized prospective study comparing bacillus
Calmette-Guerin with epirubicin and interferon-alpha2b in patients with T1
bladder cancer. J Urol 2014;191:1244-9.

[19] Pfahlberg A, Kolmel KF, Grange JM, Mastrangelo G, Krone B, Botev IN, et al.
Inverse association between melanoma and previous vaccinations against
tuberculosis and smallpox: results of the FEBIM study. ] Invest Dermatol
2002;119:570-5.

[20] Grange JM, Stanford JL, Stanford CA, Kolmel KF. Vaccination strategies to
reduce the risk of leukaemia and melanoma. J R Soc Med 2003;96:389-92.

[21] Zimmermann P, Curtis N. The influence of BCG on vaccine responses - a
systematic review. Expert Rev Vacc 2018. null-null.

[22] Leentjens J, Kox M, Stokman R, Gerretsen |, Diavatopoulos DA, van Crevel R,
et al. BCG vaccination enhances the immunogenicity of subsequent influenza
vaccination in healthy volunteers: A randomized, placebo-controlled pilot
study. ] Infect Dis 2015;212:1930-8.

[23] Ritz N, Mui M, Balloch A, Curtis N. Non-specific effect of Bacille Calmette-
Guerin vaccine on the immune response to routine immunisations. Vaccine
2013;31:3098-103.

[24] Ota MO, Vekemans ], Schlegel-Haueter SE, Fielding K, Sanneh M, Kidd M, et al.
Influence of Mycobacterium bovis bacillus Calmette-Guerin on antibody and
cytokine responses to human neonatal vaccination. ] Immunol (Baltimore, Md:
1950) 2002(168):919-25.

[25] Zykov MP, Raphaelskaya TI. Influenza vaccine response following its
simultaneous application with BCG 1st report. Zeitschrift fur Erkrankungen
der Atmungsorgane 1981;156:203-11.


https://doi.org/10.1016/j.vaccine.2019.03.016
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0005
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0005
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0005
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0010
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0010
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0010
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0015
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0015
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0015
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0020
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0020
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0025
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0025
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0025
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0030
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0035
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0035
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0040
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0040
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0040
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0045
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0045
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0045
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0050
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0055
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0055
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0055
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0055
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0060
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0060
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0060
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0065
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0065
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0065
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0070
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0070
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0070
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0070
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0075
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0075
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0080
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0080
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0080
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0085
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0085
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0085
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0090
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0090
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0090
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0090
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0095
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0095
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0095
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0095
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0100
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0100
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0105
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0105
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0110
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0110
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0110
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0110
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0115
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0115
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0115
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0120
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0120
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0120
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0120
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0125
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0125
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0125

3744 P. Zimmermann et al./Vaccine 37 (2019) 3735-3744

[26] Zykov MP, Subbotina TI. Modulation of humoral immune response to influenza
vaccines by BCG. Acta Virol 1985;29:403-9.

[27] Nissen TN, Birk NM, Smits G, Jeppesen DL, Stensballe LG, Netea MG, et al.
Bacille Calmette-Guerin (BCG) vaccination at birth and antibody responses to
childhood vaccines. A randomised clinical trial. Vaccine 2017;35:2084-91.

[28] Simondon F, Preziosi MP, Pinchinat S, Yam A, Chabirand L, Wassilak S, et al.
Randomised study of the possible adjuvant effect of BCG vaccine on the
immunogenicity of diphtheria-tetanus-acellular pertussis vaccine in
Senegalese infants. Eur J Clin Microbiol Infect Dis: Offic Publ Eur Soc Clin
Microbiol 1999;18:23-9.

[29] van Gageldonk PG, van Schaijk FG, van der Klis FR, Berbers GA. Development
and validation of a multiplex immunoassay for the simultaneous
determination of serum antibodies to Bordetella pertussis, diphtheria and
tetanus. J Immunol Methods 2008;335:79-89.

[30] de Voer RM, Schepp RM, Versteegh FG, van der Klis FR, Berbers GA.
Simultaneous detection of Haemophilus influenzae type b polysaccharide-
specific antibodies and Neisseria meningitidis serogroup A, C, Y, and W-135
polysaccharide-specific antibodies in a fluorescent-bead-based multiplex
immunoassay. Clin Vacc Immunol: CVI 2009;16:433-6.

[31] Elberse KE, Tcherniaeva I, Berbers GA, Schouls LM. Optimization and
application of a multiplex bead-based assay to quantify serotype-specific IgG
against Streptococcus pneumoniae polysaccharides: response to the booster
vaccine after immunization with the pneumococcal 7-valent conjugate
vaccine. Clin Vacc Immunol: CVI 2010;17:674-82.

[32] Schepp RM, Berbers GA, Ferreira JA, Reimerink JH, van der Klis FR. A novel
multiplex poliovirus binding inhibition assay applicable for large
serosurveillance and vaccine studies, without the use of live poliovirus. ]
Virol Methods 2017;241:15-23.

[33] de Voer RM, van der Klis FR, Engels CW, Rijkers GT, Sanders EA, Berbers GA.
Development of a fluorescent-bead-based multiplex immunoassay to
determine immunoglobulin G subclass responses to Neisseria meningitidis
serogroup A and C polysaccharides. Clin Vacc Immunol: CVI2008;15:1188-93.

[34] Smits GP, van Gageldonk PG, Schouls LM, van der Klis FR, Berbers GA.
Development of a bead-based multiplex immunoassay for simultaneous
quantitative detection of IgG serum antibodies against measles, mumps,
rubella, and varicella-zoster virus. Clin Vacc Immunol: CVI 2012;19:396-400.

[35] Plotkin SA. Correlates of protection induced by vaccination. Clin Vacc
Immunol: CVI 2010;17:1055-65.

[36] Freidl GS, Tostmann A, Curvers M, Ruijs WLM, Smits G, Schepp R, et al.
Immunity against measles, mumps, rubella, varicella, diphtheria, tetanus,
polio, hepatitis A and hepatitis B among adult asylum seekers in the
Netherlands, 2016. Vaccine 2018;36:1664-72.

[37] Butkeviciute E, Jones CE, Smith SG. Heterologous effects of infant BCG
vaccination: potential mechanisms of immunity. Future Microbiol
2018;13:1193-208.

[38] Freyne B, Donath S, Germano S, Gardiner K, Casalaz D, Robins-Browne RM,
et al. Neonatal BCG vaccination influences cytokine responses to toll-like
receptor ligands and heterologous antigens. ] Infect Dis 2018;217:1798-808.

[39] Kandasamy R, Voysey M, McQuaid F, de Nie K, Ryan R, Orr O, et al. Non-specific
immunological effects of selected routine childhood immunisations:
systematic review. BM]J (Clin Res Ed) 2016;355:i5225.

[40] Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LA, Jacobs C, et al. Long-
lasting effects of BCG vaccination on both heterologous Th1/Th17 responses
and innate trained immunity. ] Innate Immun 2014;6:152-8.

[41] Kleinnijenhuis ], van Crevel R, Netea MG. Trained immunity: consequences for
the heterologous effects of BCG vaccination. Trans R Soc Trop Med Hyg
2015;109:29-35.

[42] Kleinnijenhuis ], Quintin ], Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. Bacille
Calmette-Guerin induces NOD2-dependent nonspecific protection from
reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci
USA 2012;109:17537-42.

[43] Curtsinger JM, Valenzuela JO, Agarwal P, Lins D, Mescher MF. Type I IFNs
provide a third signal to CD8 T cells to stimulate clonal expansion and
differentiation. ] Immunol (Baltimore, Md: 1950) 2005(174):4465-9.

[44] Libraty DH, Zhang L, Woda M, Acosta LP, Obcena A, Brion JD, et al. Neonatal
BCG vaccination is associated with enhanced T-helper 1 immune responses to
heterologous infant vaccines. Trials Vaccinol 2014;3:1-5.

[45] Demirjian A, Levy O. Safety and efficacy of neonatal vaccination. Eur ] Immunol
2009;39:36-46.

[46] Favorov M, Ali M, Tursunbayeva A, Aitmagambetova I, Kilgore P, Ismailov S,
et al. Comparative tuberculosis (TB) prevention effectiveness in children of
Bacillus Calmette-Guerin (BCG) vaccines from different sources, Kazakhstan.
PLoS One 2012;7:e32567.

[47] Ritz N, Dutta B, Donath S, Casalaz D, Connell TG, Tebruegge M, et al. The
influence of bacille Calmette-Guerin vaccine strain on the immune response
against tuberculosis: a randomized trial. Am ] Respir Crit Care Med
2012;185:213-22.

[48] Anderson EJ, Webb EL, Mawa PA, Kizza M, Lyadda N, Nampijja M, et al. The
influence of BCG vaccine strain on mycobacteria-specific and non-specific
immune responses in a prospective cohort of infants in Uganda. Vaccine
2012;30:2083-9.

[49] Shann F. Non-specific effects of vaccination: vaccines have non-specific
(heterologous) effects. BM] (Clin Res Ed) 2005;330:844. author reply.


http://refhub.elsevier.com/S0264-410X(19)30327-5/h0130
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0130
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0135
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0135
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0135
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0140
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0140
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0140
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0140
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0140
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0145
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0145
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0145
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0145
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0150
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0150
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0150
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0150
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0150
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0155
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0155
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0155
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0155
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0155
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0160
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0160
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0160
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0160
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0165
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0165
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0165
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0165
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0170
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0170
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0170
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0170
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0175
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0175
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0180
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0180
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0180
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0180
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0185
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0185
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0185
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0190
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0190
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0190
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0195
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0195
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0195
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0200
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0200
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0200
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0205
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0205
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0205
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0210
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0210
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0210
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0210
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0215
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0215
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0215
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0220
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0220
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0220
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0225
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0225
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0230
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0230
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0230
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0230
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0235
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0235
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0235
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0235
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0240
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0240
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0240
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0240
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0245
http://refhub.elsevier.com/S0264-410X(19)30327-5/h0245

4.2 ORIGINAL STUDY OF PARTICIPANTS WITHIN MIS BAIR
This chapter contains the published version of a study that investigated the effect of BCG
immunisation at birth on heterologous vaccine responses to routine infant vaccines given in the

first year of life.
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ABSTRACT

Introduction: Bacillus Calmette-Guérin (BCG) vaccine is one of the most widely used vaccines world-
wide. In addition to providing protection against tuberculosis, it has non-specific (heterologous)
immunomodulatory effects.

Areas covered: In our systematic review, we found eight studies, involving 2439 participants, investi-
gating the influence of BCG vaccination on the humoral response to 16 different vaccines. A beneficial
effect of BCG on vaccine responses was reported in five of the eight studies. Previous or concurrent
administration of BCG was associated with significantly higher levels of antibodies against hepatitis B,
polio type 1, pneumococcus, and influenza in some studies. No study reported a statistically significant
increase in the response to other vaccines, though in many cases higher antibody levels were observed
in the BCG-vaccinated group. One study reported lower levels of antibodies against hepatitis B in BCG-
vaccinated participants.

Expert commentary: The studies in this review suggest that BCG modulates humoral responses to
other vaccines. Future studies should focus on the influence of BCG vaccine strain and the optimal
timing of administration to exploit the immunomodulatory effects of BCG to improve vaccine efficacy
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and duration of protection.

1. Introduction

The immune response to vaccinations given in infancy varies
substantially between individuals. The serological response to
hepatitis B vaccine, for example, varies more than 100-fold at
7 months of age and some infants do not have any measur-
able antibodies [1,2]. Similarly, the response to pneumococcal
and Hib vaccination at 6 months of age varies up to 40-fold
[1]. This has implications for both protective efficacy and
duration of protection. Many factors are known to contribute
to variation in vaccine response, including age [3-5], gender
[6], genetics [7-9], geographic location [10], and route of
administration [11,12]. Another important factor that might
contribute to differences in the response of vaccines is co-
administration of other vaccines [13,14].

Bacillus Calmette-Guérin vaccine (BCG) is one of the most
widely used vaccines worldwide. In addition to providing protec-
tion from tuberculosis, it has non-specific (heterologous) immu-
nomodulatory effects [15]. BCG vaccination reduces all-cause
infant mortality in certain settings [16], decreases hospitalization
rates due to respiratory infections and sepsis [17,18], is used in
the treatment of bladder cancer [19], might decrease the inci-
dence of eczema [20] and other allergies [21], and is proposed to
be beneficial in the treatment of autoimmune diseases [22,23].

This systematic review summarizes studies in humans that
have investigated the influence of BCG vaccination on
humoral responses to other vaccines.

2. Literature review methods

In September 2017, MEDLINE (1946 to present) and Embase
(1947 to present) were searched using the Ovid interface with
the following search terms: (Bacillus Calmette-Guérin OR BCG)
AND (vaccin* OR immun* OR antibod* OR humoral OR
B-lymphocytes). This identified 959 and 3804 studies, respec-
tively. Among these, eight fulfilled our inclusion criteria of
articles published in English reporting results of studies inves-
tigating the effect of previous or concurrent administration of
BCG on humoral vaccines responses in plasma or serum in
humans. References were hand-searched for additional pub-
lications and no further relevant studies were found. One
study, published only in abstract form, was identified through
personal communication [24].

3. Literature review results

A total of eight studies were included, involving 2439 partici-
pants and 1249 controls, investigating the influence of BCG on
the humoral response to 19 vaccine antigens following admin-
istration of 16 different vaccines (oral polio vaccine (OPV) (1),
hepatitis B vaccine (HBV) (2), diphtheria-tetanus-whole cell
pertussis (DTwP) (1), DT-acellular pertussis (DTaP) (1), DTaP-
inactivated polio vaccine-Haemophilus influenzae type b
(DTaP-IPV-Hib) (1), DTaP-HBV-IPV-Hib (1), inactivated influenza
vaccine (IIV) (3), live attenuated influenza vaccine (LAIV) (2),
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chromatographic influenza vaccine (CWV) (1), heptavalent
pneumococcal conjugate vaccine (PCV7) (1), PCV13 (1),
typhoid fever vaccine (TFV) (1)) [5,24-29]. Three studies used
BCG-Denmark [24,27,28], two studies used BCG-Pasteur [5,29],
one used BCG-Denmark, BCG-Japan, and BCG-Russia [1], and
two studies did not specify the strain that was used [25,26]. All
of the studies were done prospectively and were specifically
designed to investigate the influence of BCG on vaccine
responses. All but one study [5] used control participants for
comparison. In four of the eight studies, participants were
randomized to either receive BCG or no BCG [24,27-29]. A
placebo (NaCl 0.9%) was used in the control group in only
one study (Table 1) [28].

3.1. Effect of BCG on antibody responses to diphtheria,
tetanus, pertussis, polio, and Hemophilus influenzae type
b vaccination

Four studies investigated the influence of BCG on the response
to DTP vaccination (with H. influenzae type b and polio compo-
nents in two studies and hepatitis B in one study) in a total of 949
neonates [1,5,27,29]. In two studies, BCG was administered
within the first week of life [1,27], in one study BCG was adminis-
tered at birth or at the age of 2 or 4.5 months [29], and in one
study during the second month of life [5]. All of the studies
measured antibody levels to individual components after three
doses of the vaccine. Three studies measured antibody levels
against tetanus toxin [1,27,29] and two studies each against
diphtheria toxin [27,29], H. influenzae type b [1,27], and pertussis
toxin [5,27]. Although higher antibody levels against tetanus
toxin and H. influenzae type b were reported in one study,
these differences were not statistically significant [1]. BCG did
not influence any of the other antibody levels (Tables 1 and 2).

3.2. Effect on the response to hepatitis B vaccination

Two studies investigated the influence of BCG on the
response to hepatitis B vaccination in a total of 259 neo-
nates [1,29]. In both studies, BCG was administered at birth
together with a monovalent hepatitis B vaccine, followed by
two doses of a monovalent hepatitis B vaccine in one study
[29], and three doses of a combined DTaP-HBV-IPV-Hib vac-
cine in the other study [1]. The hepatitis B vaccine was given
at intervals of 2 months [1,29]. The first study included a
second group of participants in whom BCG was given at the
age of 2 months [29]. The first study found significantly
higher levels of antibodies against hepatitis B surface anti-
gen at 2 and 4.5 months after the last dose of hepatitis B
vaccine in neonates receiving BCG at birth, but not in
infants receiving BCG at the age of 2 months [29]. In con-
trast, the second study found lower antibody levels at
1 month after the last dose of the hepatitis B vaccine [1],
(Tables 1 and 2).

3.3. Effect on the response to oral polio vaccination

One study investigated levels of antibodies against polio type
1 after oral polio vaccination in 151 neonates [29]. BCG was
either administered at birth or at the age of 2 months. The

polio vaccine was administered at birth, followed by subse-
quent doses at the age of 1, 2, and 3 months. When BCG was
given at birth, it had no influence on polio type 1 antibody
levels. However, participants who were given BCG at the age
of 2 months had higher antibody levels against polio type 1 at
the age of 4.5 months (Tables 1 and 2).

3.4. Effect on the response to pneumococcal vaccination

Two studies investigated the influence of BCG on the response
to pneumococcal vaccination in a total of 408 neonates [1,27].
In both studies, BCG was given at birth. In the first, the
pneumococcal vaccine was given at the age of 3, 5, and
12 months [27], while in the second study it was given at
the age of 2, 4, and 6 months [1]. The first study found higher
antibodies against pneumococcal polysaccharide antigens for
all tested serotypes (statistically significant only for serotypes
9V and 18C) 1 month after the third dose of the pneumococcal
vaccine [1], while the second study did not find differences in
pneumococcal antibody levels [27] (Tables 1 and 2).

3.5. Effect on the response to influenza vaccination

Three studies investigated the influence of BCG the response
to influenza vaccination in a total of 1470 adults [25,26,28].
One study used a live, an inactivated, and a chromatographic
(not currently used) influenza vaccine [26], one study used a
live and an inactivated influenza vaccine [25], and one study
used only an inactivated influenza vaccine [28]. In the first two
studies, BCG and influenza vaccine were administered simul-
taneously [25,26], while in the third study BCG was adminis-
tered 2 weeks before the influenza vaccine [28]. Antibody
levels were measured 2 weeks to 1 month [28] or 8 months
[25,26] after the administration of the influenza vaccine. In
participants receiving the inactivated influenza vaccine after
receiving BCG, all three studies found significantly higher
hemagglutination-inhibiting antibodies levels, as well as
more rapid and higher seroconversion rates [25,26,28].
However, in participants receiving the live attenuated influ-
enza vaccine, BCG had no effect on antibody levels or sero-
conversion rates [25,26] (Tables 1 and 2).

3.6. Effect on the response to typhoid vaccination

One study investigated the influence of BCG vaccination the
response to inactivated typhoid fever vaccine in 20 adults [24].
BCG was administered 2 weeks before the typhoid vaccine.
The study found higher seroconversion rates in BCG-vacci-
nated participants 2 weeks after the typhoid vaccine but
these findings were not statistically significant. There was no
difference in antibody levels 2 weeks and 3 months after
vaccination (Tables 1 and 2).

3.7. Effect of different BCG strains

In the two of the five studies that showed a beneficial effect of
BCG on humoral vaccine responses, the BCG strain was not
specified [25,26]. BCG-Denmark and BCG-Pasteur were each
used in one study only [28,29]. One study used BCG-Denmark,
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BCG-Japan, and BCG-Russia [1]. In the three studies which
showed no influence of BCG on humoral vaccine responses,
BCG-Denmark was used in two [24,27] and BCG-Pasteur in
one [5].

4. Discussion

In our systematic review of the studies that have investigated
the influence of BCG vaccination on humoral responses to
other vaccines, a beneficial effect was reported in five of
eight studies [1,25,26,28,29]. Previous or concurrent adminis-
tration of BCG was associated with significantly higher levels
of antibodies against hepatitis B, polio, pneumococcus, and
influenza. Although no study reported a statistically significant
increase in the antibody response to diphtheria, tetanus, per-
tussis, and H. influenzae type b vaccines following BCG vacci-
nation, in many cases higher antibody levels were observed in
the BCG-vaccinated group. Although this may reflect an
absence of any influence of BCG, it is possible that these
studies were underpowered to detect a statistically significant
difference.

The mechanisms underlying the immunomodulatory
effects of BCG vaccination are uncertain [30], but are postu-
lated to include altered cytokine responses [29,31] (for exam-
ple, an increase in interferon (IFN)-gamma production) [32], as
well as other changes in innate and T-cell immunity [33]. One
distinct feature of the neonatal innate immune response to
Toll-like receptor stimulation is reduced production of IFN-
alpha, IFN-gamma, and interleukin(IL)-12, but increased pro-
duction of cytokines inducing T helper 17 cells, including IL-6
and IL-23 [34]. As these cytokines are involved in the differ-
entiation of adaptive immune responses and memory devel-
opment [35], it is possible that BCG-induced changes in innate
immune function in early life is one mechanism by which this
vaccine influences adaptive immune responses to vaccines.
Another potential mechanism is through epigenetic repro-
gramming of innate immune cells [36,37] that provides the
innate immune system with memory, a phenomenon termed
‘trained immunity’ [38,39].

In addition to influencing humoral vaccine responses, BCG
also affects innate and T-cell immunity [29,30,33]. Few studies
have investigated the influence of BCG on cellular responses
or cytokine production after vaccination. However, one study
showed that BCG given at birth leads to an increase in inter-
feron-gamma producing T-helper 1 cells to tetanus toxoid and
polio, but not to hepatitis B surface antigen [40]. Neonates
have reduced T-helper 1 cell responses to many pathogens
and toxins [41], so an increase in these responses induced by
BCG is a possible mechanism by which BCG improves vaccine
efficacy.

The number of studies investigating the influence of BCG
on vaccine responses is limited and there is variation in study
design, particularly in the timing of vaccinations as well as the
time between BCG and administration of the other vaccines.
Further the use of different BCG vaccine strains potentially
introduces more variation as there are differences in the
immune response induced by different strains [42]. For exam-
ple, BCG-Denmark and BCG-Japan induce higher frequencies
of mycobacterial-specific polyfunctional and cytotoxic T cells

and higher concentrations of Th1 cytokines [43]. Additionally,
BCG-Denmark leads to higher cytokine responses to both
specific and non-specific stimuli in vitro [44]. The small number
of studies in our review that included information about the
BCG strain used precludes drawing any conclusions about the
influence of strain in this setting.

Recent efforts to develop more effective TB vaccines have
investigated recombinant vaccines [45] or recombinant BCG
strains [46,47]. The immunomodulatory effects of BCG need to
be taken into consideration when assessing new vaccines
designed to replace BCG, especially recombinant vaccines.
New TB vaccines should not only be evaluated for protection
against TB, but also for their immunomodulatory effects.
Replacing BCG with a vaccine that has superior protection
against TB but which does not have its beneficial non-specific
effects could have a paradoxical deleterious impact on all-
cause infant mortality.

The results of the studies in this review suggest that BCG
modulates the humoral response to other vaccines. Future
studies should focus on identifying the influence of BCG vac-
cine strain and the optimal timing of administration to exploit
the immunomodulatory effects of BCG to improve vaccine
efficacy and duration of protection. The immunomodulatory
effects of BCG need to be taken into consideration when
deciding on recommendations for discontinuations of BCG
vaccination programs and when assessing new vaccines
designed to replace BCG.

5. Expert commentary

BCG, one of the most widely used vaccines worldwide, has
important non-specific immunomodulatory effects. The
mechanisms underlying these effects remain uncertain, but
include altered cytokine responses and epigenetic reprogram-
ming (trained immunity), as well as other changes in innate
and T-cell immunity. There is only a limited number of studies
investigating the influence of BCG on vaccine responses and
there is variation in their study design, particularly in the
timing of vaccinations, as well as in the time between BCG
and administration of the other vaccines. Despite these limita-
tions, our review indicates that previous or concurrent admin-
istration of BCG vaccine can influence the immune response to
other vaccines. This property of BCG could be used to improve
vaccine efficacy and duration of protection. The influence of
different BCG vaccine strains and the optimal timing of admin-
istration of BCG to exploit its immunomodulatory effects are
priorities for future studies.

6. Five-year view

The protective efficacy of BCG vaccination against M. tubercu-
losis is suboptimal and new vaccines are in development
designed to replace BCG. The immunomodulatory effects of
BCG need to be taken into account when considering repla-
cing BCG with new TB vaccines, as well as when deciding on
recommendations for discontinuation of universal BCG vacci-
nation programs.



Key issues

® Bacillus Calmette-Guérin (BCG) vaccine is one of the most
widely used vaccines worldwide. In addition to protecting
against tuberculosis, the vaccine has other important
immunomodulatory effects.

® BCG vaccination reduces all-cause infant mortality in certain
settings, decreases hospitalization rates due to respiratory
infections and sepsis, is used in the treatment of bladder
cancer, might decrease the incidence of eczema and other
allergies, and is proposed to be beneficial in the treatment
of autoimmune diseases.

® This review shows that BCG also influences the immune
response to heterologous antigens: previous or concurrent
administration of BCG vaccine is associated with higher
levels of antibodies against hepatitis B, polio, pneumococ-
cus, and influenza.

® Future studies should focus on investigating the influence
of BCG vaccine strain and on the optimal timing of admin-
istration to exploit the immunomodulatory effects of BCG
to improve vaccine efficacy and duration of protection.
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4.3 ADDITIONAL INFORMATION

Table 4.1 Seroprotection rates at 7 and 13 months of age in participants who were randomised to BCG or no BCG on day 0-1 of life (post-hoc analysis)

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending
measured at 7 months of age at 6 months of age measured at 13 months of age
Vaccine Protective BCG-vaccinated BCG-naive Difference p-value BCG-vaccinated BCG-naive Difference p-value
antigen correlate (n=16) (n=18) % (95% CI) (n=70) (n=63) % (95% CI)
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 1U/mL’ 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 95.2 (60); (86.7, 99. 0) 4.8 (0.6, 13.1) 0.10
Tetanus 0.1 1U/mL’ 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (35); (90.0, 100)? 100 (34); (89.7, 100)? 0 (-10.0, 10.3)? -
PT 25 1U/mL 93.8 (15); (69.8,99.8)  94.4 (17); (72.7, 99.9) -0.7 (-24.2, 21.0) 1 35.7 (25); (24.6, 48.0) 34.9 (22); (23.3, 48.0) 0.8 (-15.5, 16.9) 1
Hib 0.15 pg/mL 62.5 (10); (35.4,84.8) 722 (13); (46.5, 90.3) -9.7 (-40.1, 21.7) 0.72 77.1 (27); (59.9, 89.6) 85.3 (29); (68.9, 95.0) -8.2 (-27.0, 11.0)? 0.54
Polio type 1 0.23 IU/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 100 (63); (94.3, 100) 0(-5.2,5.8) -
Polio type 2 0.29 IU/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 100 (63); (94.3, 100) 0(-5.2,5.8) -
Polio type 3 0.12 IU/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 100 (63); (94.3, 100) 0(-5.2,5.8) -
Pn 1 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 90.0 (63); (80.5, 95.9) 95.2 (60); (86.7, 99.0) -5.2(-15.2, 4.4) 0.33
Pn 3 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 68.6 (48); (56.4, 79.1) 63.5 (40); (50.4, 75.3) 5.1 (-11.0, 2.1) 0.58
Pn 4 0.35 pg/mL 68.7 (11); (41.3,89.0)  66.7 (12); (41.0, 86.7) 2.1 (-29.4, 32.5) 1 28.6 (20); (18.4, 40.6) 23.8 (15); (14.0, 36.2) 4.8 (-10.4, 19.6) 0.56
Pn5 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 88 6 (62); (78.7, 94.9) 87.3 (55); (76.5, 94.4) 1.3(-10.2, 13.3) 1
Pn 6A 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 0 (63); (80.5, 95.9) 85.7 (54); (74.6, 93.3) 4.3(-7.1,16.4) 0.59
Pn 6B 0.35 pg/mL 81.3 (13); (54.4,96.0)  88.9 (16); (65.3, 98.6) -7.6 (-34.6, 18.3) 0.65 68 6 (48); (56.4,79.1) 60.3 (38); (47.2,72.4) 8.3 (-8.0,24.3) 0.37
Pn 7F 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 99.4 (62); (91.5, 100) 1.6 (-3.7, 8.5) 0.47
Pn 9V 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) O (-19.8, 18.0) - 82.9 (58); (72.0, 90.8) 76.2 (48); (63.8, 86.0) 6.7 (-7.1,20.8) 0.39
Pn 14 0.35 pg/mL 87.5 (14); (61.7,98.4)  83.3 (15); (58.6, 96.4) 2(-22.9,29.9) 1 82.9 (58); (72.0, 90.8) 85.7 (54); (74.6, 93.3) -2.9 (-15.5, 10.1) 0.81
Pn 18C 0.35 pg/mL 93.8 (15); (69.8, 99.8) 100 (18); (81.5, 100) -6 3 (-28.8, 23.4) 0.47 80.0 (56); (68.7, 88.6) 79.4 (50); (67.3, 88.5) 0.6 (-13.1, 14.7) 1
Pn 19A 0.35 pg/mL 87.5 (14); (61.7, 98.4) 100 (18); (81.5, 100) -12.5(-36.4, 6.8) 0.21 52.9 (37); (40.6, 64.9) 44.4 (28); (31.9, 57.5) 8.4 (-8.6,24.9) 0.39
Pn 19F 0.35 pg/mL 100 (16); (79.4, 100) 100 (18); (81.5, 100) 0(-19.8, 18.0) - 100 (70); (94.9, 100) 100 (63); (94.3, 100) 0(-5.2,5.8) -
Pn 23F 0.35 pg/mL 87.5 (14); (61.7,98.4)  94.4 (17); (72.7, 99.9) -6.9 (-32.0, 15.9) 0.59 57.1 (40); (44.7, 68.9) 63.5 (40); (50.4, 75.3) 16.8 (-22.6, 10.3) 0.48
Antibodies to 12-month vaccines
measured at 13 months of age
BCG-vaccinated BCG-naive Difference p-value
(n=35) (n=29) % (95% Cl)
% (n); (95% CI) % (n); (95% CI)

Measles 0.12 IU/mL 100 (35); (90.0, 100) 96.6 (28); (82.2,99.9) 3.4 (-6.8,17.3) 0.45
Mumps 45 1U/mL 68.6 (24); (50.7, 83.1) 58.6 (17); (38.9, 76.5) 10.0 (-13.6, 32.9) 0.44
Rubella 10 IU/mL 91.4 (32); (76.9, 98.2) 82.8 (24); (64.2,94.2) 8.7 (-8.3, 2.8) 0.45
MenC 2 pg/mL 97.1 (34); (85.1, 99.9) 100 (29); (88.1, 100) -2.9 (-14.7,9.2) 1
Hib 0.15 pg/mL 100 (35); (90.0, 100) 100 (29); (88.1, 100) 0(-10.0, 11.9) -
Tetanus 0.01 IU/mL 94.3 (33); (80.8, 99.3) 93.1 (27); (77.2,99.2) 2(-13.0,17.2) 1

10.01 IU/mL at 13 months of age 2 only participants who have not had Hib-MenC

BCG = Bacillus Calmette-Guérin vaccine, Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin
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Table 4.2 Geometric mean antibody concentrations (GMCs) and geometric mean antibody ratios (GMRs) at 7 and 13 months of age in participants who were
randomised to BCG or no BCG on day 0-1 of life (post-hoc analysis)

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine BCG-vaccinated BCG-naive Unadjusted  p-value Adjusted p-value BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value
antigen (n=16) (n=18) GMR (95% Cl) GMR (95% Cl) (n=70) (n=63) GMR (95% Cl) GMR (95% Cl)
GMC (95% CI) GMC (95% Cl) GMC (95% CI) GMC (95% CI)
Diphtheria’ 0.42 (0.29, 0.61) 0.34 (0.25, 0.47) 1.22(0.77, 1.96) 0.39 1.09 (0.70, 1.70)°9 0.69 0.09 (0.07, 0.12) 0.06 (0.05, 0.08) 1.40 (1.00, 1.96) 0.05 1.27 (0.93, 1.75)°" 0.13
Tetanus' 1.17 (0.97, 1.43) 0.88 (0.60, 1.28) 1.34 (0.88, 2.04) 0.17 1.34 (0.88, 2.04) 0.17 0.64 (0.43, 0.95)° 0.42 (0.29, 0.60)° 1.52(0.90, 2.57)° 0.11 1.72 (1.06, 2.82)3" 0.03
PT! 72.45 (49.56, 105.91)  66.62 (46.86, 94.71) 1.09 (0.66, 1.79) 0.73  0.99 (0.62, 1.59)¢ 0.97 22.13 (17.43, 28.10) 16.98 (13.00, 22.18) 1.30 (0.91, 1.86) 0.14 1.33 (0.95, 1.87)° 0.10
FHA' 54.19 (38.50, 76.29)  61.33 (42.34, 88.83) 0.88 (0.54, 1.44) 0.61 0.87 (0.55, 1.36)>9 0.52 20.39 (16.33, 25.47) 16.56 (13.35, 20.55) 1.23 (0.90, 1.68) 0.18 1.15 (0.85, 1.55)°" 0.36
PRN' 66.36 (44.78,98.32)  49.92 (30.06, 82.92) 1.32(0.71, 2.49) 0.36  0.83(0.49, 1.39)°f 0.47 14.73 (11.26, 19.27) 10.74 (7.86, 14.69) 1.37 (0.91, 2.06) 0.13 1.39 (0.94, 2.08)° 0.10
Hib? 0.38 (0.15, 0.98) 0.36 (0.20, 0.66) 1.06 (0.37, 3.05) 0.91 1.06 (0.37, 3.05) 0.91 1.34 (0.67, 2.68)° 1.49(0.72,3.12)° 0.89(0.33, 2.41)° 0.82 1.32(0.50, 3.49)%¢h 0.57
Polio type 1' 32.55(18.27,58.00) 22.97 (11.83, 44.61) 1.42 (0.60, 3.34) 0.41 1.42 (0.60, 3.34) 0.41 11.04 (8.46, 14.40) 11.87 (8.80, 16.01)  0.93 (0.63, 1.38) 0.72 0.91 (0.62, 1.33y 0.61
Polio type 2' 57.85(36.12,92.64) 48.94 (26.25,91.24) 1.18 (0.55, 2.54) 0.66 1.18 (0.55, 2.54) 0.66 20.91 (15.25, 28.69) 25.56 (18.97, 34.44)  0.82(0.53, 1.26) 0.36 0.82 (0.53, 1.26) 0.36
Polio type 3' 16.20 (10.45, 25.12) 15.75 (7.49, 33.13) 0.95(0.39, 2.31) 0.90 0.95(0.39, 2.31) 0.90 8.81 (6.44, 12.06) 10.44 (7.72,14.10)  0.84 (0.55, 1.30) 0.84 0.84 (0.55, 1.30) 0.84
Pn 12 4.50 (2.99, 6.78) 4.25(2.32,7.77) 1.06 (0.52, 2.18) 0.87 0.88 (0.46, 1.70)%" 0.69 1.33 (1.04, 1.70) 1.09 (0.89, 1.32) 1.23 (0.89, 1.68) 0.20 1.23 (0.89, 1.68) 0.20
Pn 32 1.34 (0.99, 1.80) 1.50 (1.00, 2.26) 0.89 (0.54, 1.46) 0.63  0.89 (0.54, 1.46) 0.63 0.56 (0.46, 0.67) 0.52 (0.43, 0.63) 1.07 (0.82, 1.39) 0.62 1.07 (0.82, 1.39) 0.62
Pn 42 0.54 (0.35, 0.84) 0.59 (0.37, 0.95) 0.92(0.49, 1.72) 0.78 0.92(0.49,1.72) 0.78 0.25 (0.21, 0.29) 0.21 (0.18, 0.25) 1.16 (0.91, 1.48) 0.22 1.17 (0.92, 1.49)° 0.19
Pn 52 3.38 (2.32, 4.93) 2.75(1.70, 4.46) 1.23 (0.68, 2.24) 0.49 1.05(0.61, 1.81)%" 0.85 1.06 (0.85, 1.34) 0.86 (0.69, 1.07) 1.24 (0.91, 1.70) 0.18 1.24 (0.91, 1.70) 0.18
Pn 6A? 5.68 (3.93, 8.21) 4.89 (3.14,7.61) 1.16 (0.66, 2.04) 0.59 1.07 (0.62, 1.85)" 0.59 1.18 (0.92, 1.52) 0.81 (0.64, 1.03) 1.45 (1.03, 2.05) 0.03 1.31 (0.94, 1.84)°h 0.11
Pn 6B? 1.77 (0.68, 4.61) 1.83 (0.93, 3.59) 0.97 (0.32, 2.93) 0.95 0.97 (0.32, 2.93) 0.95 0.59 (0.44, 0.80) 0.45 (0.34, 0.59) 1.33(0.88, 2.01) 0.18 1.34 (0.89, 2.02)° 0.15
Pn 7F2 6.31 (4.40, 9.07) 6.56 (4.48,9.60) 0.96 (0.58, 1.60) 0.88 0.86 (0.54, 1.37)¢ 0.51 2.07 (1.73, 2.47) 1.70 (1.42, 2.04) 1.21 (0.94, 1.56) 0.13 1.13 (0.88, 1.46)°" 0.32
Pn 9Vv2 2.44 (1.68, 3.54) 2.63(1.64,4.24) 0.92 (0.51, 1.68) 0.80 0.79 (0.46, 1.36)%" 0.38 0.66 (0.54, 0.80) 0.56 (0.45, 0.69) 1.18 (0.89, 1.57) 0.24 1.09 (0.82, 1.45)" 0.54
Pn 142 1.82 (0.90, 3.69) 2.59 (1.38,4.85) 0.70 (0.28, 1.74) 0.43  0.60(0.26, 1.37)" 0.21 1.00 (0.75, 1.33) 0.91(0.71, 1.18) 1.10 (0.75, 1.69) 0.63 1.10 (0.75, 1.69) 0.63
Pn 18C? 2.36 (1.33, 4.20) 3.23(2.13,4.91) 0.73 (0.37, 1.43) 0.35 0.64(0.35, 1.19)" 0.15 0.74 (0.59, 0.91) 0.63 (0.51, 0.78) 1.17 (0.86, 1.57) 0.31 1.15 (0.86, 1.54) 0.35
Pn 19A2 1.22 (0.65, 2.28) 1.90 (1.27,2.84) 0.64 (0.32, 1.29) 0.21 0.64 (0.32, 1.29) 0.21 0.53(0.39, 0.71) 0.37 (0.29, 0.46) 1.44 (0.98, 2.10) 0.06 1.44 (0.98, 2.10) 0.06
Pn 19F?2 9.65 (5,78, 16.11) 12.50 (8.53, 18.34) 0.77 (0.42, 1.41) 0.39 0.77 (0.42,1.41) 0.39 3.33(2.57,4.31) 2.90 (2.28, 3.70) 1.15(0.81, 1.63) 0.44 1.06 (0.74, 1.30)M 0.74
Pn 23F? 2.41 (1.28, 4.54) 2.62 (1.47,4.67) 0.92(0.40, 2.09) 0.84  0.92(0.40, 2.09) 0.84 0.56 (0.42, 0.74) 0.54 (0.40, 0.74) 1.02 (0.67, 1.55) 0.91 1.02 (0.68, 1.56)' 0.88
Antibodies to 12-month vaccines measured at 13 months of age
BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value
(n=35) (n=29) GMR (95% Cl) GMR (95% Cl)
GMC (95% CI) GMC (95% ClI)

Measles' 3.44 (2.59, 4.57) 2.82 (1.58, 5.03) 1.22 (0.67, 2.22) 0.51 1.22 (0.67, 2.22) 0.51
Mumps' 91.03 (63.10, 131.32) 51.33 (30.59, 86.11) 1.77 (0.97, 3.25) 0.06  1.43(0.87,2.35)%"" 0.16
Rubella’ 57.90 (39.54, 84.79) 42.13 (22.69, 78.22) 1.37 (0.69, 2.73) 0.36 1.19 (0.67, 2.10)%" 0.55
MenC? 14.19 (9.72, 20.74) 18.64 (14.25,24.38)  0.76 (0.47, 1.22) 0.26 0.95(0.61, 1.49)°°f9 0.82
Hib? 11.58 (6.45, 20.81) 19.35(12.18,30.73)  0.59(0.28, 1.27) 0.18 0.64 (0.31, 1.31)° 0.21
Tetanus' 0.85 (0.58, 1.25) 0.71(0.50, 1.02) 1.19 (0.71, 2.02) 0.50 1.19 (0.71, 2.02) 0.50

"IU/ml 2 ug/ml ® only participants who have not had Hib-MenC

2maternal BCG status

® maternal dTpa during pregnancy

¢ gestational age

4 delivery mode

¢ sex

" birth weight

9 age at bleeding

_“time between immunisation and bleeding
'age at randomisation

TMMR/MenC-Hib immunisation status

BCG = Bacillus Calmette-Guérin vaccine, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type
b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin, PRN = pertactin
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Table 4.3 Seroprotection rates at 7 and 13 months of age in participants who were randomised to BCG or no BCG on day 2 to 10 of life (post-hoc analysis)

Antibodies to primary course of vaccines ending at 6 months of age Antibodies to primary course of vaccines ending
measured at 7 months of age at 6 months of age measured at 13 months of age
Vaccine Protective BCG-vaccinated BCG-naive Difference p-value BCG-vaccinated BCG-naive Difference p-
antigen correlate (n=29) (n=28) % (95% ClI) (n=98) (n=78) % (95% CI) value
% (n); (95% CI) % (n); (95% CI) % (n); (95% CI) % (n); (95% CI)
Diphtheria 0.1 IU/mL’ 100 (29); (88.1, 100)  89.3 (25); (71.8, 97.7) 10.7 (-1.8, 27.4) 0.11 98.0 (96); (92.8, 99.8) 100 (78); (93.9, 99.6) -2.0(-7.2,2.7) 0.50
Tetanus 0.1 IU/mL’ 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 100 (57); (93.7, 100)? 100 (39); (91.0, 100)? 0(-6.4,9.1)? -
PT 25 IU/mL 86.2 (25); (68.8,96.1)  89.3 (25); (71.8,97.7) -3.1(-21.9, 15.9) 1 26.5 (26); (18.1, 36.4) 26.9 (21); (17.5, 38.2) -0.4 (-12.2,16.7) 0.53
Hib 0.15 pg/mL 75.9 (22); (56.5,89.7)  85.7 (24); (67.3, 96.0) -9.9 (-30.7, 11.5) 0.50 70.2 (40); (56.6, 81.6)? 76.9 (30); (60.7, 88.9)° -6.7 (-23.9, 11.9)? 0.49
Polio type 1 0.23 IU/mL 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 100 (98); (96.3, 100) 100 (78); (95.4, 100) 0(-3.8,4.7) -
Polio type 2 0.29 IU/mL 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 99.0 (97); (94.4, 100) 100 (78); (95.4, 100) -1.0(-5.6, 3.7) 1
Polio type 3 0.12 IU/mL 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 100 (98); (96.3, 100) 100 (78); (95.4, 100) 0(-3.8,4.7) -
Pn 1 0.35 pg/mL 96.6 (28); (82.2,99.9)  92.9 (26); (85.2, 99.5) 3.7 (-11.2, 19.9) 0.61 93.9 (92); (87.1, 97.7) 94.9 (74); (90.0, 98.0) -1.0(-84,7.1) 1
Pn 3 0.35 pg/mL 96.6 (28); (82.2, 99.9) 100 (28); (87.7, 100) -3.4 (-17.4,9.0) 1 73.5(72); (63.6, 81.9) 70.5 (55); (59.1, 80.3) 3(-10.3, 16.5) 0.74
Pn 4 0.35 pg/mL 82.8 (24); (64.2,94.2)  57.1(28); (37.2, 75.5) 256 (-1.7,4.7) 0.05 24.5 (24); (16.4, 34.2) 16.7 (13); (9.2, 26.8) 7.8 (-4.5,19.6) 0.26
Pn5 0.35 pg/mL 96.6 (28); (82.2,99.9)  96.4 (27); (81.7,99.9) 0.1 (-14.2, 14.9) 1 85.7 (84); (77.2, 92.0) 87.2 (68); (77.7,93.7) -1.5(-11.7,9.4) 0.83
Pn 6A 0.35 pg/mL 100 (29); (88.1, 100)  92.9 (26); (76.5, 99.1) 7.1(-5.2,22.8) 0.24 85.7 (84); (77.2, 92.0) 84.6 (66); (74.7, 91.8) 1.1 (-9.5, 12.5) 0.84
Pn 6B 0.35 pg/mL 96.6 (28); (82.2,99.9)  85.7 (24); (67.3, 96.0) 10.8 (-5.1, 28.8) 0.19 67.3 (66); (57.81 76.5) 60.3 (47); (48.5,71.2) 7.2 (-3.5,17.9) 0.35
Pn 7F 0.35 pg/mL 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 100 (98); (96.3, 100) 98.7 (77); (93.1, 100) 1.3(-2.5,6.9) 0.44
Pn 9V 0.35 pg/mL 100 (29); (88.1, 100)  92.9 (26); (76.5, 99.1) 7.1 (-52, 22.8) 0.24 74.5 (73); (64.7, 82.8) 70.5 (55); (59.1, 80.3) 4(-9.2,17.5) 0.61
Pn 14 0.35 pg/mL 93.1 (27); (78.8,97.5)  96.4 (27); (81.7,99.9) -3.3(-19.1,11.9) 1 88.8 (87); (80.8, 94.3) 87.2 (68); (77.7,93.7) 1.6 (-8.1,12.1) 0.82
Pn 18C 0.35 pg/mL 100 (29); (88.1, 100)  89.3 (25); (71.8, 97.7) 10.7 (-1.8, 27.4) 0.11 72.4 (71); (68.6, 82.0) 76.9 (60); (66.0, 85.7) -4.5(-17.1, 8.7) 0.60
Pn 19A 0.35 pg/mL 100 (29); (88.1, 100)  85.7 (24); (67.3, 96.0) 14.3 (-1.5, 31.7) 0.05 53.1 (52); (42.7, 63.2) 47.4 (37); (36.0, 59.1) 5.6 (-9.2,20.2) 0.54
Pn 19F 0.35 pg/mL 100 (29); (88.1, 100) 100 (28); (87.7, 100) 0(-11.9,12.3) - 98.0 (96); (92.8, 99.8) 100 (78); (93.9, 99.6) -2.0(-7.2,2.7) 0.50
Pn 23F 0.35 pg/mL 100 (29); (88.1, 100)  89.3 (25); (71.8, 97.7) 10.7 (-1.8, 27.4) 0.11 69.4 (68); (59.3, 78.3) 52.6 (41); (40.9, 64.0) 16.8 (-3.8, 17.8) 03.0
Antibodies to 12-month vaccines
measured at 13 months of age
BCG-vaccinated BCG-naive Difference p-
(n=43) (n=40) % (95% CI) value
% (n); (95% CI) % (n); (95% CI)

Measles 0.12 IU/mL 97.7 (42); (87.7, 99.9) 97.5 (39); (86.8, 99.9) 0.2 (-15.5, 25.2) 1
Mumps 45 IU/mL 62.8 (27); (46.7, 77.0) 55.0 (55); (38.5, 70.7) 7.8 (-15.5, 25.2) 0.51
Rubella 10 IU/mL 86.0 (37); (72.0, 94.7) 87.5 (35); (72.2, 95.8) -1.5(-15.5, 25.2) 1
MenC 2 pg/mL 100 (43); (91.8, 100) 97.5 (39); (86.8, 99.9) 2.5(-5.9,13.0) 0.48
Hib 0.15 pg/mL 97.7 (42); (87.7, 99.9) 97.5 (39); (86.8, 99.9) 0.2 (-9.9, 10.9) 1
Tetanus 0.01 IU/mL 93.0 (40); (80.9, 98.5) 97.5 (39); (86.8, 99.9) -4.5(-16.6, 6.8) 0.62

10.01 IU/mL at 13 months of age 2 only participants who have not had Hib-MenC

BCG = Bacillus Calmette-Guérin vaccine, Cl = confidence interval, Hib = H. influenzae type b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin
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Table 4.4 GMCs and geometric mean antibody ratios GMRs at 7 and 13 months of age in participants who were randomised to BCG or no BCG on day 2 to 10
of life (post-hoc analysis)

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine BCG-vaccinated BCG-naive Unadjusted  p-value Adjusted p-value BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value
antigen (n=29) (n=28) GMR (95% Cl) GMR (95% Cl) (n=98) (n=78) GMR (95% Cl) GMR (95% Cl)
GMC (95% CI) GMC (95% Cl) GMC (95% CI) GMC (95% CI)
Diphtheria’ 0.50 (0.39, 0.65) 0.33(0.23,0.48) 1.51(0.98, 2.33) 0.06 1.21(0.78, 1.87)°9 0.39 0.08 (0.07, 0.10) 0.08 (0.06, 0.10) 1.07 (0.78, 1.47) 0.65 1.08 (0.81, 1.43)°" 0.61
Tetanus' 1.25 (0.95, 1.66) 1.10 (0.82, 1.47) 1.14 (0.77, 1.69) 0.51 1.14 (0.77, 1.69) 0.51 0.41 (0.29, 0.58)° 0.37 (0.27,0.51)° 1.10(0.67, 1.80)° 0.71 1.16 (0.73, 1.84)% 0.52
PT! 80.73 (56.22, 115.93)  61.36 (45.98, 81.87) 1.32(0.84, 2.07) 0.23 1.04 (0.69, 1.57)° 0.85 15.44 (12.59, 18.94) 17.24 (13.78, 21.57)  0.90 (0.66, 1.21) 0.47 0.92(0.70, 1.21)°¢h 0.55
FHA! 70.57 (50.62, 98.38)  64.49 (45.04, 92.33) 1.09 (0.68, 1.76) 0.71 0.82(0.52, 1.27)°° 0.36 19.69 (15.75, 24.61) 19.85 (16,25, 24.24)  0.99 (0.73, 1.35) 0.96 1.03(0.77, 1.38)>¢h 0.84
PRN' 66.11 (46.55,93.91) 59.19 (38.72,90.50) 1.12 (0.65, 1.91) 0.68 0.83(0.49, 1.39)°f 0.47 11.21 (8.65, 14.52) 12.21(9.34,15.96)  0.92 (0.63, 1.33) 0.55 0.97 (0.68, 1.37)>e" 0.85
Hib? 0.66 (0.34, 1.29) 0.58 (0.34, 1.02) 1.13 (0.48, 2.66) 0.77 0.80(0.36, 1.78)9 0.58 0.87 (0.45, 1.69)° 1.02 (0.47,2.17)* 0.85(0.31, 2.35)° 0.76  0.97 (0.36, 2.60)>9" 0.95
Polio type 1' 38.72 (28.56, 52.50)  41.53 (27.97, 61.65) 0.93 (0.57, 1.52) 0.77  0.93(0.57, 1.52) 0.77 10.06 (7.99, 12.67) 12.07 (9.43, 15.44)  0.83 (0.60, 1.17) 0.29 0.85(0.61, 1.18)°¢h 0.32
Polio type 2° 65.26 (49.67, 85.75) 69.96 (44.53, 109.92) 1.00 (0.57, 1.74) 0.99 0.85(0.49, 0.97)° 0.57 18.88 (14.61, 24.41) 22.72 (17.05, 30.28)  0.83 (0.57, 1.22) 0.34 0.85 (0.59, 1.24)>" 0.41
Polio type 3' 23.18 (16.45, 32.66)  27.77 (18.19, 42.40) 0.83 (0.49, 1.42) 0.50 0.83(0.49, 1.42) 0.50 8.64 (6.60, 11.33) 8.27 (6.19, 11.21) 1.04 (0.70, 1.57) 0.83 0.92(0.69, 1.23)>9h 0.57
Pn 12 5.80 (4.24, 7.92) 3.26 (2.08, 5.11) 1.78 (1.05, 3.03) 0.03 1.47 (0.89, 1.80)° 0.13 1.16 (0.98, 1.38) 1.11 (0.93, 1.34) 1.04 (0.81, 1.34) 0.75 1.03 (0.81, 1.31)°h 0.80
Pn 32 1.56 (1.19, 2.03) 1.34 (1.05, 1.70) 1.16 (0.82, 1.66) 0.39 1.16 (0.82, 1.66) 0.39 0.58 (0.48, 0.70) 0.50 (0.42, 0.59) 1.16 (0.89, 1.50) 0.26 1.13 (0.88, 1.44)" 0.33
Pn 42 0.56 (0.42, 0.73) 0.42 (0.30, 0.60) 1.31(0.85, 2.02) 0.21 1.18(0.77,1.81)° 0.44 0.22 (0.19, 0.25) 0.19 (0.17,0.22) 1.14 (0.93, 1.38) 0.21 1.10 (0.91, 1.33)°" 0.31
Pn 52 4.21 (3.06, 5.81) 2.46 (1.67, 3.63) 1.71 (1.05, 2.80) 0.03 1.49(0.89, 1.83)¢ 0.11 0.93 (0.77, 1.12) 0.85 (0.69, 1.04) 1.09 (0.82, 1.44) 0.54 1.08 (0.83, 1.40)>9" 0.58
Pn 6A2 5.70 (4.40, 7.38) 3.64 (2.42,5.47) 1.57 (0.98, 2.50) 0.06 1.26 (0.78, 2.02)>9 0.34 1.00 (0.82, 1.21) 1.03(0.81,1.30) 0.97 (0.72, 1.31) 0.87 0.96 (0.73, 1.26)>9" 0.76
Pn 6B2 2.81(1.78, 4.44) 1.38 (0.72,2.68) 2.03 (0.93, 4.43) 0.07 1.69(0.76, 3.70)° 0.18 0.55 (0.44, 0.69) 0.49 (0.38, 0.64) 1.11 (0.79, 1.56) 0.55 1.10 (0.79, 1.52)°h 0.58
Pn 7F?2 6.83 (5.13, 9.10) 5.16 (3.70, 7.21) 1.32(0.86, 2.03) 0.20 1.32 (0.86, 2.03) 0.20 1.92 (1.63, 2.25) 1.82 (1.51,2.18) 1.06 (0.83, 1.34) 0.66 1.03 (0.82, 1.30)9" 0.81
Pn 9Vv2 3.36 (2.68, 4.21) 1.71 (1.18,2.48) 1.96 (1.29,2.99) <0.01 1.77(1.16,2.68)¢ <0.01 0.60 (0.51, 0.71) 0.58 (0.47,0.72) 1.04 (0.79, 1.36) 0.78 1.00 (0.78, 1.29)" 0.98
Pn 142 3.70 (2.26, 6.06) 2.42 (1.57,3.73) 1.53 (0.80, 2.91) 0.19 1.53 (0.80, 2.91) 0.19 1.17 (0.97, 1.42) 1.08 (0.87, 1.33) 1.09 (0.82, 1.44) 0.56 1.06 (0.81, 1.38)9" 0.69
Pn 18C? 3.62 (2.76, 4.75) 2.53(1.65, 3.87) 1.43 (0.88, 2.34) 0.15 1.27 (0.78, 2.07)° 0.33 0.64 (0.54, 0.75) 0.62 (0.52, 0.74) 1.03 (0.80, 1.31) 0.84 0.99 (0.79, 1.24)%" 0.93
Pn 19A2 2.62 (1.93, 3.56) 1.27 (0.90, 1.79) 2.06 (1.32,3.23) <0.01 1.55 (0.98, 2.45)>°9 0.06 0.46 (0.35, 0.61) 0.48 (0.34,0.68)  0.96 (0.62, 1.48) 0.85 0.90 (0.60, 1.36)%" 0.62
Pn 19F?2 16.01 (11.92, 21.51) 8.63 (6.00, 12.39) 1.86 (1.18,2.93) <0.01 1.68 (1.06, 2.66)° 0.03 3.21 (2.55, 4.04) 2.96 (2.32, 3.76) 1.09 (0.78, 1.51) 0.62 1.05 (0.76, 1.44)" 0.77
Pn 23F?2 3.31 (2.37, 4.64) 1.49 (1.93, 2.83) 2.23 (1.27,3.91) <0.01 2.23 (1.27,3.91) <0.01 0.66 (0.52, 0.85) 0.48 (0.37, 0.64) 1.38 (0.95, 2.00) 0.09 1.33 (0.93, 1.90)" 0.12
Antibodies to 12-month vaccines measured at 13 months of age
BCG-vaccinated BCG-naive Unadjusted p-value Adjusted p-value
(n=43) (n=43) GMR (95% Cl) GMR (95% Cl)
GMC (95% ClI) GMC (95% CI)

Measles' 3.26 (2.46, 4.31) 2.67 (1.88, 3.79) 1.22 (0.78, 1.90) 0.37 1.11 (0.72, 1.89)°" 0.63
Mumps' 52.91 (33.75, 82.96) 53.92 (35.54,81.82)  0.98 (0.54, 1.80) 0.95 0.90 (0.56, 1.46)%" 0.67
Rubella’ 51.42 (33.22, 79.57) 61.70 (39.20,97.09)  0.83 (0.44, 1.55) 0.56 0.68 (0.44, 1.05)>9" 0.08
MenC? 18.87 (14.85, 23.96) 17.23 (11.43, 25.98) 1.09 (0.69, 1.37) 0.70 1.09 (0.69, 1.37) 0.70
Hib? 15.73 (9.64, 25.68) 17.73 (10.58,29.71)  0.89 (0.44, 1.79) 0.74 0.97 (0.36, 2.60)° 0.95
Tetanus' 1.04 (0.70, 1.55) 1.44 (0.98,2.12) 0.72(0.42,1.25) 0.24 0.80 (0.47, 1.38)° 0.42

"IU/ml 2 ug/ml ® only participants who have not had Hib-MenC

2maternal BCG status

4 delivery mode

® maternal dTpa during pregnancy

¢ gestational age

¢ sex

" birth weight

9 age at bleeding

"time between immunisation and bleeding

iage at randomisation

IMMR/MenC-Hib immunisation status

BCG = Bacillus Calmette-Guérin vaccine, Cl = confidence interval, GMC = geometric mean antibody concentration, GMR = geometric mean antibody ratio, FHA = filamentous haemagglutinin, Hib = H. influenzae type
b, MenC = meningococcus C, Pn = pneumococcal serotype, PT = pertussis toxin, PRN = pertactin
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Table 4.5 GMCs and GMRs at 7 and 13 months of age in participants who were randomised to BCG on day 0-1 or on day 2-10 of life (post-hoc analysis)

Antibodies to primary course of vaccines ending at 6 months of age measured at 7 months of age

Antibodies to primary course of vaccines ending at 6 months of age measured at 13 months of age

Vaccine GMC (95% Cl) GMC (95% Cl) Unadjusted p- Adjusted p-value GMC (95% Cl) GMC 95% Cl) Unadjusted p-value Adjusted p-value
antigen Randomised day 0-1 Randomised day 2-10 GMR (95% Cl) value GMR (95% Cl) Randomised day 0-1 Randomised day 2-10 GMR (95% CI) GMR (95% Cl)
(n=16) (n=29) (n=70) (n=98)
Diphtheria’ 0.42 (0.29, 0.61) 0.50 (0.39, 0.65) 0.83 (0.55, 1.28)  0.39 0.83 (0.55, 1.24)>c9 0.34 1.27 (0.93, 1.75)°" 1.08 (0.81, 1.43)°" 1.10 (0.80, 1.51) 0.57 1.04 (0.78, 1.39)P¢h 0.78
Tetanus' 1.17 (0.97, 1.43) 1.25(0.95,1.66) 0.94(0.63,1.49) 0.74 0.94 (0.63, 1.49) 0.74 1.72 (1.06, 2.82)>fi 1.16 (0.73, 1.84)*  1.57 (0.92, 2.68) 0.09 1.59 (0.99, 2.55)% 0.06
PT! 72.45 (49.56, 105.91) 80.73 (56.22, 115.93) 0.90 (0.52,1.56) 0.69 1.01(0.59, 1.73)° 0.97 1.33 (0.95, 1.87)° 0.92 (0.70, 1.21)>9h 1.43 (1.05, 1.96) 0.02 1.32(0.99, 1.77)°h 0.06
FHA' 54.19 (38.50, 76.29)  70.57 (50.62,98.38) 0.77 (0.46,1.27) 0.30 0.88 (0.55, 1.41)° 0.58 1.15 (0.85, 1.55)°" 1.03 (0.77, 1.38)PCN 1.04 (0.75, 1.43) 0.83 0.97 (0.71, 1.32)>" 0.84
PRN' 66.36 (44.78,98.32) 66.11(46.55,93.91) 1.00 (0.58, 1.73) 0.99 1.19 (0.71, 1.99)>cf 0.49 1.39 (0.94, 2.08)° 0.97 (0.68, 1.37)>eN 1.31(0.90, 1.92) 0.16 1.24 (0.87, 1.79)°h 0.24
Hib? 0.38 (0.15, 0.98) 0.66 (0.34,1.29) 0.58 (0.19,1.75) 0.32 0.49 (0.18, 1.34)%" 0.16 1.32(0.50, 3.49)3¢h 0.97 (0.36, 2.60)%9" 1.54 (0.57, 4.18) 0.39  1.61(0.78, 3.30)>" 0.19
Polio type 1' 32.55(18.27,58.00) 38.72 (28.56,52.50) 0.84 (0.47,1.49) 0.54 1.07 (0.61, 1.88)> 0.80 0.91 (0.62, 1.33y 0.85 (0.61, 1.18)>9N 1.10 (0.77, 1.56) 0.60 1.10 (0.78, 1.56)" 0.58
Polio type 2' 57.85(36.12,92.64) 65.26 (49.67,85.75) 0.83(0.47,1.47) 0.51 0.90 (0.52, 1.58)"° 0.71 0.82 (0.53, 1.26) 0.85 (0.59, 1.24)>" 1.11 (0.74, 1.66) 0.62 1.04 (0.70, 1.55)°" 0.83
Polio type 3' 16.20 (10.45,25.12)  23.18 (16.45,32.66) 0.68 (0.34,1.36) 0.27  0.79 (0.40, 1.58)" 0.50 0.84 (0.55, 1.30) 0.92 (0.69, 1.23)>9N 1.02 (0.67, 1.54) 0.93 0.98 (0.65, 1.46)>e" 0.91
Pn 12 4.50 (2.99, 6.78) 5.80(4.24,7.92) 0.78(0.47,1.28) 0.32 0.70(0.44,1.11)° 0.13 1.23 (0.89, 1.68) 1.03 (0.81, 1.31)°" 1.15 (0.86, 1.53) 0.34 1.12(0.86, 1.48)>" 0.39
Pn 32 1.34 (0.99, 1.80) 1.56 (1.19,2.03) 0.86(0.57,1.29) 046  0.88(0.56, 1.36) 0.46 1.07 (0.82, 1.39) 1.13(0.88, 1.44)"  0.96 (0.73, 1.26) 0.77 0.98 (0.76, 1.26)>" 0.86
Pn 42 0.54 (0.35, 0.84) 0.56 (0.42,0.73) 0.98(0.60,1.58) 0.93 1.02(0.73, 1.44)° 0.55 1.17 (0.92, 1.49)° 1.10 (0.91, 1.33)°" 1.12 (0.90, 1.40) 0.31 1.11 (0.90, 1.37)°" 0.34
Pn 52 3.38 (2.32, 4.93) 4.21(3.06,5.81) 0.80(0.49,1.32) 0.38 0.73(0.45,1.16)° 0.18 1.24 (0.91, 1.70) 1.08 (0.83, 1.40)°9n 1.15 (0.85, 1.54) 0.36 1.12 (0.85, 1.47)°h 0.44
Pn 6A? 5.68 (3.93, 8.21) 5.70 (4.40,7.38) 1.00(0.65,1.53) 0.99 1.00 (0.65, 1.53) 0.99 1.31(0.94, 1.84)°>" 0.96 (0.73, 1.26)>9" 1.18 (0.87, 1.62) 0.29 1.15(0.87, 1.52)>en 0.33
Pn 6B2 1.77 (0.68, 4.61) 2.81(1.78,4.44) 0.63(0.26,1.55) 0.31 0.63 (0.26, 1.55) 0.31 1.34 (0.89, 2.02)° 1.10 (0.79, 1.52)>n 1.08 (0.75, 1.57) 0.68 1.05(0.74, 1.49)>en 0.77
Pn 7F?2 6.31 (4.40, 9.07) 6.83(5.13,9.10) 0.92(0.58,1.46) 0.73 0.92(0.58, 1.46) 0.73 1.13 (0.88, 1.46)>" 1.03 (0.82, 1.30)%" 1.08 (0.85, 1.37) 0.54 1.06 (0.85, 1.32)>egh 0.62
Pn 9Vv2 2.44 (1.68, 3.54) 3.36 (2.68,4.21) 0.73(0.49,1.08) 0.11 0.67 (0.46, 0.97)° 0.04 1.09 (0.82, 1.45)M 1.00 (0.78, 1.29)" 1.09 (0.84, 1.42) 050 1.12(0.88, 1.41)>N 0.36
Pn 142 1.82 (0.90, 3.69) 3.70 (2.26,6.06) 0.49(0.22,1.12) 0.09 0.49(0.22,1.12) 0.09 1.10 (0.75, 1.69) 1.06 (0.81, 1.38)*"  0.86 (0.62, 1.19) 0.35 0.87 (0.64, 1.20)>" 0.40
Pn 18C? 2.36 (1.33, 4.20) 3.62(2.76,4.75) 0.65(0.38,1.12) 0.12  0.65(0.38, 1.12) 0.12 1.15 (0.86, 1.54) 0.99 (0.79, 1.24)9" 1.16 (0.88, 1.51) 0.29 1.12(0.88, 1.43)>foni 0.37
Pn 19A2 1.22 (0.65, 2.28) 2.62(1.93, 3.56) 0.47 (0.26, 0.85) 0.01 0.50 (0.27, 0.94)°° 0.03 1.44 (0.98, 2.10) 0.90 (0.60, 1.36)%" 1.14 (0.76, 1.72) 0.53 1.17 (0.80, 1.72) 0.42
Pn 19F2 9.65 (5,78, 16.11)  16.01(11.92,21.51) 0.60(0.35,1.03) 0.06  0.60 (0.35, 1.03) 0.06 1.06 (0.74, 1.30)" 1.05 (0.76, 1.44)" 1.04 (0.73, 1.46) 0.84 0.99(0.71, 1.37)%aN 0.94
Pn 23F?2 2.41 (1.28, 4.54) 3.31(2.37,4.64) 0.73(0.39,1.36) 0.31 0.73 (0.39, 1.36) 0.31 1.02 (0.68, 1.56) 11.33 (0.93, 1.90)"  0.84 (0.57, 1.23) 0.36 0.82(0.57, 1.17)>eh 0.27
Antibodies to 12-month vaccines measured at 13 months of age
GMC (95% CI) GMC(95% ClI) Unadjusted p-value Adjusted p-value
Randomised day 0-1 Randomised day 2-10 GMR (95% CI) GMR (95% Cl)
(n=35) (n=43)

Measles' 1.22 (0.67, 2.22) 1.11 (0.72, 1.89)°" 1.06 (0.71, 1.57) 0.78 1.09 (0.75, 1.60)°" 0.64
Mumps' 1.43 (0.87, 2.35)%% 0.90 (0.56, 1.46)3" 1.72 (0.95, 3.10) 0.07 1.57 (0.95, 2.59)" 0.08
Rubella’ 1.19 (0.67, 2.10)9" 0.68 (0.44, 1.05)>9" 1.13 (0.63, 2.02) 0.69 1.00 (0.63, 1.59)9" 0.99
MenC? 0.95 (0.61, 1.49)%ef9 1.09 (0.69, 1.37)  0.75(0.49, 1.15) 0.19 0.80 (0.52, 1.22)° 0.30
Hib? 0.64 (0.31, 1.31)° 0.97 (0.36, 2.60)*"  0.74 (0.35, 1.55) 0.42 0.84 (0.40, 1.74)° 0.63
Tetanus' 1.19 (0.71, 2.02) 0.80(0.47,1.38)°  0.82(0.47, 1.42) 0.47 0.82(0.47, 1.42) 0.47

"IU/ml 2 ug/ml ® only participants who have not had Hib-MenC

2maternal BCG status

® maternal dTpa during pregnancy

¢ gestational age

4 delivery mode

¢ sex

" birth weight

9 age at bleeding

"time between immunisation and bleeding
'MMR/MenC-Hib immunisation status
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Figure 4.1 GMCs of antibodies against DTPa-IPV-Hib in participants at 7 months of age. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times
the IQR.

4 300 2501
=
E 200-
] 1.0- 3- _ 2 200-
-— - [
% = E 200- £ = 4
3 = 3 = g 150
8 S E = 5 S
5 2 S5 £ 88 2
= =) = =
2 = sz 8 g c
£ 3 3 " g ‘€ 100-
S g o5 8 g . £ 100- £
°© & ] £ 00- “ ]
o A = 2
s o] g g o
o
£
K]
=
BCG- BCG- BCG- BCG- BCG- BCG- BCG- BCG- BCG- BCG-
vaccinated  naive vaccinated naive vaccinated  naive vaccinated  naive vaccinated  naive
150- 250-
9- 200-
- —_ér 100-
§ E = 100- '_ér '_ET
2 £ 150~
g 2 o 3 3 5
- z 3 i
@ L]
[ 100-
£ § :E 3 L
s § 2 o o
3 7 = = =
o =
5 ? Q : 8 . g
x
0- 0- 0- 0-
BCG- BCG- BCG-  BCG- BCG-  BCG- BCG-  BCG-
vaccinated naive vaccinated  naive vaccinated  naive vaccinated  naive

155



Figure 4.2 GMCs of antibodies against pneumococcus in participants at 7 months of age. Boxes depict interquartile range (IQR) and whiskers depict 1.5-times

the IQR.
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Figure 4.3 GMCs of antibodies against DTPa-IPV in participants at 13 months of age (persistence of antibodies). Boxes depict interquartile range (IQR) and
whiskers depict 1.5-times the IQR.
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Figure 4.4 GMCs of antibodies against pneumococcus in participants (persistence of antibodies). Boxes depict interquartile range (IQR) and whiskers depict
1.5-times the IQR.
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Figure 4.5 GMCs of antibodies against MMR, MenC and Hib in participants at 13 months of age (antibodies against 12-months immunisations). Boxes depict

interquartile range (IQR) and whiskers depict 1.5-times the IQR.
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Figure 4.6 GMRs against 22 vaccine antigens in participants at 7 months (left panel) and against 26 vaccine antigens 13 months (right panel) of age in those
randomised to BCG immunisation on day 0-1 (light grey) and day 2—10 (dark grey) of life. Error bars depict 95% CI.
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CHAPTER 5. CORRELATION OF VACCINE RESPONSES

5.1 INTRODUCTION
This chapter contains the published version of a study that investigated the correlation of antibody
responses to the routine vaccines given within the Australian standard immunisation schedule in

healthy infants.

161



Correlation of vaccine responses

Petra Zimmermann'?®* MD, Nicole Ritz>°, MD, PhD, Kirsten P Perrett®”® FRACP, PhD,

Nicole L Messina'*, PhD, Fiona R M van der Klis®, PhD, Nigel Curtis**®, FRCPCH, PhD

Affiliations:

! Department of Paediatrics, The University of Melbourne, Parkville, Australia

? Infectious Diseases Unit, The Royal Children’s Hospital Melbourne, Parkville, Australia

3 Infectious Diseases Research Group, Murdoch Children’s Research Institute, Parkville,
Australia

* Department of Paediatrics, Fribourg Hospital HFR and Faculty of Science and Medicine,
University of Fribourg, Switzerland

> Infectious Diseases Unit, University of Basel Children’s Hospital, Basel, Switzerland

® Population Allergy Research Group and Melbourne Children’s Trial Centre, Murdoch
Children’s Research Institute, Parkville, Australia

! Departments of Allergy and Immunology and General Medicine, Royal Children’s Hospital
Melbourne, Parkville, Australia

® School of Population and Global Health, The University of Melbourne, Parkville, Australia

% Centre for Infectious Disease Control, National Institute of Public Health and the

Environment, Bilthoven, the Netherlands

Address correspondence to: Prof Nigel Curtis, Department of Paediatrics, The University of
Melbourne, Royal Children’s Hospital Melbourne, Parkville, VIC 3052, Australia, Tel: +61 3

9345 6366, nigel.curtis@rch.org.au

Keywords: antibodies, immunisation, titre, concentration, vaccination, live vaccines,

pneumococcal

162


mailto:nigel.curtis@rch.org.au

Introduction

There are many different methods to quantify the immune response to vaccines including
innate, humoral, cellular and cytokine responses. However, the most frequently used is the
measurement of antibody concentrations. There is a wide variation between individuals in
antibody responses induced by the same vaccine, and numerous intrinsic (including age, sex
and genetics), external (including geographic location, family size and toxins) and behavioural
(including nutrition, exercise, smoking and alcohol consumption) factors influence vaccine
responses.’ The magnitude of response is also influenced by the type of vaccine. For example,
live attenuated vaccines induce strong antibody responses, similar to an infection with a wild-
type pathogen, leading to induction of memory cells and often life-long protection. In contrast,
inactivated, subunit or toxoid vaccines induce lower responses, requiring booster doses. The
response to different subunit vaccines also varies: polysaccharide-protein conjugated vaccines
have superior immunogenicity (including the induction of long-term protection) compared with

polysaccharide vaccines which only induce short-lived T cell-independent antibody responses.

Currently, it is unknown whether there is a correlation between antibody responses to different
vaccines. It is also unknown whether there is any consistency within individuals in the
magnitude of antibody responses to all vaccines or to vaccines of a certain type (e.g. subunit,
live or attenuated vaccines). In clinical practice, e.g. when investigating for primary
immunodeficiency, measuring antibody responses to diphtheria, tetanus and pneumococcal
vaccine antigens is common practice.® When the vaccination status of an individual is
unknown, antibody responses to tetanus is often used as a surrogate marker.* However, there is
no data available to show that antibody responses to these vaccines correlate with responses to
other vaccines.

In this study, we investigated the correlation of antibody responses between routine vaccine

antigens in infants.
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Methods

Participants and antibody measurement

Participants were a subset of infants from a randomised controlled trial (The Melbourne Infant
Study: BCG for Allergy and Infection Reduction (MIS BAIR)), which investigated whether
Bacillus Calmette-Guérin vaccine (BCG) immunisation at birth protects against childhood
infection, allergy and asthma. All infants were vaccinated according to the Australian National
Immunisation Program: at birth: intramuscular hepatitis B (HepB) vaccine (H-B-Vax Il
Paediatric® (bioCSL)); at 6 weeks, 4 months and 6 months of age: intramuscular combined
diphtheria-tetanus-acellular pertussis (DTPa), HepB, polio (IPV), and Haemophilus influenzae
type b (Hib) vaccine (Infanrix® hexa (GlaxoSmithKline)), intramuscular 13-valent conjugate
pneumococcal vaccine (conjugated to CRM197, a diphtheria toxoid) (PCV13) (Prevenar13®
(Wyeth)), and oral rotavirus vaccine (RotaTeq® (Merck)); at 12 months of age: subcutaneous
measles-mumps-rubella (MMR) vaccine (Priorix® (GlaxoSmithKline, Abbotsford, Victoria)) or
M-M-R® II (Seqirus, Parkville, Victoria)) and intramuscular combined meningococcal C
(MenC) and Hib vaccine (conjugated to tetanus toxoid) (Menitorix® (GlaxoSmithKline)).
Vaccine records were obtained from individual immunisation records and/or the Australian

Immunisation Register.

From the subset of participants whose parent/guardian provided consent, blood samples were
obtained in sodium-heparin tubes (S-monovette® (Sarstedt)) during study visits at 7 and 13
months of age (one month after the administration of routine scheduled immunisations). Plasma
was stored at -80°C until analysis. Only participants who had blood taken 28 + 14 days after
their 6-month and 12-month routine vaccines, respectively, were included in the final analysis.
Additionally, persistence of antibodies was measured 7 months after the 6-month vaccines. For
this, only participants who had their blood taken between 210 £ 14 days after their 6-month

vaccinations were included, and, for the responses to tetanus and Hib only, participants who
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had not yet received their 12-month vaccinations, as Menitorix (Hib-MenC) given at 12 months

of age includes a tetanus toxoid as carrier protein.

Blood samples were analysed at the National Institute for Health and Environment, in
Bilthoven, the Netherlands. Immunoglobulin (Ig) G antibodies against 26 vaccine antigens
(diphtheria, tetanus, pertussis (pertussis toxin (PT), filamentous haemagglutinin (FHA),
pertactin (PRN)), polio (types 1, 2, 3), Hib, pneumococcal ((Pn) serotypes 1, 3, 4, 5, 6A, 6B,
7F, 9V, 14, 18C, 19A, 19F, 23F), MenC, measles, mumps and rubella) were measured using
fluorescent bead-based multiplex immune-assays (Luminex XMAP technology).> In all
assays, an international or in-house reference, controls and blanks were included on each plate.
All analyses were performed with a Bio-Plex 200 in combination with Bio-Plex manager

software (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis

The geometric mean concentration (GMC) for each vaccine antibody (immunoglobulin G) was
calculated at one and seven months after vaccination. To investigate the correlation between
antibody responses to different vaccines within the study cohort, pairwise Spearman’s rank
correlation coefficients (p) with 95% confidence intervals (CI) were calculated between
responses to each vaccine antigen. Correlations were categorised as follows: ‘very weak’ p =
0.00 - 0.19, ‘weak’ p =0.20 - 0.39, ‘moderate’ p = 0.40 - 0.59, ‘strong’ p = 0.60 - 0.79 and
‘very strong’ p = 0.80 - 1.00.

Heatmaps were created to visualise the relationship between antibody responses to different
vaccine antigens amongst all infants. Each individual’s response to a vaccine antigen was
scaled by subtracting the mean of all responses to that vaccine antigen and dividing by the

standard deviation [(individual vaccine response — mean vaccine response) / standard
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deviation]. A 5% significance level was used. All statistical analyses were done using R version

3.4.3.

Ethics
Informed consent was obtained from participants’ parents or guardians. The study was
approved by the Royal Children’s Hospital Human Research Ethics Committee (HREC,

authorisation (38124A).

Results

In total, 91 participants had antibody responses to their 6-month vaccinations measured one
month after vaccination and 141 participants seven months after vaccination (for Hib and
tetanus, only the 48 participants who had not yet received the MenC-Hib vaccination were
included at the second time point). Additionally, 148 participants had antibody responses to
their 12-month vaccinations measured one month after vaccination. The background
characteristics of the participants are summarised in Table 1.

Antibody responses in individuals one and seven months after 6-month vaccinations are shown
in Figure 1 and 2. Antibody responses in individuals one month after the 12-month vaccinations
are shown in Figure 3. Low responders are depicted at the top of the heatmap and high

responders at the bottom.

Correlation of antibody responses one month after the 6-month vaccinations

Results of pairwise comparisons of antibody responses to the 22 vaccine antigens included in
the 6-month vaccinations measured one month after vaccination are shown in Figure 4 and
Supplementary Table 1. One month after the 6-month vaccinations, p varied between 0.03
(between FHA and Pn14) and 0.86 (between Pnl and Pn5). The strongest correlations were

observed between antibody responses to different polio serotypes (strong to very strong) and
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different pneumococcal serotypes (moderate to very strong), with the exception of serotypes 3
and 14 (weak to strong). For the correlation between responses to different pneumococcal
serotypes, the strongest correlations were observed for serotypes 1 (p = 0.52 - 0.86), 18C (p =
0.60 - 0.80) and 23F (p = 0.49 - 0.79). For antibody responses to pertussis, there was a
moderate correlation between FHA and PRN (p = 0.51), and between FHA and PT (p = 0.52),
but only a weak correlation between responses to PT and PRN (p = 0.25).

Antibody responses to diphtheria had moderate to strong correlations with pneumococcal
serotypes, except pneumococcal serotypes 3 and 14 (weak). Additionally, antibody responses to
diphtheria had moderate correlations with responses to FHA and PRN (p = 0.41 - 0.45), while
the correlations between responses to other vaccine antigens were weak. Antibody responses to
tetanus, Hib and polio serotypes 1-3 had very weak to weak correlations with responses to all

the other vaccine antigens.

Correlation of antibody responses seven months after the 6-month vaccinations

Results of pairwise comparisons between antibody responses to the 22 vaccine antigens in the
6-month vaccinations measured seven months after vaccination are shown in Figure 4 and
Supplementary Table 1. Seven months after the 6-month vaccinations, correlations between
antibody responses were weaker than one month after the vaccinations, except for correlations
between tetanus and Hib, and between tetanus and diphtheria for which correlations were
stronger at seven months compared with one month after vaccination (0.74 vs 0.24, 0.39 vs
0.22) (Figure 1 and Supplementary Table 1). Overall, 7 months after vaccination, p varied
between -0.19 (between polio serotype 1 and Hib) and 0.77 (between Pn6A and Pn6B). The
strongest correlations were observed between antibody responses to different pneumococcal
serotypes (mostly moderate to strong with the exception of responses to serotypes 14, 19A and
19F and other serotypes, for which correlations were weak to moderate (except for the strong

correlation between responses to 19A and 19F)). Moderate to strong correlations were also
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observed between responses to different polio serotypes and between different pertussis

antigens.

Correlations between antibody responses to pneumococcal serotypes and diphtheria were weak
to moderate. Antibody responses to tetanus had a strong correlation with responses to Hib, but
weak to moderate correlations for responses to all the other antigens. The correlation between
responses to tetanus and polio serotypes 1-3 were weakly negative, as was the correlation
between responses to polio serotypes 1-3 and Hib. All other correlations between responses to

polio and other vaccine antigens were very weak to weak.

Correlation of antibody responses one month after the 12-month vaccinations

Results of pairwise comparisons of antibody responses to the 6 vaccine antigens measured one
month after the 12-month vaccination are shown in Figure 5 and Supplementary Table 2.
Overall, correlations between antibody responses to the 12-month vaccinations were weaker
than those between responses to the 6-month vaccinations (Figure 2 and Supplementary Data
Table 2). There was a high correlation between antibody responses to mumps and rubella (p =
0.61) and moderate correlations between responses to tetanus and MenC (p = 0.52), between
tetanus and Hib (p = 0.5), and between MenC and Hib (p = 0.48). Almost all of the correlations
between the live-vaccines measles, mumps, rubella and non-live vaccines (MenC, tetanus, Hib)

were weakly negative.

Discussion

In this study, we observed a wide variation in antibody responses to vaccines and that overall,

correlations between responses to different vaccines are weak. Strong correlations were found
only between similar antigens (e.g. pneumococcal or polio serotypes) or between antigens that

were conjugated to a protein carrier of the same or similar antigen. For example, in the
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conjugate pneumococcal vaccine, pneumococcal antigens are conjugated to CRM197, which is
a diphtheria toxoid. This likely explains the moderate correlations between antibody responses
to pneumococcal serotypes and diphtheria toxoid after the 6-month vaccinations. Similarly, for
the combined Hib and MenC vaccine, both antigens are conjugated to a tetanus toxoid, which
likely explains the moderate correlation between antibody responses to tetanus and Hib, and
between tetanus and MenC observed after the 12-month vaccinations. However, after the 6-
month vaccinations, there was only a weak correlation between the response to tetanus and Hib
despite the latter being conjugated to tetanus toxoid. In contrast, this correlation was strong
seven months after vaccination. We cannot explain this difference between immediate immune

response and persistence of antibodies.

Despite being administered in the same vaccine, there were only weak correlations between
antibody responses to tetanus, pertussis, polio and Hib antigens. Interestingly, we found
negative correlations between responses to the live-vaccines measles, mumps and rubella, and
non-live vaccines (MenC, tetanus, Hib). The finding is not easily explained as several studies
have shown that simultaneous or delayed administration of MMR does not influence antibody

concentrations to non-live vaccines.!***

Although infants were vaccinated simultaneously with two vaccines at each time point (which
excludes confounding factors such as such as age, nutritional status, microbiota, time of day of
administration etc.), correlations might be explained by the influence of factors such as
adjuvants in the vaccines, vaccination site, needle size etc. Nevertheless, the vaccines in the
study were given exactly as in clinical practice. Therefore, our findings are relevant to patient
care. As the correlation between responses to different pneumococcal serotypes is strong, it
may not be necessary to measure multiple responses to all serotypes. Serotypes which could

potentially be used as a surrogate marker for response to pneumococcal vaccination are 18C, 1
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and 23F. Responses to serotypes 14 and 3 should not be used as a surrogate, as responses to
these antigens have the weakest correlations with responses to other serotypes. These findings
are consistent with a recent study that reported correlations between 0.43 and 0.67 for responses
to PCV13.% This study also observed the lowest correlations for antibody responses against

pneumococcal serotype 14 and other serotypes.™

Antibody responses to pneumococcal antigens may also be used to predict responses to
diphtheria vaccination, especially when measured one month after vaccination, but not for
responses to other vaccine antigens as other correlations were weak. Similarly, our finding of a
strong correlation between antibody responses to different polio serotypes means measuring

responses to one serotype can be used to predict responses to other polio serotypes.

In contrast, antibody responses to pertussis, tetanus, polio and Hib were only weakly correlated
with other vaccines responses, and therefore should not be used as surrogates for vaccine
immunity. Notably, our results indicate that responses to non-live vaccines do not predict

responses to live-vaccines.

As routine vaccinations include the administration of many different vaccine types, including
toxoid, conjugated polysaccharide, inactivated and live vaccines, it is difficult to evaluate any
consistency in the magnitude of antibody responses to vaccines of a certain type. Correlation
between antibody responses to toxoid vaccines (diphtheria and tetanus) were weak at both one
and seven months after vaccinations. Correlation between antibody responses to polysaccharide
vaccines (Hib and pneumococcus) were mostly very weak to weak (with a few exceptions).
Correlation between antibody responses to inactivated vaccine (polio) and purified proteins

(pertussis) could not be compared with other vaccines of the same type. Furthermore, except
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the strong correlation that was found between responses to mumps and rubella, correlations

between live vaccines were weak.

The strengths of this study include the broad range of measured antibody responses and the
novel approach to comparing responses between different vaccine antigens. The limitations
include the fact that only antibody concentration and not function was measured, that not all
responses were measured exactly four weeks after vaccination, and that responses to HepB
vaccination was not measured (as this antigen is not included in the multiplex assay and we had

insufficient sample volume for standard assays).

In summary, the correlation between responses to similar antigens in the same vaccine (such as
different serotypes of a bacteria or virus), as well as responses to antigens conjugated to similar
carrier proteins is strong. In contrast, the correlation between responses to other vaccines is

weak. Measuring antibody responses to one or a few vaccine antigens therefore does not offer a

reliable surrogate marker of responses to unrelated vaccines.
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Table 1 Characteristics of study participants

Samples at 7 months of age
for antibodies

Samples at 13 months of age
for persistence of antibodies

Samples at 13 months of age
for antibodies

to primary course of vaccines ending at 6 months of age

to 12-month vaccines

(n=91)
n (%) or median (IQR)

(n=141)
n (%) or median (IQR)

(n=148)
n (%) or median (IQR)

Sex (male) 43 (47) 73 (52) 73 (49)
Gestational age (weeks) 39.5 (38.6-40.5) 39.2 (38.3-40.4) 39.2 (38.4-40.4)
Birth weight (kg) 3.48 (3.10-3.78) 3.37 (3.08-3.67) 3.41 (3.14-3.66)
Caesarean section 35 (38) 50 (35) 54 (36)
BCG-vaccinated 45 (49) 82 (58) 78 (53)
MMR/MenC-Hib-vaccinated - 93 (66) 148 (100)
Maternal dTpa vaccination in pregnancy 46 (51) 81 (57) 69 (47)
Maternal influenza vaccination in pregnancy 55 (60) 79 (52) 88 (59)
Age at routine vaccination (days)

- 6-week vaccines 45 (43-48)° 46 (43-50) 45 (43-48)

- 4-month vaccines

- 6-month vaccines

- 12-month vaccines
Interval between (days)

- 6-month vaccines and 7-month blood sample

- 6-month vaccines and 13-month blood sample

- 12-month vaccines and 13-month blood sample
Age at blood sampling (days)

123 (117-127)
187 (181-193)

28 (21-37)

218 (208-227)

124 (103-130)
189 (184-195)

211 (204-218)

400 (394-411)

124 (120-131)
190 (185-202)
376 (369-383)

29 (22-36)
406 (397-414)

! age for one participant not available

BCG = Bacille Calmette-Guérin, dTpa = diphtheria-tetanus-acellular pertussis vaccine, MMR = measles-mumps-rubella vaccine, MenC-Hib = meningococcal C-Haemophilus

influenzae type b




Figure 1 Antibody responses to vaccine antigens measured one month after the 6-month vaccinations (at 7 months of age) in 91 participants. Each
row depicts one participant with the colour in each column representing the ‘scaled’ vaccine antibody response in that individual.
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Figure 2 Antibody responses to vaccine antigens measured 7 months after 6-month vaccinations (at 13 months of age, for persistence of responses)
in 141 participants. Each row depicts one participant with the colour in each column representing the ‘scaled’ vaccine antibody response in that
individual.
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Figure 3 Antibody responses to 12-month vaccinations measured one month after vaccination in 148 participants. Each row depicts one participant
with the colour in each column representing the ‘scaled’ vaccine antibody response in that individual.

300

Count

o 100

42024
Vae

Mumps
Rubella
MenC
Tetanus
Hib

®
9
)
8
2

MenC = Meningococcus C, Hib = Haemophilus influenzae type b



Figure 4 Correlation (expressed as Spearman correlation coefficients) for pairwise comparisons of antibody responses to the 6-month vaccinations
measured at one (lower left) and seven (upper right) months after vaccination
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Diphtheria 0.39 0.24 0.34 0.31 0.31 0.39
* Tetanus 0.38 0.34 0.3 0.36 0.26 0.12 0.25 0.19
PT .33 0.23 0.11 0.19 0.28 0.38 0.27 0.27 0.27 0.3 0.3 0.18 0.13 0.19 0.07 0.14 0.21
FHA 0.27 0.17 0.26 0.21 0.24 0.28 0.24 0.24 0.26 0.23 0.16 0.120.19 0 0.09 0.17 08
PRN .38 0.25 0.31 0.31 0.31 0.32 0.34 0.35 0.31 0.26 0.17 0.26 0.11 0.22 0.29
* Hib 0.32 0.24 0.04 0.28 0.14 -0.19-0.14-0.170.19 0.26 0.37 0.27 0.34 0.18 0.32 0.22 0.32 0.18

IPVtype1 0.3 0.28 0.18 0.24. 0.14 0.17 0.12 0.29 0.17 0.2 0.25 0.21 0.19 0.22 0.22 0.03 0.09 0.16

IPVtype2 0.25 0.21 0.24 0.18 0.24 0.13 0.11 0.16 0.28 0.19 0.2 0.19 0.19 0.15 0.12 0.2 0.02 0.08 0.1 0.6
IPVtype3 0.25 0.14 0.07 0.08 0.24 0.2 0.14 0.2 0.310.19 0.2 0.11 0.17 0.15 0.1 0.13 0.09 0.08 0.1
Pn1 .om 017022 0.2 04 0.2 0.220.16
Pn3 0.28 0.25 0.16 0.19 0.1 0.28 0.2 0.23 0.23
Pnd 0.24 0.08 0.15 0.17 0.27 0.23 0.24 0.32 o
Pn5 0.34 0.21 0.21 0.2 0.37 0.25 0.27 0.24
Pn6A 017 0.13 0.12 0.1 0.3 0.08 0.17 0.08
Pn6B 0.15 0.2 0.150.19 0.32 0.25 0.31 0.25 L 55
Pn7F 0.29 0.12 0.2 0.17 0.29 0.14 0.18 0.14
PnoV 0.28 0.26 0.25 0.26 0.2 0.16 0.17 0.16
Pn14 0.31 0.05 0.13 0.03 0.12 0.06 0.13 0.11 0.23 m 0.33 0.27 0.3 0.33
Pn18C 0.18 0.09 0.15 0.16.0.22 0.22 0.28 - 0
Pn19A 0.18 0.12 0.14 0.23 0.25 0.33 0.29 0.39
Pn19F 0.26 0.25 0.26 0.34 0.33 0.23 0.19 0.21
Pn23F 0.3 0.17 0.24 0.24 0.33 0.21 0.27 0.25 o

* only participants who had not had Hib-MenC are included for responses measured at 13 months

PT = pertussis toxin, FHA = filamentous haemagglutinin, PRN = pertactin, Hib = Haemophilus influenzae type b, IPV = polio, Pn = pneumococcal serotypes



Figure 5 Correlation (expressed as Spearman correlation coefficients) for pairwise comparisons of antibody responses to the 12-month vaccinations
at 13 months of age
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Table 5.1 Correlation (Spearman correlation coefficients with 95% CI and p-values) for pairwise comparisons of antibody responses to the 6-
month immunisations measured 1 (lower left) and 7 (upper right) months after immunisation. *only participants who had not had MMR/Hib-MenC
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= g b £ & o s s s c i e 2 © ® ~ > < 2 e 2 &
S T = a T > > > a a - = a o a a a & a o 3
a = o o o
0.39 0.47 0.39 0.55 0.29 0.22 0.24 0.30 0.43 0.38 0.42 0.47 0.52 0.54 0.44 0.39 0.24 0.34 0.31 0.31 0.39
Dlphtherla (0.12-0.61) (0.32-0.59) (0.24-0.52) (0.43-0.66) (0.01-0.53) (0.06-0.38) (0.08-0.39) (0.15-0.45) (0.28-0.55) (0.22-0.51) (0.28-0.55) (0.22-0.59) (0.38-0.63) (0.41-0.65) (0.29-0.56) (0.24-0.52) (0.08-0.39) (0.19-0.48) (0.15-0.45) (0.15-0.45) (0.24-0.52)
<0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.22 0.40 0.38 0.44 0.74 -0.12 -0.10 -0.07 0.22 0.33 0.54 0.38 0.47 0.53 0.34 0.30 0.36 0.26 0.12 0.25 0.19
Tetanus (0.02-0.41) (0.13-0.61) (0.11-0.60) (0.18-0.64) (0.57-0.84) (-0.39-0.17) (-0.38-0.19) (-0.35-0.22) (-0.07-0.47) (0.05-0.56) (0.30-0.71) (0.11-0.60) (0.21-0.66) (0.29-0.71) (0.06-0.57) (0.02-0.54) (0.09-0.59) (-0.02-0.51) (-0.17-0.39) (-0.03-0.50) (-0.10-0.45)
0.03 0.01 0.01 <0.01 <0.01 0.41 0.48 0.64 0.14 0.02 <0.01 0.01 <0.01 <0.01 0.02 0.04 0.01 0.07 0.41 0.08 0.19
0.32 0.13 0.61 0.45 0.33 0.23 0.11 0.19 0.28 0.38 0.27 0.27 0.27 0.30 0.30 0.18 0.13 0.19 0.07 0.14 0.21
PT (0.12-0.49) (-0.08-0.33) (0.49-0.70) (0.31-0.57) (0.05-0.56) (0.07-0.38) (-0.06-0.27) (0.03-0.35) (0.12-0.43) (0.22-0.51) (0.11-0.41) (0.11-0.41) (0.11-0.42) (0.14-0.44) (0.14-0.44) (0.01-0.33) (-0.04-0.29) (0.03-0.35) (-0.09-0.24) (-0.02-0.30) (0.04-0.36)
<0.01 0.22 <0.01 <0.01 0.02 <0.01 0.21 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.13 0.02 0.38 0.09 0.01
0.41 0.25 0.52 0.45 0.42 0.27 0.17 0.26 0.21 0.24 0.28 0.24 0.24 0.26 0.23 0.16 0.12 0.19 0.00 0.09 0.17
FHA (0.22-0.57) (0.04-0.43) (0.36-0.66) (0.31-0.58) (0.16-0.63) (0.11-0.42) (0.00-0.32) (0.10-0.41) (0.04-0.36) (0.08-0.39) (0.12-0.42) (0.07-0.39) (0.08-0.39) (0.10-0.41) (0.07-0.38) (-0.01-0.32) (-0.04-0.28) (-0.03-0.35) (-16.5-16.6) (-0.08-0.25) (0.00-0.33)
<0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.14 0.02 0.99 0.29 0.05
0.45 0.28 0.25 0.51 0.38 0.25 0.31 0.31 0.31 0.32 0.41 0.34 0.35 0.44 0.31 0.26 0.17 0.26 0.11 0.22 0.29
PRN (0.27-0.60) (0.07-0.46) (0.05-0.44) (0.34-0.65) (0.10-0.60) (0.09-0.40) (0.15-0.45) (0.15-0.45) (0.15-0.45) (0.17-0.47) (0.26-0.53) (0.19-0.48) (0.20-0.49) (0.30-0.57) (0.16-0.46) (0.10-0.41) (0.01-0.33) (0.10-0.41) (-0.05-0.27) (0.06-0.38) (0.13-0.43)
<0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 0.18 <0.01 <0.01
0.32 0.24 0.04 0.28 0.14 -0.19 -0.14 -0.17 0.19 0.48 0.40 0.26 0.37 0.49 0.27 0.34 0.18 0.32 0.22 0.32 0.18
Hib (0.13-0.50) (0.04-0.43) (-0.17-0.25) (0.07-0.46) (-0.07-0.34) (-0.45-0.10) (-0.41-0.15) (-0.43-0.12) (-0.10-0.45) (0.22-0.67) (0.13-0.61) (-0.02-0.51) (0.09-0.59) (0.24-0.68) (-0.02-0.51) (0.07-0.57) (-0.11-0.44) (0.04-0.56) (-0.06-0.48) (0.04-0.56) (-0.11-0.44)
<0.01 <0.01 0.70 <0.01 0.18 0.20 0.35 0.25 0.19 <0.01 <0.01 0.07 0.01 <0.01 0.06 0.02 0.21 0.02 0.13 0.02 0.23
0.30 0.28 0.18 0.24 0.44 0.14 0.57 0.58 0.17 0.12 0.29 0.17 0.20 0.25 0.21 0.19 0.22 0.22 0.03 0.09 0.16
IPV type 1 (0.10-0.47) (0.08-0.46) (-0.02-0.37) (0.04-0.43) (0.26-0.60) (-0.06-0.34) (0.44-0.67) (0.46-0.68) (0.00-0.32) (-0.04-0.28) (0.13-0.43) (0.00-0.32) (0.04-0.35) (0.09-0.40) (0.04-0.36) (0.03-0.35) (0.06-0.37) (0.05-0.37) (-0.13-0.20) (-0.08-0.25) (-0.01-0.31)
<0.01 <0.01 0.08 0.02 <0.01 0.18 <0.01 <0.01 0.05 0.15 <0.01 0.05 0.02 <0.01 0.01 0.02 <0.01 <0.01 0.68 0.30 0.06
0.25 0.21 0.24 0.18 0.24 0.13 0.71 0.63 0.11 0.16 0.28 0.19 0.20 0.19 0.19 0.15 0.12 0.20 0.02 0.08 0.10
IPV type 2 (0.04-0.43) (0.00-0.40) (0.04-0.43) (-0.02-0.37) (0.03-0.43) (-0.07-0.33) (0.56-0.80) (0.51-0.72) (-0.05-0.28) (0.00-0.32) (0.12-0.42) (0.02-0.34) (0.04-0.36) (0.02-0.34) (0.03-0.35) (-0.02-0.30) (-0.05-0.28) (0.03-0.35) (-0.14-0.19) (-0.09-0.24) (-0.07-0.26)
0.02 0.05 0.02 0.08 0.02 0.21 <0.01 <0.01 0.17 0.05 <0.01 0.03 0.02 0.03 0.02 0.08 0.16 0.02 0.78 0.34 0.25
0.25 0.14 0.07 0.08 0.24 0.20 0.71 0.74 0.14 0.20 0.31 0.19 0.20 0.11 0.17 0.15 0.10 0.13 0.09 0.08 0.10
1PV type 3 (0.10-0.47) (-0.06-0.34) (-0.13-0.28) (-0.13-0.28) (0.03-0.42) (0.00-0.39) (0.59-0.80) (0.64-0.82) (-0.02-0.30) (0.03-0.35) (0.16-0.45) (0.02-0.34) (0.04-0.36) (-0.06-0.27) (0.00-0.33) (-0.01-0.31) (-0.07-0.26) (-0.03-0.29) (-0.08-0.25) (-0.09-0.24) (-0.07-0.26)
<0.01 0.18 0.49 0.46 0.02 0.06 <0.01 <0.01 0.09 0.02 <0.01 0.03 0.02 0.20 0.04 0.07 0.26 0.12 0.30 0.04 0.24
0.50 0.31 0.17 0.22 0.20 0.40 0.20 0.22 0.16 0.54 0.64 0.74 0.65 0.56 0.64 0.64 0.35 0.63 0.41 0.39 0.56
Pn1 (0.33-0.64) (0.11-0.59) (-0.04-0.36) (0.01-0.41) (0.00-0.39) (0.21-0.56) (0.00-0.39) (0.01-0.41) (-0.04-0.36) (0.41-0.65) (0.53-0.73) (0.66-0.81) (0.55-0.74) (0.44-0.67) (0.53-0.73) (0.53-0.73) (0.20-0.49) (0.52-0.72) (0.26-0.54) (0.24-0.52) (0.44-0.67)
<0.01 <0.01 0.11 0.04 0.06 <0.01 0.06 0.04 0.12 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.28 0.25 0.16 0.19 0.11 0.28 0.20 0.23 0.23 0.61 0.62 0.48 0.43 0.39 0.48 0.55 0.20 0.59 0.36 0.34 0.40
Pn 3 (0.07-0.46) (0.05-0.43) (-0.04-0.35) (-0.02-0.38) (-0.10-0.31) (0.08-0.46) (0.00-0.39) (0.02-0.41) (0.03-0.42) (0.46-0.72) (0.50-0.71) (0.34-0.60) (0.29-0.56) (0.24-0.52) (0.34-0.60) (0.42-0.66) (0.37.0.35) (0.47-0.69) (0.21-0.49) (0.19-0.48) (0.25-0.53)
<0.01 0.02 0.12 0.07 0.31 <0.01 0.06 0.03 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.46 0.24 0.08 0.15 0.17 0.27 0.23 0.24 0.32 0.78 0.58 0.69 0.58 0.52 0.63 0.62 0.44 0.62 0.35 0.43 0.44
Pn4 (0.28-0.61) (0.03-0.42) (-0.12-0.28) (-0.06-0.34) (-0.04-0.36) (0.07-0.45) (0.02-0.41) (0.04-0.42) (0.12-0.49) (0.78-0.85) (0.43-0.70) (0.59-0.77) (0.46-0.68) (0.39-0.63) (0.52-0.72) (0.51-0.72) (0.30-0.57) (0.51-0.71) (0.20-0.49) (0.28-0.55) (0.30-0.57)
<0.01 0.02 0.43 0.17 0.11 0.01 0.03 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.51 0.34 0.21 0.21 0.20 0.37 0.25 0.27 0.24 0.86 0.55 0.79 0.69 0.61 0.75 0.73 0.50 0.70 0.44 0.48 0.54
Pn5 (0.33-0.64) (0.14-0.51) (0.00-0.40) (0.01-0.40) (0.00-0.39) (0.18-0.54) (0.05-0.43) (0.07-0.45) (0.04-0.43) (0.79-0.91) (0.39.0.68) (0.69-0.85) (0.59-0.77) (0.49-0.70) (0.66-0.81) (0.64-0.80) (0.37-0.62) (0.60-0.77) (0.30-0.56) (0.34-0.60) (0.41-0.64)
<0.01 <0.01 0.04 0.04 0.05 <0.01 0.02 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.51 0.17 0.13 0.12 0.10 0.30 0.08 0.17 0.08 0.78 0.49 0.67 0.73 0.77 0.66 0.62 0.40 0.58 0.28 0.39 0.59
Pn 6A (0.34-0.65) (-0.03-0.36) (-0.08-0.33) (-0.09-0.31) (-0.10-0.30) (0.10-0.48) (-0.12-0.28) (-0.03-0.37) (-0.12-0.28) (0.69-0.85) (0.31-0.63) (0.54-0.77) (0.61-0.81) (0.69-0.83) (0.55-0.74) (0.51-0.72) (0.25-0.53) (0.46-0.68) (0.12-0.42) (0.24-0.52) (0.47-0.69)
<0.01 0.11 0.21 0.27 0.33 <0.01 0.43 0.10 0.46 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.62 0.15 0.20 0.15 0.19 0.32 0.25 0.31 0.25 0.67 0.36 0.62 0.61 0.76 0.58 0.58 0.39 0.55 0.32 0.43 0.68
Pn 6B (0.47-0.73) (-0.05-0.35) (-0.01-0.39) (-0.05-0.35) (-0.02-0.38) (0.12-0.49) (0.05-0.43) (0.11-0.48) (0.04-0.43) (0.54-0.77) (0.17-0.53) (0.47-0.73) (0.46-0.72) (0.66-0.84) (0.46-0.68) (0.46-0.68) (0.24-0.52) (0.42-0.65) (0.17-0.47) (0.29-0.56) (0.58-0.76)
<0.01 0.14 0.06 0.15 0.07 <0.01 0.02 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.52 0.29 0.12 0.20 0.17 0.29 0.14 0.18 0.14 0.78 0.55 0.70 0.73 0.75 0.62 0.71 0.41 0.67 0.33 0.38 0.53
Pn 7F (0.36-0.66) (0.09-0-47) (-0.09-0.32) (-0.01-0.29) (-0.03-0.37) (0.09-0.47) (.0.07-0.33) (-0.03-0.37) (-0.07-0.33) (0.69.0.85) (0.38-0.68) (0.57-0.79) (0.62-0.81) (0.65-0.83) (0.48-0.73) (0.61-0.78) (0.26-0.54) (0.57-0.75) (0.17-0.47) (0.23-0.51) (0.40-0.64)
<0.01 <0.01 0.27 0.06 (0.10) <0.01 0.20 0.09 0.20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.52 0.28 0.26 0.25 0.26 0.20 0.16 0.17 0.16 0.85 0.55 0.78 0.78 0.69 0.58 0.75 0.36 0.69 0.40 0.38 0.51
Pn 9V (0.36-0.66) (0.07-0.46) (0.06-0.44) (0.05-0.44) (0.05-0.44) (-0.01-0.39) (-0.05-0.35) (-0.03-0.37) (-0.05-0.35) (0.78-0.90) (0.38-0.68) (0.69-0.85) (0.68-0.85) (0.57-0.79) (0.43-0.70) (0.64-0.83) (0.21-0.50) (0.59-0.77) (0.24-0.53) (0.23-0.51) (0.37-0.62)
<0.01 <0.01 0.01 0.01 0.01 0.06 0.14 0.10 0.13 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.31 0.05 0.13 0.03 0.12 0.06 0.13 0.11 0.23 0.52 0.39 0.50 0.44 0.54 0.46 0.52 0.52 0.33 0.27 0.30 0.33
Pn 14 (0.11-0.49) (-0.16-0.25) (-0.08-0.33) (-0.18-0.23) (-0.08-0.32) (-0.14-0.26) (-0.08-0.33) (-0.10-0.31) (0.03-0.42) (0.36-0.66) (0.20-0.55) (0.33-0.64) (0.25-0.59) (0.38-0.67) (0.28-0.61) (0.36-0.66) (0.35-0.65) (0.18-0.47) (0.11-0.42) (0.14-0.44) (0.18-0.47)
<0.01 0.66 0.21 0.78 0.24 0.57 0.22 0.31 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.49 0.18 0.09 0.15 0.16 0.41 0.22 0.22 0.28 0.80 0.62 0.78 0.78 0.74 0.67 0.76 0.70 0.62 0.43 0.48 0.53
Pn 18C (0.32-0.63) (-0.03-0.37) (-0.12-0.29) (-0.06-0.34) (-0.05-0.36) (0.22-0.57) (0.01-0.41) (0.01-0.41) (0.08-0.46) (0.71-0.86) (0.48.0.74) (0.69-0.85) (0.69.0.85) (0.63.0.82) (0.54-0.77) (0.65-0.83) (0.58-0.80) (0.47-0.73) (0.28-0.56) (0.34-0.60) (0.40-0.64)
<0.01 0.0.9 0.41 0.16 0.13 <0.01 0.04 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.53 0.18 0.12 0.14 0.23 0.25 0.33 0.29 0.39 0.66 0.49 0.67 0.64 0.66 0.63 0.59 0.64 0.55 0.74 0.75 0.39
Pn 19A (0.37-0.67) (-0.02-0.37) (-0.08-0.32) (-0.07-0.34) (0.03-0.42) (0.05-0.44) (0.13-0.50) (0.09-0.47) (0.20-0.55) (0.52-0.76) (0.32-0.64) (0.54-0.77) (0.49-0.74) (0.52-0.76) (0.48-0.74) (0.44-0.71) (0.50-0.75) (0.38-0.68) (0.63-0.82) (0.71-0.82) (0.24-0.52)
<0.01 0.08 0.24 0.18 0.03 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.57 0.26 0.25 0.26 0.34 0.33 0.23 0.19 0.21 0.75 0.51 0.66 0.71 0.69 0.66 0.72 0.76 0.58 0.75 0.73 0.30
Pn 19F (0.41-0.69) (0.05-0.44) (0.05-0.43) (0.05-0.44) (0.14-0.51) (0.13-0.50) (0.03-0.42) (-0.01-0.38) (0.00.0.40) (0.64-0.83) (0.34-0.65) (0.53-0.77) (0.59-0.80) (0.56-0.78) (0.52-0.76) (0.61-0.81) (0.66-0.84) (0.43-0.70) (0.65-0.83) (0.61-0.81) (0.14-0.45)
<0.01 0.01 0.02 0.01 <0.01 <0.01 0.03 0.07 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
0.56 0.30 0.17 0.24 0.24 0.33 0.21 0.27 0.25 0.79 0.59 0.75 0.78 0.78 0.70 0.75 0.75 0.49 0.77 0.75 0.75
Pn 23F (0.40-0.68) (0.10-0.48) (-0.04-0.36) (0.04-0.43) (0.04-0.43) (0.14-0.50) (0.00-0.40) (0.07-0.45) (0.04-0.43) (0.70-0.85) (0.44-0.71) (0.64-0.83) (0.68-0.85) (0.69-0.85) (0.57-0.79) (0.65-0.83) (0.64-0.83) (0.31-0.63) (0.67-0.84) (0.64-0.83) (0.64-0.83)
<0.01 <0.01 0.11 0.02 0.02 <0.01 0.05 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Table 5.2 Correlation (expressed as Spearman correlation coefficients with 95% confidence interval and p-values) for pairwise comparisons of
antibody responses to the12-month immunisations measured 1 month after immunisation.

3 2 o 0 “

7] IS [ c [= Qo

© o ) < T

[} =] 3 s [0}
= = o [

0.20 0.17 0.07 -0.09 0.
Measles (0.04-0.35)  (0.01-0.33) (-0.09-0.23) (-0.24-0.08) (-0.28-0.04)
0.01 0.04 0.39 0.30 0.13
0.61 -0.06 0.05 -0.12
Mumps (0.50-0.70) (-0.22-0.10) (-0.11-0.21) (-0.28-0.04)
<0.01 0.45 0.56 0.14
-0.09 -0.07 0.13
Rubella (-0.25-0.07) (-0.23-0.09) (-0.28-0.03)
0.25 0.38 0.12
0.52 0.48
MenC (0.39-0.63)  (0.35-0.60)
<0.01 <0.01
0.50
Tetanus (0.36-0.61)
<0.01
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CHAPTER 6. GENERAL DISCUSSION AND FURTHER DIRECTIONS

The studies included in this thesis contribute to the understanding of factors that influence vaccine
responses during the first year of life. | found that there is substantial variation within and
between infants in antibody responses to routine vaccines. Measuring antibody responses to one
antigen does not offer a surrogate marker of responses to other vaccines, as there is a weak
correlation between antibody responses to different vaccines. Maternal dTpa immunisation during
pregnancy, sex and the immunomodulatory effects of BCG influence humoral vaccine responses,
while maternal TIV immunisation during pregnancy, delivery mode, breastfeeding and antibiotic
exposure do not have an effect on antibody responses to routine immunisations in infants.
Understanding the role of different factors in modulating vaccine responses has important
implications for the future development and optimisation of vaccines and immunisation schedules

and for individualising immunisation.

Maternal immunisation during pregnancy aims to protect infants during the period before they
complete their primary immunisations and has been shown to be highly effective.'®20
Nevertheless, my study shows that that antenatal dTpa immunisation influences antibody
responses to subsequent infant vaccines. At both 7 and 13 months of age, infants of dTpa-
immunised mothers had reduced specific (diphtheria and pertussis) and heterologous (polio and
pneumococcal) vaccine antibody responses (but higher Hib responses at 7 months of age). In
contrast, maternal TIV immunisation during pregnancy had no consistent effect on infant vaccine
responses. One proposed mechanism for the inhibition of infant antibody production after
antenatal immunisation is that maternal antibodies bind to vaccine epitopes and mask them from
infant B lymphocytes, leading to attenuation of responses to these antigens. Hence, the ratio
between maternal antibody concentrations and dose of vaccine antigen might influence the

degree of inhibition.?3313* As most vaccines induce high antibody responses, small differences in

antibody concentrations may not be of clinical significance in terms of protective efficacy or may
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only impact the duration of protection. | have recently shown that at 13 months of age, many
infants vaccinated with a 3+0 schedule (with the last dose of PCV13 given at 6 months of age) have
pneumococcal antibody concentrations below the standard threshold correlate of protection
leaving them at risk for pneumococcal disease (Appendix 1).13°> There is a potential risk that the
comprehensive implementation of maternal dTpa immunisation during pregnancy might further
decrease antibody concentrations to pneumococcal vaccination. To retain the benefits of maternal
immunisation whilst optimising protection against pneumococcal disease throughout early
childhood and improving antibody persistence and indirect protective effects, immunisation
schedules with additional booster doses of pneumococcal (and other) vaccines in the second year

of life might need to be considered.

BCG has heterologous effects on the infant immune system.3¢ The results from my study suggest
that neonatal BCG immunisation might lead to higher GMCs and seroprotection rates for
diphtheria, tetanus and pneumococcal antigens, and a reduced response and seroprotection rate
for Hib. Although the findings only reached statistical significance for a few of the pneumococcal
serotypes (9V, 19F and 23F), the consistent direction of change in GMRs at both 7 and 13 months
of age suggests an effect of BCG on antibody responses. The results are also consistent with those
from a recent trial in Denmark, which also found increased responses in BCG-vaccinated infants,
albeit only statistically significant when BCG was administered after the first day of life.!3” To date,
most studies investigating the effect of BCG on heterologous vaccine responses, including the
recent study from Denmark!3” and ours, have used BCG-Denmark, which is a strain that has been
associated with superior efficacy for both specific and non-specific effects.'3¢13° The mechanisms
underlying the immunomodulatory effects of BCG immunisation are the subject of ongoing

investigation.'#° Studies show that BCG immunisation affects both innate4143 and T cell
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immunity.?** Notably, it has been shown that epigenetic reprogramming by BCG alters innate

immune cells that might function as antigen-presenting cells.?4>146

Apart from maternal immunisation and BCG, a further factor that | found to influence antibody
responses to immunisation in infants, although to lesser extent, was biological sex. In my study,
antibody concentrations were significantly lower at 7 months of age in females for responses to
tetanus and filamentous haemagglutinin, and at 13 months of age for responses to pertactin. In
contrast, at 13 months of age, antibody concentrations were significantly higher in females for
polio type 3, pneumococcal serotype 6A and measles. My finding that females have lower
antibody responses against tetanus, and higher responses against polio (type 3), is consistent with
previous studies in adults. %23 It is difficult to compare my findings with the meta-analysis that has
investigated the effect of biological sex on vaccine responses in infants and children up to the age
of three years,'! as many of the vaccine antigens for which | found significant differences
between boys and girls (filamentous haemagglutinin, measles, polio) were not investigated in the
meta-analysis. The meta-analysis did report “consistently higher or equivalent” vaccine antibody
and memory B cells responses in girls compared to boys. However, similar to our study, two of the
three trials included in the meta-analysis that compared antibody responses to tetanus
vaccination also found lower responses in boys. In contrast, the studies included in the meta-
analysis reported consistently higher antibody responses to pneumococcal vaccination in girls,'%*
while | did not find sex differences in the response to pneumococcal vaccination, except for
serotype 6A. This might be because a large part of our pneumococcal responses were measured 7
months after vaccination, while in the meta-analysis they were measured 1 month after

vaccination. In adults, males have generally been reported to have higher antibody responses to

pneumococcal vaccines.'*’
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One proposed mechanism through which sex might affect vaccine responses is through
hormones.?>'*8 However, as shown in my literature review, sex differences in vaccine responses
also occur before puberty and after menopause,'*® therefore further factors are likely involved.
Many genes for proteins involved in the immune responses are encoded on the X chromosome,
and mutations or polymorphisms of X-linked genes therefore have a greater impact in males.*>° A
further mechanism through which sex differences in vaccine responses might occur, is through

148

epigenetic programming, which is also influenced by sex hormones'*® or by sex differences in the

intestinal microbiota.'>*152

Maternal antibodies inhibit infant antibody responses to vaccines.?! Although the majority of
maternal antibody transfer is transplacental, breast milk also contains antibodies that might
interfere with immune responses. Small studies have reported that after routine vaccination,
breast-fed infants have higher serum IgG levels to diphtheria,'°® Hib!%71%8 and oral polio virus
(OPV)196153 yaccination, and higher salivary IgA levels to tetanus, diphtheria and OPV
vaccination.'% For ORV vaccine, reduced seroconversion rates were observed in breast-fed infants
compared with formula-fed infants,'°1%5 however, this was not confirmed in subsequent
studies.'> One difficulty with the investigation of the effect of breastfeeding on vaccine responses
is that infants with mixed feeding are sometimes classified as breast-fed and sometimes as non-
breast-fed.'>* Furthermore, IgA levels, as well as the neutralising activity of IgA in breast milk, may
depend on geographic location.*> These factors could explain some of the inconsistency in results
from different studies. It is possible that our study was too small to detect any effect of

breastfeeding on vaccine responses.

In recent years, considerable research has revealed the importance of the intestinal microbiota in
the development of the immune system and regulation of immune responses.'21°6 Advances in

sequencing technologies and bioinformatic analysis have facilitated the understanding of the
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composition of the intestinal microbiota. Despite the evidence for the intimate relationship
between the intestinal microbiota and the immune system, only a limited number of studies have
investigated the effect of the composition of the intestinal microbiota on vaccine responses. These
studies have been summarised in my recent review (Appendix 3).2°7 These studies show that, in
infants, a higher relative abundance of the phylum Actinobacteria (especially the species
Bifidobacterium longum) is associated with both higher humoral and cellular vaccine responses to

oral and parenteral vaccines, 8159

while a higher relative abundance of the phylum Proteobacteria
is associated with lower humoral and cellular responses to these vaccines.*® In addition, in infants
and adults, a higher relative abundance of the phylum Firmicutes is associated with higher

160,161

humoral and cellular responses to oral vaccines, while a higher relative abundance of the

phylum Bacteroidetes is associated with lower humoral responses to oral vaccines in infants.¢°
Currently, there no studies that have investigated the influence of the viral, fungal or parasitic
intestinal microbiota on vaccine responses. However, children treated with anthelminthic drugs
have been shown to have higher antibody responses after oral cholera immunisation,®? while
adults who are infected with Ascaris lumbricoides have been shown to have a suppressed
interleukin-2 response after oral cholera immunisation.'3 It has also been shown that antenatal
maternal helminth infections are associated with modestly increased IgA responses to oral
vaccines in infants.®* However, administration of anthelminthic drugs to pregnant women does

influence oral vaccine responses in infants.6>

There is evidence that the interaction between the microbiota and the immune system are of
particular importance during early infancy, when they both develop concurrently.'¢41¢8 Compared
with adults, the microbiota in infants is less stable and is influenced by a number of factors,
including gestational age, delivery mode, feeding, and maternal and infant antibiotic and probiotic
exposure.109169-175 |t js therefore likely that the intestinal microbiota has a greater influence on the

immune response to immunisations given in infancy than later in life. Breastfed infants have a
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higher relative abundance of B. longum subspecies infantis in their intestinal microbiota, 176178

which in my recent review was associated with both increased humoral and cellular vaccine
responses to both oral and parenteral vaccines (Appendix 4). In accordance with this, previous
studies have reported that breastfed infants have higher vaccine-specific IgA and IgG
concentrations in serum and saliva after parenteral vaccines.'%1% |n the study included in my
thesis, | could not find a difference in antibody responses to routine immunisation between infants
who were or were not still breastfed at 7 days, 1 month or 6 months of age. Antibiotics, which are
frequently administered in early-life, have a substantial impact on the intestinal microbiota.”?:180
It is therefore plausible that antibiotics also influence the immune response to vaccines. However,

in the study included in my thesis, | did not find a difference in antibody responses to routine

immunisation in infants who were or were not exposed to intrapartum or early-life antibiotics.

To date, none of the studies that have investigated the association between the intestinal
microbiota and vaccine responses has used whole genome sequencing, a technique that identifies
a larger number of bacteria and, importantly, also viruses, fungi and parasites which potentially
also influence vaccine responses. Moreover, in the few studies that did investigate the influence of
the bacterial intestinal microbiota on vaccine responses, results were reported at various different
taxonomic levels (phyla, order, family, genus, species) and it is likely that the relative abundance of
certain genera or species, or specific microbial intestinal signatures are more important than
phylum or class level changes in altering the response to vaccines. Further, well-designed,
adequately powered studies using whole-genome sequencing are therefore needed to investigate
in more detail the influence of the intestinal, respiratory and urinary microbiota on vaccine
responses, including the effect of bacteria, archaea, eukaryotes and viruses. Whilst the microbiota
remains relatively consistent over time in adults, in contrast, during the first 6 months of life, the
numbers and type of microbes fluctuate markedly.*®-82 Therefore, future studies in infants should

include frequent sampling, ideally both prior to and concurrent with measuring vaccine responses.
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As shown in chapter 5, there was no correlation between vaccine responses to unrelated antigens.
Therefore, surrogate antigens cannot be chosen and responses to a variety of vaccines need to be
measured. Despite the lack of evidence that breastfeeding and antibiotic administration influence
vaccine responses, these factors need to be considered when designing studies that investigate
the effect of the microbiota on vaccine responses, as they are known to influence the
microbiota.!®® Further factors that are known to influence the microbiota and need to be
accounted for when designing studies that investigate the influence of the microbiota on vaccine
responses, are feeding, administration of probiotics and other medications, siblings, day care
attendance and pets. As live vaccines might influence the composition of the microbiota, it might
be preferable to do a study which includes only infants that where not vaccinated with BCG or
ORV. Identifying microbial signatures within the early-infant intestinal microbiota that are
associated with differences in vaccine responses will make an important contribution to the
growing field of research investigating the importance of the interplay between the microbiota
and regulation of the human immune system. This will help identify strategies, such nutritional
interventions, to improve vaccine effectiveness and duration of protection, particularly in infancy

when the intestinal microbiota is more amenable to external influences.

While there have been only few studies on the effect of the intestinal microbiota on vaccine

r.esponses’158—161,184

many studies have investigated the effect of concurrent administration of
probiotics around the time of immunisation. Probiotics are live microbes which, when
administered orally in adequate amounts are beneficial to the host.*®> | recently published a
systematic review of studies that have investigated the effect of probiotics on the humoral
response to immunisations (Appendix 4).18¢ A beneficial effect of probiotics was reported in about
half the studies, mostly in studies using oral vaccines or parenteral influenza immunisation.!8¢

Probiotics offer a relatively cheap intervention to improve vaccine effectiveness and duration of

protection and have few adverse effects.'®” There is sufficient evidence from the studies in my
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review to suggest this strategy is worth pursuing. However, future studies should focus on
establishing optimal strains, doses and timing of probiotic administration in relation to

immunisation.

Non-specific effects of vaccines are defined as effects induced by vaccines beyond protection
against their targeted disease.?? The best evidence for non-specific effects of vaccines exists for
live-vaccines. For BCG, for example, it has been shown that it reduces all-cause infant mortality in
certain settings?? and that it decreases hospitalisation rates.'?>124 Measles-containing vaccines
(MCV) also reduce childhood mortality in high-mortality settings from diseases other than measles
by 26 to 49%.%2%2 To date, the exact mechanisms underlying the immunomodulatory effects of

145,146 3|teration in cytokine

vaccines are uncertain,® but they include epigenetic reprogramming,
responses#143 and other changes in innate and T-cell immunity.'#+8° The immunomodulatory

effect of neonatal BCG on antibody responses to heterologous vaccines found in my study adds to
the evidence that BCG immunisation at birth has broad heterologous effects on the infant immune
system, which should be further explored. In contrast to these findings, | have recently shown that

MCV vaccine given at 12 months of age does not significantly influence the persistence of antibody

concentrations to heterologous vaccines received in the first year of life (Appendix 2).1*°

The clinical significance of changes in humoral immunity induced by different factors needs to be
interpreted in light of the fact that most vaccines lead to an antibody concentration significantly
above the protective threshold in the majority of infants. Nonetheless, in the study described in
Chapter 2, antenatal dTpa led to changes in antibody concentrations that were associated with
diminished seroprotection rates, which might be clinically relevant. Furthermore, differences in
antibody concentrations might be relevant for the duration of protection. Nonetheless,
recognising factors which might influence vaccine antibody responses, is important for the design

of vaccine studies and decisions on vaccine schedules. It also offers ways to optimise vaccine
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immunogenicity and effectiveness, as well as the possibility to individualise immunisation. The
complex interplay between different components of the immune system in vaccine responses is
not yet fully understood, and future studies should focus on additional factors, including the

innate and cellular immune system and the function of antibodies.
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ABSTRACT

Introduction Despite immunisation, antibiotics and
intensive care management, infection with Streptococcus
pneumoniae remains a major cause of morbidity and
mortality in children. The WHO currently recommends
vaccinating infants with either a 3+0schedule (6

weeks, 3—4 and 4-6 months of age) or 2+1 schedule

(2 doses before 6 months of age, plus a booster

dose at 9-15 months of age). This study investigated
pneumococcal antibody responses, including persistence
of antibodies, after immunisation of healthy infants with
a 3+0schedule.

Methods We measured pneumococcal antibody
concentrations to all 13 antigens included in the
13-valent pneumococcal conjugate vaccine (PCV13)
after immunisation with a 3+0schedule in 91 infants
at 7 months and in 311 infants at 13 months of age.
The geometric mean concentrations (GMCs) and the
proportion of infants with an antibody concentration
above the standard threshold correlate of protection
(seroprotection rate) were calculated at both time
points.

Results At 7 months of age, GMCs varied between 0.52
Hg/mlLand 11.52ug/mL, and seroprotection rates varied
between 69% and 100%. At 13 months of age, GMCs
had decreased to between 0.22 pg/mLand 3.09 pg/mL,
with the lowest responses against serotype 4, followed
by 194, 3, 6B and 23F. Seroprotection rates at 13
months of age were below 90% for most serotypes, with
the lowest rates for serotype 4 (23%) followed by 19A
(50%), 23F (61%) and 6B (64%).

Conclusion Our study shows that at 13 months of
age, many infants vaccinated with a 3+0schedule

have pneumococcal antibody concentrations below the
standard threshold correlate of protection. To optimise
protection against pneumococcal disease through early
childhood and to improve antibody persistence and
indirect protective effects, immunisation schedules with
booster doses might be necessary.

INTRODUCTION

Streptococcus pneumoniae remains a major cause of
respiratory tract infections (acute otitis media, sinus-
itis, bronchitis and pneumonia) and invasive disease
(bacteraemia, meningitis and osteomyelitis) globally
and is associated with considerable healthcare costs.
The pathogen contributes significantly to the mortality
of children under 5 years of age with an estimated
0.5million deaths per year.! Infants are particularly
vulnerable to invasive pneumococcal disease (IPD)
and, in addition to elderly people, carry the highest

What is already known on this topic?

» Despite immunisation, Streptococcus
pneumoniae remains a major cause of global
morbidity and mortality in children under 5
years of age.

» The WHO currently recommends vaccinating
infants in the first year of life with either a
3+0 schedule or 2+1 schedule of 13-valent
pneumococcal conjugate vaccine (PCV13).

» Most of the previous studies investigating
responses to PCV13 have measured antibodies
only at 4 weeks after immunisation; few have
measured persistence of antibodies.

What this study adds?

» At 13 months of age, many infants vaccinated
with a 3+0 PCV13 schedule ending at
6 months have pneumococcal antibody
concentrations below the standard threshold
correlate of protection, leaving them at risk for
pneumococcal disease.

» In our cohort, 7 months after immunisation,
the lowest concentrations for pneumococcal
antibodies were observed for serotypes 4, 19A,
3, 6B and 23F. . Previous studies have shown
that higher threshold correlates of protection
might be necessary for some of these serotypes.
This might explain why breakthrough infections
with these serotypes are observed between the
second and fifth year of life.

» To optimise protection against pneumococcal
disease throughout early childhood, and to
improve antibody persistence and indirect
protective effects, immunisation schedules with
booster doses of pneumococcal vaccine should
be considered.

incidence and case fatality rates (approximately 24%
in children under 5 years of age).*

Based on its polysaccharide capsule, S. preumo-
niage is grouped into over 90 serotypes. The sero-
types that are most frequently associated with IPD
depend on geographical location, vaccine use, age
group and individual risk factors.® In children with
IPD, for example, in Sweden, before the introduction
of immunisation, serotypes 6B, 19F, 18C, 6A, 23F, 4
and 14 were most frequent.4 In contrast, in the UK,
after the introduction of the 13-valent pneumococcal
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conjugate vaccine (PCV13), serotypes 19A, 7F and 3,° and in
Australia, currently, serotypes 3 and 19A are the most common.®

The introduction of 7-valent pneumococcal polysaccharide—
protein conjugated vaccine (PCV7), 10-valent pneumococcal
polysaccharide—protein conjugated vaccine (PCV10) and PCV13
has significantly reduced the burden of IPD (protection rate
>90%),” * pneumonia (27%)""" and vaccine serotype pneu-
mococcal acute otitis media (57%-67%).">™"* Furthermore, by
decreasing nasopharyngeal carriage and antimicrobial resistance
rates,'® immunisation of infants with PCV also has indirect
protective effects for vaccinated and unvaccinated older children
and adults (herd immunity)."”

Antibody concentrations necessary for protection against
pneumococcal disease vary for protection against nasopharyn-
geal carriage, disease type and for cross-protection between
serotypes. An antibody concentration of 0.35 pg/mL is conven-
tionally used as the threshold correlate of protection value for
IPD and during licencing of new PCVs.'® An antibody concen-
tration of 0.5pug/mL is the estimated threshold correlate of
protection value for protection against acute otitis media and
pneumonia. Even higher concentrations (above 2pg/mL) are
estimated to be necessary for cross-protection between sero-
types.”” A recent study showed that the threshold correlate of
protection value varies by serotype.’

Since 2007, the guidelines from the Expanded Programme
on Immunization (EPI) from the WHO recommend vaccination
with either three doses of PCV13 at 6 weeks, 3—4 and 4-6 months
of age (3+0schedule) or with two doses before 6 months of
age, plus a booster dose at 9-15 months of age (2+1schedule),
depending on the local epidemiology of pneumococcal disease.
Both schedules are estimated to protect against IPD for at least
2-3 years.” Currently, breakthrough cases of IPD in children
who have been fully vaccinated with three doses of PCV13
with a 3+0schedule are observed mostly between the second
and fifth year of life,’ which has, in Australia, led to moving the
third dose into the second year of life.®*' In contrast, a study in
the UK observed no difference in postbooster antibody concen-
trations between children who were vaccinated with a 14+1or
a 2+1schedule for 9 of 13 serotypes.?? It therefore remains
unclear how long the protection lasts from a schedule with only
primary doses in infancy and what the optimal timing is for a
booster dose (or doses).

To date, most studies have measured antibody concentrations
only 4 weeks after schedule completion,” and few have measured
persistence of antibodies, which is important for protection against
breakthrough infections in early childhood.**’ In this study, we
measured pneumococcal antibody concentrations at the age of 7
months and 13 months of age (1 and 7 months after immunisa-
tion) following a 3+40schedule with PCV13 to investigate whether
antibody concentrations are still above the threshold correlate of
protection 7 months after completing the schedule.

METHODS

Study design and population

Participants in this study were a subset of infants in the
Melbourne Infant Study: BCG for Allergy and Infection Reduc-
tion from whom blood samples were collected at 7 months
and 13 months of age. This randomised clinical trial comprises
1272 healthy infants recruited antenatally from 2013 to 2016 to
investigate whether BCG immunisation at birth protects against
childhood infection, allergy and asthma. Inclusion criteria were:
greater than 32 weeks’ gestation, birth weight greater than 1500
g, mother not HIV positive, absence of symptoms or signs of

illness and no known contact with TB. Twins of participants
were excluded from the study, as they were not considered as
being independent

Immunisation

All infants received routine immunisations according to the
Australian National Immunisation Program: at birth: intramus-
cular hepatitis B vaccine (H-B-Vax II Paediatric [bioCSL]); at 6
weeks, 4 months and 6 months of age: intramuscular combined
diphtheria-tetanus-acellular pertussis (DTPa), hepatitis B, inac-
tivated poliomyelitis and Haemophilus influenzae type b (Hib)
vaccine (Infanrix Hexa [GlaxoSmithKline]), intramuscular
conjugate pneumococcal vaccine (Prevenar13 [Wyeth]) and oral
rotavirus vaccine (RotaTeq[Merck]); at 12 months of age: subcu-
taneous measles-mumps-rubella vaccine (Priorix [GlaxoSmith-
Kline]) and intramuscular combined Hib and meningococcal C
vaccine (Menitorix [GlaxoSmithKline]).

Blood collection

Plasma samples were available from 91 healthy participants at 7
months of age (1 month after completing the primary immuni-
sation schedule) and from 311 participants at 13 months of age
(7 months after completing the primary immunisation schedule).
Blood was collected in sodium-heparin (S-monovette[Sarstedt])
tubes and stored at —80°C until analysis.

Antibody measurement

Pneumococcal-specific antibody concentration to all 13 antigens
included in PCV13 were measured using a fluorescent bead-
based multiplex immune-assay (Luminex xMAP technology).
The geometric mean concentrations (GMCs) for each vaccine
antibody was calculated, and the 95% confidence interval (CI)
was estimated at both time points. The proportion of infants
with an antibody concentration above the threshold correlate of
protection value of 0.35 pg/mL*® and 0.5 pg/mL" (seroprotec-
tion rate) was also calculated at both time points together with
95% ClIs using the Clopper-Pearson method.

Ethics

Informed consent was obtained from participants’ parents or
guardians. The study was approved by the Royal Children’s
Hospital Human Research Ethics Committee (HREC, authori-
sation 38124A).

RESULTS

The characteristics of participants included at 7 months and 13
months of age are summarised in table 1. There were no differ-
ences in sex, gestational age, birth weight or delivery mode
between the infants included at 7 months and 13 months of age.
Infants at 7 months of age had slightly higher rates of maternal
influenza and DTPa immunisation during pregnancy. The age at
immunisation was similar in both groups.

Antibodies at 7 months of age

At 7 months of age, GMCs varied between 0.52 pg/mL and
11.53 pg/mL. The highest responses were observed against sero-
types 19F (11.53 pg/mL; 95%CI 9.50 to 13.86 ug/mL) and 7F
(6.13; 95% CI 5.22 to 7.21), followed by 6A (4.81; 95% CI
4.02 to 5.77) and 1 (4.37; 95% CI 3.53 to 5.49). The lowest
responses were observed against serotype 4 (0.52; 95% CI 0.43
t0 0.61), followed by 3 (1.44; 95% CI 1.25 to 1.65), 19A (1.72;
95% CI 1.41 to 2.09) and 6B (1.91; 95% CI 1.40 to 2.62).
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Table 1 Characteristics of participants with blood samples analysed
at 7 months and 13 months

Samples at 7months Samples at 13 months
(n=91) (n=311)
n (%) or median (IQR) n (%) or median (IQR)

Sex (male) 43 (47) 152 (49)
Gestational age (weeks) 39.5 (38.6-40.5) 39.3 (38.4-40.3)
Birth weight (kg) 3.48 (3.10-3.78) 3.44 (3.14-3.76)
Caesarean section 35(38) 117 (38)
Maternal DTPa immunisation in 46 (51) 146 (47)
pregnancy
Maternal influenza immunisation in 55 (60) 175 (56)
pregnancy
Age at routine immunisation in days
(median)
6-week vaccines 45 (43-48)* 46 (43-49)
4-month vaccines 123 (117-127) 125 (121-132)

6-month vaccines 187 (181-193) 191 (185-204)

Interval between (days)

6-month immunisation and 7-month
blood sample

28 (21-37) =

6-month immunisation and -
13-month blood sample

209 (190-224)

Age at blood sampling (days) 218 (208-227) 400 (389-418)

*Age for one participant not available.
DTPa, diphtheria-tetanus-acellular pertussis vaccine.

GMCs against serotypes 5, 9V, 14, 18C and 23F were similar at
2-3 pg/mL (figure 1 and online supplementary table 1).

Seroprotection rates using a threshold correlate of protec-
tion value of 0.35 ng/mL varied between 69% and 100%. The
lowest seroprotection rate was observed for serotype 4 (69%;
95% CI 59% to 78%), followed by serotype 6B (89%; 95% CI
81% to 95%). The rates for the remaining 11 serotypes were all
above 90% (100% for serotypes 7F and 19F). Using a threshold
correlate of protection value of 0.50ug/mL, seroprotection
rates were between 53% and 100%, with most between 85%
and 89%. The lowest rates were again observed for serotype 4
(53%; 95% CI 19% to 29%) and 6B (85%; 95% CI 76% to
91%) (figure 2 and online supplementary table 2).

Antibodies at 13 months of age

At 13 months of age, GMCs were lower than at 7 months, varying
between 0.22 pg/mL and 3.09 ug/mL. The highest response was
again observed for serotype 19F, but the GMC at this age was
considerably lower than that measured at 7 months of age (3.09 ng/

25
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Figure 1 Mean geometric mean concentrations (GMCs) in pug/mL

of antibodies against pneumococcal antigens included in PCV13 at 7
months (light grey bars) and 13 months (dark grey bars) of age. PCV13,
13-valent pneumococcal conjugate vaccine.

mL vs 11.53 pg/mL) (figure 1 and online supplementary table 1).
GMG:s for all other serotypes were below 2.00 ug/mL, with many
below 1.00 ug/mL (serotypes 3, 4, 5, 6B, 9V, 18C, 19A and 23F).

At 13 months of age, seroprotection rates using a threshold
correlate of protection value of 0.35ug/mL were below 90%
for the majority of antigens, except serotypes 1, 7F and 19F
(figure 2). The lowest seroprotection rate was observed for sero-
type 4 (23%; 95% CI 42% to 63%), followed by 19A (50%;
95% CI 44% to 56%), 23F (61%; 95% CI 56% to 67%) and
6B (64%; 95% CI 59% to 70%). Using a threshold correlate
of protection value of 0.50 pg/mL, seroprotection rates varied
between 13% and 98%. Seroprotection rates were below 80%
for eight serotypes and below 60% for six serotypes. The lowest
rate of were observed for serotype 4 (13%; 95% CI 9% to 17%),
followed by 19A (37%j; 95% CI 31% to 42%), 3 (47%; 95% CI
419% to 53%), 23F (50%; 95% CI 45% to 56%) and 6B (52%);
95% CI 469% to 58%) (figure 2 and online supplementary table
1). For 7F and 19F, for which the highest GMCs were observed
at 7 months of age, there were very little differences in sero-
protection rates between 7 months and 13 months of age (for a
threshold correlate value of 0.35 pg/mL: 7F: 100% vs 98%, 19F:
100% vs 1009%), while the largest differences were observed for
serotypes 4 (69% vs 23%), 19A (93% vs 50%), 23F (93% vs
61%) and 3 (99% vs 70%).

DISCUSSION

Of WHO member states, 44% include PCV in their routine
immunisation schedule.’’ However, the burden of mortality
from IPD remains high, despite immunisation, antibiotics and
intensive care management.’> The EPI currently recommends
the 3+0vaccine schedule for countries in which the incidence
of IPD peaks in infants within the first year of life (usually devel-
oping countries) and the 241 schedule for countries in which the
peak incidence occurs beyond the first year of life, as it offers a
longer duration of protection.” **

Our finding that at 13 months of age (7 months after
completing a 340 schedule) many infants have antibody concen-
trations below the standard threshold correlate of protection
value of 0.35pg/mL for a number of pneumococcal serotypes
(with the lowest seroprotection rates observed for serotypes 4,
19A, 23F and 6B and the lowest antibody concentrations for
serotypes 4, 19A, 23F and 3) is worrying.

Our finding of low GMCs and low seroprotection rates at
13 months of age with a 3+0schedule is consistent with clin-
ical surveillance data that show higher protection rates against
vaccine-type IPD in children with a 3+1or 2+1schedule (up
to 100%) than with a 3+0schedule (up to 90%) after vaccina-
tion with PCV7 or PCV9.” ** Additionally, recent data show that
children who were vaccinated with a 34+0schedule more than
24 months earlier have a fivefold increased risk of contracting
a vaccine-type IPD compared with children who were vacci-
nated within the previous 12 months.*” In Australia, for pneu-
mococcal disease, vaccine failures in children above the age of
1year have increased since the introduction of a 3+0schedule
of PCV13.%77 Notably, a similar phenomenon was observed in
relation to Hib disease in older children in the UK. An increased
number of cases was observed after a schedule without a booster
was used for nearly a decade. Subsequently, the schedule was
changed to include a Hib booster dose.*®

GMCs and seroprotection rates following a 3+0schedule
might be sufficiently high for some countries with high immu-
nisation coverage, which benefit from strong herd immunity
through decreased nasopharyngeal carriage. However, systematic
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Figure 2 Seroprotection rates against pneumococcal antigens included in PCV13 at 7 months (light grey bars) and 13 months (dark grey bars) of
age using a threshold correlate of protection value of 0.35 pg/mL (left) and 0.5 pug/mL (right). PCV13, 13-valent pneumococcal conjugate vaccine.

reviews show that while 3+1, 2+1and 340 schedules reduce
the incidence of pneumonia’ and nasopharyngeal carriage with
vaccine-type pneumococcal serotypes in children,”® only a
3+1schedule also has indirect benefits by reducing pneumonia
and nasopharyngeal carriage in adults.*® Since immunisation has
a large influence on the circulating pneumococcal serotypes,
the epidemiology is constantly changing, and it is difficult to
compare studies from settings in which a variety of different
vaccine schedules have been used.

After the introduction of PCV13, the largest reduction in IPD
due to the additional serotypes included in PCV13 (compared
with PCV7) was observed for serotype 19A, followed by 1 and
6A. The incidence of IPD due to serotype 3 did not change
appreciably.*! #* Currently, in PCV13-vaccinated populations,
approximately 149 of IPD in children younger than 5 years of
age is caused by vaccine serotypes in populations vaccinated with
the 241 schedule*! and 30% in populations vaccinated with the
3+0schedule.® The most frequently isolated serotypes are 1, 19A
and 23F in children vaccinated with 2+1 schedule® and 194, 3,
19F and 23F in children vaccinated with the 3+0schedule.® The
most frequently isolated pneumococcal vaccine serotype isolated
from children with pleural effusion who are appropriately vacci-
nated with PCV13 with either a 2+1 or 3+ 1 schedule is serotype
3.9 % This serotype is currently also the most frequent vaccine
serotype isolated from patients of all ages with acute otitis
media.* Consistent with this clinical observation, serotypes
19A, 3 and 23F, were, apart from serotype 4, the serotypes for
which we observed the lowest seroprotection rates at 13 months
of age. Even though, the same serotypes are still causing disease
after the 2+1and 3+ 1schedule numbers are lower than after
the 3+0schedule.®

The antibody threshold correlate of protection value provides
a benchmark for predicting protection against IPD and other
pneumococcal diseases, but other factors, for example, anti-
body function (measured by opsonophagocytic assays) are also
important when considering protective immunity. Nevertheless,
for pneumococcal protection, there is a good correlation between
total antibody concentrations and opsonophagocytic activity.* *¢
The antibody concentration needed to protect against pneumo-
coccal disease depends on geographic location, age, disease type
and serotype. In Africa, antibody concentrations required to
prevent IPD are reported to be higher than in the USA.>**” Even
though a threshold correlate of protection value of 0.35 pg/mL
for IPD and 0.5 pg/mL for mucosal disease is used, these values
may not be valid for all serotypes.” A recent study estimated

necessary protection correlates for IPD to be below 0.35 pg/mL
only for the vaccine serotypes 18C, 6B, 23F and 4. In contrast,
the necessary protection correlates were estimated to be much
higher for serotype 3 (2.83 ug/ml), 19F (1.17 ug/mL), 19A (1 ng/
mL) and 7F (0.87 pg/mL).>

Recent studies show that antenatal immunisation with DTPa
vaccine leads to significantly lower infant pneumococcal anti-
bodies at 13 months of age.**° Since antenatal immunisation is
now routinely recommended, this might further decrease pneu-
mococcal seroprotection rates in young children, leaving them
exposed to pneumococcal disease after 12 months of age. This is
of particular importance for children who have received a 3+0
PCV13 schedule without a booster.

In our study, 7 months after immunisation, the lowest concen-
trations for pneumococcal antibodies were observed for serotypes
4, 19A, 3, 6B and 23F. Together, with the fact that higher protec-
tion correlates might be necessary for serotype 3 and 19A and 7F,°
this might explain why the highest breakthrough infections are
observed for some of these serotypes.’ ¢ Our findings suggest that
following a 3+0schedule of PVC13, the addition of a booster dose
(or doses) might improve the duration of vaccine-induced protec-
tion against IPD, protection from mucosal disease, cross-protec-
tion from other serotypes and herd immunity.
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INTRODUCTION

Abstract

It is proposed that measles-containing vaccines have immunomodulatory effects
which include a reduction in all-cause childhood mortality. The antibody
response to heterologous provides a means to explore these
immunomodulatory effects. This is the first study to investigate the influence of
measles-mumps-rubella (MMR) vaccine on the persistence of antibodies to a
broad range of heterologous infant vaccinations given in the first year of life. In

vaccines

total, 319 children were included in the study. All infants received routine
vaccinations at 6 weeks, 4 and 6 months of age. At 12 months of age, 212
children were vaccinated with MMR and Haemophilus influenzae type
b-meningococcus C (Hib-MenC) vaccines while the remaining 99 children had
not yet received these vaccines. In the MMR/Hib-MenC-vaccinated group, blood
was taken 28 + 14 days after receiving these vaccines. Antibodies against
diphtheria, tetanus, pertussis [pertussis toxin (PT), filamentous hemagglutinin,
pertactin], poliomyelitis (type 1, 2, 3) and 13 pneumococcal serotypes were
measured. Seroprotection rates and geometric mean antibody concentrations were
compared between MMR/MenC-Hib-vaccinated and MMR/MenC-Hib-naive
participants. In the final analysis, 311 children were included. Seroprotection rates
were lower in MMR/Hib-MenC-vaccinated  children against PT and
pneumococcal serotype 19A. After adjustment for prespecified factors, MMR/Hib-
MenC-vaccinated infants had significantly higher antibody concentrations against
tetanus (likely explained by a boosting effect of the carrier protein, a tetanus
toxoid), while for the other vaccine antigens there was no difference in antibody
concentrations between the two groups. MMR vaccination given at 12 months of
age in a developed country does not significantly influence antibody
concentrations to heterologous vaccines received in the first year of life.

vaccines beyond protection against their targeted disease.
The reduced mortality has been attributed to decreased

It is proposed that vaccines, particularly live-vaccines such
as Bacillus Calmette-Guérin (BCG) and measles-containing
vaccines (MCV), have heterologous (“nonspecific”)
immunomodulatory effects.'™ These are effects induced by

deaths from  respiratory illnesses, diarrhea and
malnutrition.” For MCV, a recent meta-analysis reported
reduced childhood mortality from diseases other than
measles by 26-49% in high-mortality settings." However, a
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number of the included studies were deemed to be at risk of
bias. More recent studies have also shown a beneficial effect
of MCV on childhood survival, the effect being greater when
MCV are given before the age of 12 months.®” The
immunomodulatory effects of MCV have also been used in
the treatment of atopic dermatitis, for which the vaccine
(given subcutaneously) has been reported to decrease serum
immunological markers.? In addition, in the treatment of
cutaneous warts, it been hypothesized that the injection of
MCV into lesions accelerated the destruction of the
papilloma virus and infected host cells.”'

MCV induce both humoral and cell-mediated immune
responses.'>'>  The mechanisms underlying the
immunomodulatory effects of MCV remain unclear. The
antibody response to heterologous vaccines provides one
way to explore these effects. Only three studies have
investigated the influence of MCV on heterologous vaccine
responses and these reported inconsistent results.">™'® In
these studies, a MCV was given at the same time as the
other vaccines. We hypothesized that through effects on
innate immunity, stimulation of B- and T-lymphocytes
and expansion of pre-existing memory cells, a MCV might
alter heterologous responses to previously administered
vaccines. The aim of our study was to investigate the effect
of a MCV vaccine given at 12 months of age on
persistence of antibodies to a broad range of heterologous
routine vaccines given in the first year of life.

RESULTS

Of 319 eligible participants, five were excluded because
they were a twin of another participant, two because
they were not vaccinated according to the schedule and
one because records not available
(Figure 1). Of the remaining 311 participants, 212 had
received the measles-mumps-rubella (MMR)/Hib-MenC
vaccine 28 + 14 days before the study. The remainder
were MMR/Hib-MenC vaccine-naive (as they had not
yet been taken to a clinic for vaccination). The
background characteristics of participants are shown
in Table 1. There were no differences in sex, gestational
age, birth weight, Cesarean section rate, maternal
combined diphtheria-tetanus-acellular pertussis
vaccination in pregnancy or infant BCG-vaccination
status between the two groups. However, the MMR/Hib-
MenC-naive infants received their vaccines on average
later than the MMR/Hib-MenC-vaccinated infants. The
time interval between the 6-month vaccines and blood

vaccine were

sampling at 13 months of age was longer in the MMR/
Hib-MenC-vaccinated infants compared with the MMR/
Hib-MenC-naive infants.

Infants who were vaccinated with MMR/Hib-MenC
had a lower seroprotection rate for 15/19 (79%) antigens
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compared with those who were MMR/Hib-MenC
vaccine-naive. This difference was statistically significant
for pertussis toxin (13%) and pneumococcal serotype
19A (17%) (Table 2 and Figure 2).

Unadjusted geometric mean antibody concentrations
(GMCs) were lower in MMR/Hib-MenC-vaccinated
children for 20/21 (95%) antigens. This reached statistical
significance for 10/21 (48%) antigens. In contrast, MMR/
Hib-MenC-vaccinated children had significantly higher
GMCs against tetanus (Table 3, Figures 3 and 4). After
adjusting for the prespecified factors, a geometric mean
antibody ratio above 1, indicating higher average
antibody concentrations against tetanus in MMR/Hib-
MenC-vaccinated the only statistically
significant finding (Table 3 and Figure 5).

children was

DISCUSSION

Children who are infected with measles have a
significantly higher mortality rate than children who are
vaccinated against the disease.'® One explanation for the
decreased mortality after measles vaccination is that by
preventing measles infection, the vaccine also prevents
immunosuppressive state (also called

measles virus immune amnesia) that is observed after

the transient

Measles virus commonly infects
18,19

measles infection.'”
memory lymphocytes and consequently, after measles
infection, individuals lose their immune repertoire and
are predisposed to a broad range of infections for a
period of up to several weeks or even years.'”

A further explanation for the decreased mortality after
MCV is modulation of the immune system through the
immunomodulatory effects of the vaccine.”'®** The
precise mechanisms underlying the immunomodulatory
effects of live-vaccines, particularly BCG and MMR, are
the subject of ongoing investigations. BCG vaccine, for

example, influences the innate*!?® and T-cell imrnunity24

Total
participants
n =319
Twin of another participant n =5
——= | Not vaccinated according to schedulen = 2
Vaccine records not availablen = 1
n=311

MMR/MenC-Hib-
vaccinated
n=212

MMR/MenC-Hib-
naive
n=99

Figure 1. Selection of participants. MMR, measles-mumps-rubella;
Hib-MenC, Haemophilus influenzae type b-meningococcus C.
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Table 1. Characteristics of participants.
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MMR/Hib-MenC-vaccinated

MMR/Hib-MenC-naive

(n=1212) (n =99)
n (%) or median (IQR) n (%) or median (IQR) P-value
Sex (male) 102 (48) 50 (50) 0.70
Gestational age (weeks) 39.2 (38.4-40.4) 39.3 (38.4-40.3) 0.77
Birth weight (kg) 3.42 (3.12-3.73) 3.55 (3.19-3.88) 0.29
Cesarean section 77 (36) 40 (40) 0.49
Maternal DTPa in pregnancy 101 (48) 45 (45) 0.72
BCG-vaccinated 111 (52) 58 (59) 0.31
Age at routine vaccinations (days)
6-week vaccines 45 (43-48) 47 (44-52) 0.01
4-month vaccines 124 (120-130) 127 (123-137) <0.01
6-month vaccines 189 (184-200) 193 (186-220) <0.01
12-month vaccines 375 (369-383) —
Interval between (days)
6-month vaccines to blood 218 (204-230) 190 (166-203) <0.01
sampling at 13 months of age
12-month vaccines to blood 32 (21-43) —
sampling at 13 months of age
Age at blood sampling (days) 410 (397-421) 385 (378-398) <0.01

P-values are from a t-test for continuous variables and a % test for categorical variables.

DTPa, diphtheria-tetanus-acellular pertussis vaccine; IQR, interquartile range; BCG, Bacillus Calmette-Guérin; MMR, measles-mumps-rubella;
Hib-MenC, Haemophilus influenzae type b-meningococcus C.

Table 2. Proportions of participants at 13 months of age with antibody concentrations above protective correlate.

MMR/Hib-MenC-vaccinated

MMR/Hib-MenC-naive

(n=212) (n=99)
Vaccine antigen Protective correlate % (n); 95% Cl % (n); 95% ClI Difference % (95% Cl) P-value
Diphtheria 0.01 IU mL™" 97.6 (207); (94.6, 99.2) 100 (99); (97.3, 100) —2.4(-4.5,1.4) 0.18
Tetanus 0.01 IU mL™" 100 (212); (98.3, 100) 100 (99); (96.3, 100) 0(-1.8,3.7) —
Pertussis toxin 251U mL™! 26.4 (56); (20.6, 32.9) 39.4 (29); (29.7, 49.7) —13.0 (—24.4, -1.9) 0.02
Polio
Type 1 0.23 U mL™" 100 (212); (98.3, 100) 100 (99); (96.3, 100) 0(-1.8,3.7) —
Type 2 0.29 IU mL™! 99.5 (211); (97.4, 100) 100 (99); (96.3, 100) —0.5(=2.6, 3.3) 1
Type 3 0.12 U mL™" 100 (212); (98.3, 100) 100 (99); (96.3, 100) 0(-1.8,3.7) —
Pneumococcus (Pn)
Serotype 1 0.35 ng mL™" 92.0 (195); (87.5, 95.3) 97.0 (96); (91.4, 99.3) —5.0 (-10.0, 1.1) 0.14
Serotype 3 0.35 ug mL™" 69.3 (147); (62.7, 75.5) 70.8 (70); (60.7, 79.4) —1.4(-11.2, 9.9) 0.89
Serotype 4 0.35 pg mL™! 20.3 (43); (15.0, 26.3) 30.3 (30); (21.5, 40.4) —10.0 (=20.9, 0.1) 0.06
Serotype 5 0.35 ng mL™" 85.8 (182); (80.4, 90.2) 89.9 (89); (82.2, 95.0) —4.0(-11.1, 4.5) 0.37
Serotype 6A 0.35 pg mL™" 86.3 (183); (80.9, 90.6) 86.9 (86); (78.6, 92.8) —0.6 (—8.1, 8.5) 1
Serotype 6B 0.35 ng mL™" 63.7 (135); (56.8, 70.2) 65.7 (65); (55.4, 74.9) —2 0(-13.0,9.7) 0.80
Serotype 7F 0.35 pg mL™! 99.5 (211); (97.4, 100) 99.0 (98); (94.5, 100) 5(-1.7,5.1) 0.54
Serotype 9V 0.35 pg mL™" 75.5 (160); (69.1, 81.1) 76.8 (76); (67.2, 84.7) —1 3 (—10.9, 9.4) 0.89
Serotype 14 0.35 ug mL™" 84.4 (179); (78.8, 89.0) 90.9 (90); (83.4, 95.8) —6.5(=13.6, 1.9) 0.15
Serotype 18C 0.35 pg mL™! 73.6 (156); (67.1, 79.4) 83.8 (83); (75.1, 90.5) —10.3(=19.1, —0.1) 0.06
Serotype 19A 0.35 pg mL™" 44.3 (94); (37.5, 51.3) 61.6 (61); (51.3, 71.2) —~17.3 (-18.5, 5.3) <0.01
Serotype 19F 0.35 pg mL™! 99.1 (210); (96.6, 99.9) 100 (99); (96.3, 100) —-0.9(-3.4,2.38) 1
Serotype 23F 0.35 ng mL™" 60.8 (129); (53.9, 67.5) 62.6 (62); (52.3, 72.1) —1.8(-13.0, 10.0) 0.80

Bold denotes statistically significant results. P-values are from a t-test for continuous variables and a y? test for categorical variables.

Cl, confidence interval; MMR, measles-mumps-rubella; Hib-MenC, Haemophilus influenzae type b-meningococcus C.
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b-meningococcus C (Hib-MenC)-vaccinated

(n =212, dark gray bars) and MMR/Hib-MenC-naive (n = 99, light gray bars) participants at 13 months of age.

by epigenetic reprogramming of immune cells”>*° and by
altering cytokine responses.””>>’ Fewer studies have
investigated ~ the = mechanisms underlying  the

of MCV. Measles virus
induces a predominately T helper type 1 response, which
leads to an increase in interferon-gamma and interleukin-
12 production.”®* MCV induce both humoral and cell-
mediated immune responses.'”'?  The

associated with the nonspecific immunomodulatory
effects of MCV include a decrease in leukocytes® and
lymphocytes, with a decrease in CD4 cells”® and an
increase in CD8 cells,”’ and induction of cross-reactive B-
and T-lymphocyte responses.”> Additionally, functional
assays show  enhanced lymphoproliferation  after
stimulation.>® Furthermore, following MCYV, increases in
soluble CD8 molecule and B-microglobulin have been
observed.” It is also proposed that MCV induces
“trained” innate immune memory by epigenetic and
transcriptional reprogramming of innate cells.’”

One way to explore the immunomodulatory effects of
vaccines is to study their influence on the antibody
responses to heterologous vaccines. For BCG, it has been
shown that the vaccine,

immunomodulatory effects

mechanisms

when administered prior,
increases antibody responses to a number of heterologous
vaccines.>** For MCV, much less data are available.
Three studies have investigated the effect of
co-administration of MCV with other vaccines. One study
showed that female infants, who are vaccinated with high-
dose Edmonstron-Zagreb measles vaccine at the same
time as receiving a rabies vaccine, have higher antibodies
against rabies 3 months after vaccination compared to
female infants who do not receive the vaccine.'> Another

study showed that when MMR is given simultaneously
with a yellow fever vaccine, antibody concentrations and
seroprotection rates to yellow fever are lower than when
the vaccines are given more than a month apart.'* In
contrast, concurrent administration of MMR with a live-
attenuated influenza vaccine does not influence antibody
responses to 1% In addition to the studies
investigating the effect of co-administered MCV, one
study investigated the effect of prior MCV on the
response to a smallpox vaccine. Another study reported
that when children received a varicella vaccination
<30 days following MCV, they had a 2.5-fold increase in
the incidence of breakthrough disease.*

In our study, we did not find any significant
differences in GMCs to heterologous vaccines between
infants who did or did not receive a MCV. In contrast to
previous studies, which investigated the effect of co-
administration of vaccines, we investigated the influence
of a MCV vaccine on the persistence of antibodies to
vaccines given earlier in life. In our study, MMR was
given at 12 months of age, while in many developing
countries a MCV is given at 9 months of age or earlier.
While age at first MCV does not influence cellular
vaccine responses,”*”*

influenza

younger age is associated with
lower antibody responses, faster waning and lower avidity
of antibodies.*" In contrast, MCV were observed to
have a stronger effect on the reduction in all-cause
mortality when given at a younger age.®’ Further studies
are needed to explore the effect of age of MCV
vaccination on heterologous vaccine responses.

The lower unadjusted GMCs and seroprotection rates
in MMR/MenC-Hib-vaccinated participants are most



P Zimmermann et al.

The effect of MMR vaccination on heterologous vaccine responses

Table 3. Geometric mean antibody concentrations (GMCs) and geometric mean antibody ratios (GMRs) in participants at 13 months of age.

MMR/Hib-MenC-vaccinated  MMR/Hib-MenC-naive

(n=212) (n=99) Unadjusted Adjusted GMR Adjusted
Vaccine antigen GMC 95% ClI GMC 95% ClI GMR (95% Cl) P-value (95% Cl) P-value
Diphtheria (IU mL™") 0.07 (0.06, 0.08) 0.09 (0.07, 0.12) 0.77 (0.60, 0.98) 0.03 1.04 (0.81, 1.33)*9N 0.76
Tetanus (IU mL™") 0.90 (0.76, 1.06) 0.32 (0.26, 0.39) 2.80 (2.13, 3.69) <0.01 2.82 (2.15, 3.71)¢ <0.01
Pertussis (IU mL™")
Pertussis toxin 15.94 (13.96, 18.21) 21.48 (17.33, 26.63)  0.74 (0.58, 0.95) 0.02 0.97 (0.75, 1.25)>9ni 0.82
Filamentous 18.03 (15.82, 20.54) 21.84 (17.98, 26.53) 0.83 (0.65, 1.04) 0.10 1.00 (0.79, 1.27)>%9d 0.98
hemagglutinin
Pertactin 11.39 (9.72, 13.34) 13.84 (10.66, 17.96) 0.82 (0.61, 1.10) 0.19 1.04 (0.77, 1.40)>49 0.80
Polio (IU mL™")
Type 1 9.82 (8.41, 11.48) 14.84 (12.04, 18.30) 0.66 (0.51, 0.87) <0.01 0.76 (0.57, 1.01)291 0.06
Type 2 20.44 (17.09, 24.44) 24.54 (19.53, 30.84) 0.83 (0.61, 1.13) 0.24 1.00 (0.72, 1.38)*94 0.98
Type 3 8.08 (6.68, 9.76) 11.23 (9.06, 13.92)  0.72(0.53,0.98) 0.04 0.83(0.63, 1.22)*%9 0.45
Pneumococcus (Pn) (ug mL™")
Serotype 1 1.11(0.98, 1.25) 1.31(1.10, 1.55) 0.85 (0.69, 1.04) 0.12 1.02 (0.82, 1.26)*<! 0.87
Serotype 3 0.52 (0.47, 0.58) 0.58 (0.48, 0.70) 0.90 (0.74, 1.09) 0.26 1.06 (0.86, 1.30) 0.57
Serotype 4 0.21(0.19, 0.23) 0.24 (0.21, 0.27) 0.87 (0.74, 1.03) 0.11 1.02 (0.85, 1.22)*PF0i 0.85
Serotype 5 0.85 (0.76, 0.96) 1.08 (0.89, 1.32) 0.79 (0.63, 0.98)  0.03  0.95 (0.75, 1.20)*" 0.67
Serotype 6A 0.95 (0.83, 1.08) 1.13 (0.92, 1.40) 0.83 (0.66, 1.06) 0.14 1.16 (0.90, 1.50)29: 0.24
Serotype 6B 0.51 (0.44, 0.60) 0.53 (0.41, 0.69) 0.96 (0.73, 1.28) 0.80 1.30 (0.97, 1.74)>94 0.08
Serotype 7F 1.80 (1.63, 2.00) 2.05 (1.74, 2.40) 0.88 (0.73, 1.06) 0.18 1.08 (0.88, 1.32)*" 0.46
Serotype 9V 0.56 (0.50, 0.63) 0.68 (0.57, 0.81) 0.83 (0.68, 1.03) 0.09 1.04 (0.83, 1.29)M 0.75
Serotype 14 0.96 (0.84, 1.10) 1.26 (1.02, 1.56) 0.77 (0.60, 0.98) 0.03 0.94 (0.72, 1.23)M 0.67
Serotype 18C 0.60 (0.54, 0.68) 0.76 (0.65, 0.90) 0.79 (0.65, 0.97) 0.02 1.00 (0.81, 1.24)29Ni 0.89
Serotype 19A 0.39 (0.33, 0.47) 0.64 (0.49, 0.85) 0.61 (0.45, 0.84) <0.01 0.81(0.58, 1.12)' 0.20
Serotype 19F 2.79 (2.42, 3.20) 3.85 (3.07, 4.82) 0.72 (0.56, 0.93) 0.01 0.90 (0.68, 1.19)M 0.46
Serotype 23F 0.55 (0.47, 0.65) 0.59 (0.46, 0.75) 0.94 (0.70, 1.26) 0.67 1.18 (0.87, 1.61)*4e 0.87

Bold denotes statistically significant results.

Cl, confidence interval; MMR, measles-mumps-rubella; Hib-MenC, Haemophilus influenzae type b-meningococcus C.
“Maternal diphtheria-tetanus-acellular pertussis immunization during pregnancy.

PGestational age.

“Delivery mode.

9Sex.

Birth weight.

fBacillus Calmette-Guérin immunization.
9Age at 6 weeks immunization.

PAge at bleeding.

Time between immunization and bleeding.

likely explained by waning of antibody levels as the
interval between the 6-month immunization and blood
sampling at 13 months of age was an average of 28 days
longer in this group. This was most marked in those
vaccine antigens which wane most rapidly and therefore
had the lowest seroprotection rates (pertussis toxin,
pneumococcal serotypes 4 and 19A).

The higher seroprotection rate and GMC for tetanus in
MMR/MenC-Hib-vaccinated infants are likely explained
by a boosting effect of the carrier protein in the MenC-
Hib vaccine, which is a tetanus toxoid.

The strengths of our study are the detailed participant
demographic and clinical data allowing for adjustment

for possible confounding factors, the homogeneity in the
vaccines given and the wide range of measured antibody
responses. The limitations of the study are the small
sample size and consequent risk of type-2 error and the
fact that MMR was co-administered with MenC-Hib.

METHODS

Study design and population

Participants were a subset of infants from a trial to determine
whether neonatal BCG vaccination protects against childhood
infection, allergy and asthma (the Melbourne Infant Study:
BCG for Allergy and Infection Reduction). Inclusion criteria
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Figure 4. Geometric mean antibody concentrations (GMCs) of antibodies against pneumococcus in measles-mumps-rubella (MMR)/Haemophilus
influenzae type b-meningococcus C (Hib-MenC)-vaccinated (n = 212) and MMR/Hib-MenC-naive participants (n = 99) at 13 months of age (box-
and-whisker plots showing interquartile range (IQR) with whiskers depicting 1.5 times the IQR).



P Zimmermann et al.

Diphtheria -{ -

Tetanus -

Perussis toxin L

Filamentous |
haemagglutinin

Pertactin - ol

Polio type 1 - =
Polio type 2

Polio type 3 .

Pn serotype 1 o
Pn serotype 3 -
Pn serotype 4 -
Pn serotype 5 -
Pn serotype 6A =
Pn serotype 6B s
Pn serotype 7F - -
Pn serotype 9V .-
Pn serotype 14 -
Pn serotype 18C
Pn serotype 19A -

Pn serotype 19F -

Pn serotype 23F =

0 1 2 3

MMR/ MMR/
MenC-Hib MenC-Hib
-naive -vaccinated

GMR with 95% Cl

Figure 5. Geometric mean antibody concentrations (GMCs) with
95% Cl of antibodies to vaccine antigens in participants at
13 months of age [measles-mumps-rubella (MMR)/Haemophilus
influenzae type b-meningococcus C (Hib-MenC)-vaccinated (n = 212)
and MMR/Hib-MenC-naive participants (n = 99)].

included >32 weeks gestation and birth weight >1500 g. Parent
questionnaires were used to prospectively collect data. All infants
received routine vaccinations according to the Australian
National Immunisation Program: at birth: intramuscular
hepatitis B vaccine [H-B-Vax II Paediatric® (bioCSL, Parkville,
VIC, Australia)]; at 6 weeks, 4 and 6 months of age:
intramuscular combined diphtheria-tetanus-acellular pertussis,
hepatitis B, poliomyelitis and Haemophilus influenzae type b
(Hib) vaccine [Infanrix® Hexa (GlaxoSmithKline, Abbotsford,
VIC, Australia)], intramuscular 13-valent  conjugate
pneumococcal vaccine (conjugated to CRM197, a diphtheria
toxin) [Prevenar13® (Wyeth, West Ryde, NSW, Australia)] and
oral rotavirus vaccine [RotaTeq® (Merck, Parkville, VIC,
Australia)]. Approximately half of the infants also received
intradermal BCG-Denmark shortly after birth as part of the
Melbourne Infant Study: BCG for Allergy and Infection
Reduction. At the time of the study, approximately two-thirds of
the participants had received subcutaneous MMR vaccine
[Priorix® (GlaxoSmithKline)] or M-M-R® II [Seqirus, Parkville,

The effect of MMR vaccination on heterologous vaccine responses

VIC, Australia)] and intramuscular combined Hib and
meningococcal C (MenC) vaccine (conjugated to tetanus toxin)
[Menitorix® (GlaxoSmithKline)] scheduled at 12 months of age,
while the other third had not yet received these vaccines. Vaccine
records were obtained from the National Australian
Immunisation Register and/or individual vaccination records.

Blood samples were collected into sodium heparin (S-
monovette, Sarstedt®, Mawson Lakes, SA, Australia) tubes
during study visits at approximately 13 months of age and
plasma stored at —80°C until analysis.

For the participants who had had their MMR/Hib-MenC
before the study, only those who had blood taken
28 + 14 days after the MMR/Hib-MenC vaccine were
included in the final analysis. Participants of twins were
excluded from the final analysis, because they were not
considered independent.

Antibody assays

Blood samples were analyzed at the National Institute for
Public Health and Environment, in Bilthoven, the Netherlands.
Immunoglobulin G antibodies against 26 vaccine antigens
(diphtheria, tetanus, pertussis pertussis toxin, filamentous
hemagglutinin, pertactin), polio (types 1, 2, 3), Hib,
pneumococcus (serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C,
19A, 19F, 23F), MenC, measles, mumps and rubella) were
measured in duplicate using fluorescent bead-based multiplex
immune-assays (Luminex xMAP technology). In all assays, an
international or in-house reference, controls and blanks were
included on each plate. All analyses were performed with a
Bio-Plex 200 in combination with Bio-Plex manager software
(Bio-Rad Laboratories, Hercules, CA, USA).*** Laboratory
staff were blinded to MMR/Hib-MenC vaccine status.

Statistical analysis

The antibody response to each of the scheduled routine
vaccines was compared between the participants who had
received their 12-months’ MMR/MenC-Hib vaccine at the
time of the study (“MMR/MenC-Hib-vaccinated”) and those
who had not (“MMR/MenC-Hib-naive”).

The proportion of children with an antibody concentration
above the standard protective correlate value (seroprotection
rate)*>*®* for each vaccine was calculated in each group (with
the exception of filamentous hemagglutinin and pertactin for
which no accepted protective correlate value exists). The
Clopper—Pearson method was used to estimate the 95%
confidence intervals (CIs) of the seroprotection rates.
Proportions were compared using a Fisher’s exact test and 95%
CI for differences in proportions estimated. In each group, the
GMC:s for each vaccine antibody were calculated. The geometric
mean antibody ratio with 95% CI was obtained as the anti-logged
coefficient from a linear regression with log concentrations as
outcome and MMR/Hib-MenC vaccination status as covariate.

Effect modification was assessed using the following
prespecified factors: maternal vaccination (diphtheria-tetanus-
acellular pertussis and influenza) during pregnancy, birth
weight, sex, gestational age, age at first routine vaccination,
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infant BCG-vaccination status, age at sampling and time from
12-month vaccination to blood sampling. The geometric mean
antibody ratio for each vaccine antigen was adjusted for those
factors that differed between groups and had an effect on that
vaccine antigen response. A 5% significance level was used. All
statistical analyses were done using R version 3.43 (R
Foundation for Statistical Computing, Vienna, Austria).

Ethics

Informed consent was obtained from participants’ parents or
guardians. The study was approved by the Royal Children’s
Hospital Human Research Ethics Committee (HREC,
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Australia & New Zealand Clinical Trials Registry (1051228)
and the US National Institutes of Health (NCT01906853).
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There is substantial variation between individuals in the immune response to vaccinations. The intestinal
microbiome plays a crucial rule in the development and regulation of the immune system and therefore
its composition might affect how individuals respond to vaccinations. In this review, we summarise stud-
ies that investigated the influence of the intestinal microbiome on humoral and cellular vaccine
responses.

To date, only four studies (three in infants and one in adults) have investigated the influence of the

f/li{ ‘:;Obri‘ft"a intestinal microbiome on vaccine responses. All found an association between the intestinal microbiome
Stool and vaccine responses. Despite the heterogeneity in study designs (including different vaccines,
Intestine schedules, timing of collection of stool and blood samples, analysis methods and reporting of results
Sequencing on different taxonomic levels), findings across studies were consistent: a higher relative abundance of
16S rRNA the phylum Actinobacteria (oral and parenteral vaccines) and Firmicutes (oral vaccines) was associated
Vaccination with both higher humoral and higher cellular vaccine responses, while a higher relative abundance of
Immunisation the phylum Proteobacteria (oral and parenteral vaccines) and Bacteroidetes (oral vaccines) was associ-
Immunity ated with lower responses.

Further, well-designed, adequately powered studies using whole-genome sequencing (to include the
influence of viruses, fungi and parasites) are needed to investigate in more detail the influence of the
intestinal microbiome on vaccine responses. This will help identify strategies to improve vaccine efficacy
and duration of protection, particularly in infancy when the intestinal microbiome is more amenable to
external influences and plays an important role in the development of the immune system.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

There is substantial variation between individuals in the
immune response to vaccinations. The serological response to hep-
atitis B vaccine, for example, varies more than 100-fold at seven
months of age and some infants do not have any measurable anti-
bodies [1,2]. Similarly, the response to pneumococcal and Hib vac-
cination at six months of age varies up to 40-fold [1]. This has
implications for both protective efficacy and duration of protec-
tion. Factors contributing to the variation in vaccine response
include age [3-5], gender [6], genetics [7-9], geographic location
[10], time of day vaccine administered [11] and co-administered
vaccines [12,13]. A further important factor which likely influences
vaccine responses is the intestinal microbiome.

In recent years, considerable research has revealed the impor-
tance of the intestinal microbiome in the development of the
immune system and regulation of immune responses [14,15].
Abundance of certain bacteria in the intestinal microbiome have
been linked to susceptibility to neonatal sepsis [16], chronic
inflammatory bowel disease [17], chronic obstructive pulmonary
disease [18], diabetes mellitus [19], and eczema, allergies and
asthma [20]. Advances in DNA sequencing technology and bioin-
formatic analysis have facilitated the ability to determine differ-
ences in the composition of the intestinal microbiome. Despite
the evidence for the intimate relationship between the intestinal
microbiome and the immune system, only a limited numbers of
studies have investigated the effect of the composition of the
intestinal microbiome on vaccine responses. These studies are
summarised in this review.

2. Systematic review methods

In April 2017, MEDLINE (1946 to present) and Embase (1947 to
present) were searched using the Ovid interface with the following
search terms: (microbiome OR microbiota OR biodiversity OR Acti-
nobacteria OR bacteroides OR Bifidobacterium OR Enterobacteri-
aceae OR lactobacillus OR Proteobacteria) AND (feces OR faeces
OR meconium OR intestin’ OR) AND (RNA, ribosomal OR sequence
analysis, DNA OR culture or quantif*) AND (vaccin* OR immuniz’
OR immunis OR antibodies OR immunoglobulin OR immunity,
humoral OR immunity, cellular OR mucosal immunity) without
any language limitations. This identified 757 and 1062 studies,
respectively. Of these, four fulfilled our inclusion criteria of studies
in humans investigating the influence of the composition of the
intestinal microbiome on humoral or cellular vaccines responses,
in which no concomitant probiotics were given. References were
hand-searched for additional publications and no further relevant
studies were found.

3. Systematic review results

Three studies reporting results from 146 infants (206 stool sam-
ples) and one study reporting results from 17 adults (170 stool
samples) met the inclusion criteria (Table 1). Two of the studies
were done in developing countries [21,22]. Responses to oral vac-
cinations were investigated in two studies [22,23], to parenteral
vaccination in one [24], and to both oral and parenteral in one
[21]. Two studies measured humoral and cellular responses in

serum [21,23], while one study each measured humoral responses
in serum [22] or in stool [24]. Multiple methods were used to
determine the intestinal microbiome, including bacterial culture
[24], PCR for Bifidobacteria [21,24], Human Intestinal Tract Chip
microarray [22], and 16S rRNA gene sequencing (Roche 454 [23]
[llumina MiSeq [21]). An overview of the associations between
the intestinal microbiome and vaccine responses is provided in
Table 2.

3.1. Oral vaccination

Three studies investigated the influence of the intestinal micro-
biome on the immune response to oral vaccines; two of these were
done in infants [21,22] and one in adults [23].

The first study compared the intestinal microbiome of infants in
Ghana, using 39 participants who were responders to oral rota-
virus vaccination (defined as serum rotavirus-specific
immunoglobulin (Ig) A levels > 20 IU/ml measured four weeks
after the third vaccine dose) with 39 who were non-responders.
The study found that responders had an increased relative abun-
dance of Streptococcus gallolyticus, a decreased relative abundance
of the phylum Bacteroidetes, and a higher Enterobacteria-Bac-
teroides ratio in their stools taken at 6 weeks of age (two weeks
before the third vaccine dose). The study did not find a difference
in the diversity of the intestinal microbiome between responders
and non-responders [22].

The second study, investigated the influence of the intestinal
microbiome on the immune response to oral poliovirus vaccination
in 48 infants in Bangladesh. A higher relative abundance of the
phylum Actinobacteria (families Coriobacteriaceae and Bifidobacte-
riaceae (species Bifidobacterium longum subspecies infantis and B.
longum subspecies longum)) at the age of 15 weeks was associated
with higher polio-specific T cell responses and IgG levels in serum
at the same time points (one week after the fourth vaccine dose). In
contrast, a higher relative abundance of the order Pseudomon-
adales was negatively associated with polio-specific T cell
responses and IgG levels in serum [21].

The third study, investigated the influence of the intestinal
microbiome on the immune response to oral Salmonella Typhi vac-
cination in 17 adults in the US one week before receiving the vac-
cine until two months after. The study found that participants with
an overall more diverse, complex bacterial communities (mostly
consisting of the order Clostridiales, predominantly the families
Lachnospiraceae and Ruminococcaceae) had multiphasic cell-
mediated immune responses, which is associated with a better
response to the oral Salmonella Typhi vaccination. The study did
not find differences in overall community diversity between
humoral responders and non-responders (measured by serum
typhoid-specific IgA and IgG levels). All the measurements were
made within two months of administering the vaccine [23].

3.2. Parenteral vaccination

Two studies in infants investigated the influence of the intesti-
nal microbiome on the immune response to intramuscular vacci-
nation [21,24]. The first, investigating 20 infants in France,
measured faecal polio-specific IgA levels after intramuscular vacci-
nation with a pentavalent diphtheria-tetanus-acellular pertussis-



Table 1

Studies reporting the influence of the intestinal microbiome on vaccine responses.

Participants Study design Vaccine schedule Time stool Time vaccine Stool analysis Main findings Study
collected response technique Country
measured Publication
year
Studies in infants
Infants Prospective Oral rotavirus vaccine Age 6w Age 12 w Human Intestinal Responders (serum IgA > 20 IU/ml) associated with Harris [22]
(n=78) case-control Age 0,4, 8w Tract Chip « increased relative abundance of Streptococcus Ghana
study (Microarray) gallolyticus (FDR = 0.008) 2017
o decreased relative abundance of phylum Bacteroidetes
(FDR = 0.003)
« higher Enterobacteria/Bacteroides ratio (p = 0.04)
e no difference in diversity (Shannon index) from non-
responders (p = 0.87)
Infants Prospective Oral poliovirus vaccine Age6,11,15w Age 15w 16S rRNA gene Higher relative abundance of Actinobacteria (species Huda [21]
(n=48) cohort study Age 0, 6,10, 14 w sequencing, V4 Bifidobacterium longum) at 15 w associated with Bangladesh
Intramuscular tetanus-hepatitis B [llumina MiSeq o higher BCG-, polio-, and tetanus-specific T cell responses 2014
vaccine Bifidobacterium- (p <0.05)
Age 6,10, 14 w specific PCR and T- e higher hepatitis B-, and polio-specific IgG levels in serum
Intradermal BCG vaccine RFLP (p<0.05)
Age O w Higher relative abundance of Enterobacteriales at 15 w
associated with
e lower BCG- and tetanus-specific T cell responses
(p<0.05)
Higher relative abundance of Pseudomonadales at 15 w
was associated with
e lower BCG-, hepatitis B-, polio-, and tetanus-specific
T cell responses (p < 0.05)
o lower polio-specific IgG levels in serum (p < 0.05)
Infants Randomised Intramuscular diphtheria-tetanus- Age 4,8,12,16 w Agel6w Culture Infants with detectable levels Bifidobacterium longum Mullie [24]
(n=20) placebo- acellular pertussis-inactivated Multiplex PCR for subspecies Bifdobacterium infantis at 16 w France
controlled trial ~ poliomyelitis-Haemophilus influenzae Bifidobacteria o higher faecal polio-specific IgA levels (p < 0.002) 2004
type b vaccine
Age 8,12, 16 w
9 infants were fed bifidogenic
formula (fermented B. breve C50 and
S. thermophilus)
Studies in adults
Adults Prospective Oral Salmonella Typhi vaccine -7,0,2,4,7,10, -7,0,2,4,7, 16S rRNA gene More diverse, complex bacterial communities (mostly Eloe-Fadrosh
(n=17) case-control Schedule not specified 14, 28, 42,56 d 10, 14, 28, 42, sequencing, V1/V2 within order Clostridiales, predominantly within the families [23]
study 6 participants received 4 doses 0 = day of 56 d Roche 454 Lachnospiraceae and Ruminococcaceae) associated with us
7 participants received 1 dose vaccination 0 =day of e multiphasic cell-mediated immune response (p-value 2013
4 participants not vaccinated vaccination NS)

e no differences in overall community diversity between
humoral responders and non-responders (measured by
IgA and IgG levels in serum)

Abbreviations: BCG - Bacille Calmette-Guérin; d - days; FDR - false discovery rate; PCR - polymerase chain reaction; RNA - ribonucleic acid; T-RFLP - terminal restriction fragment length polymorphism; w - weeks.
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Table 2

Associations between the intestinal microbiome and vaccine responses.

Relative abundance associated with higher vaccine responses

Relative abundance associated with lower vaccine responses

Phylum ACTINOBACTERIA FIRMICUTES PROTEOBACTERIA BACTEROIDETES
Order Actinomycetales Enterobacteriales
Higher relative abundance associated with Higher relative abundance associated with
e higher polio-specific IgG levels in serum [21] o lower tetanus-specific T cell response [21]
e lower BCG-T cell response [21]
Pseudomonadales
Higher relative abundance associated with
o lower polio-specific T cell response and
polio-specific IgG levels in serum [21]
o lower tetanus-specific T cell response [21]
o lower hepatitis B-specific T cell response [21]
o lower BCG-specific T cell response [21]
Family Coriobacteriaceae Lachnospiraceae
Higher relative abundance associated with Higher relative abundance associated with
o higher polio-specific T cell response and polio- e superior Salmonella Typhi-specific T cell
specific IgG levels in serum [21] response [23]
Ruminococcaceae
Higher relative abundance associated with
e superior Salmonella Typhi-specific T cell
response [23]
Genus Corynebacterium Bacteroides
Higher relative abundance associated with Higher relative abundance associated with
e higher tetanus-specific T cell response [21] o lower rotavirus-specific IgA levels in serum [22]
Rothia Prevotella
Higher relative abundance associated with Higher relative abundance associated with
o higher hepatitis B-specific IgG levels in serum o lower rotavirus-specific IgA levels in serum [22]
[21]
o higher BCG-T cell response [21]
Species  Bifidobacterium longum subspecies infantis Streptococcus gallolyticus

Higher relative abundance associated with
o higher polio-specific T cell response and polio-

specific IgG levels in serum [21]
o higher tetanus-specific T cell response [21]
e higher Tcell response to PPD antigen [21]

Detectable levels associated with
e higher polio-specific IgA levels in stool [24]

Bifidobacterium longum subspecies longum

Higher relative abundance associated with
e higher polio-specific T cell response and

polio-specific IgG levels in serum [21]

Higher relative abundance associated with
e higher rotavirus-specific IgA levels in

serum [22]
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inactivated poliomyelitis-Haemophilus influenzae type b vaccine.
The study found that infants with detectable levels of B. longum
subspecies B. infantis in their stools at the age of four months when
receiving their third vaccine dose had higher faecal polio-specific
IgA levels at the same time point [24].

In the second study, which was the study from Bangladesh that
also measured responses to oral poliovirus vaccination, the
immune response to intramuscular tetanus-hepatitis B vaccination
was investigated. The study found that a higher relative abundance
of the phylum Actinobacteria (including the genera Bifidobacterium
(B. longum subspecies infantis) and Corynebacterium) was associ-
ated with higher tetanus-specific T cell responses at 15 weeks of
age. A higher relative abundance of the phylum Actinobacteria
was also associated with higher tetanus-specific IgG levels, but
within the phylum only the order Actinomycetales, and not the
genus Bifidobacterium was positively associated with higher
humoral responses. When comparing the immune response to
hepatitis B vaccination, no correlation was found between the
composition of the intestinal microbiome and hepatitis B-specific
T cell responses. However, a higher relative abundance of Acti-
nobacteria (genus Rothia) was associated with higher hepatitis B-
specific IgG levels. In contrast, a higher relative abundance of the
order Pseudomonadales was associated with both lower tetanus-
specific and hepatitis B-specific T cell responses. Further, a high
bacterial diversity and a higher relative abundance of the order
Enterobacteriales was associated with lower tetanus-specific T cell
responses [21].

3.3. Bacille Calmette-Guérin vaccination

The above mentioned study from Bangladesh also investigated
the influence of the intestinal microbiome on immune response
to Bacille Calmette-Guérin (BCG) vaccination given at birth in 48
infants. The study found a positive association between the preva-
lence of the phylum Actinobacteria at 15 weeks of age and BCG
vaccine responses, including higher T cell responses to purified
protein derivative (PPD) antigen (Bifidobacterium, species B. longum
subspecies infantis) and superior PPD skin test responses (Actino-
mycetales, genus Rothia). Consistent with the response to other
vaccine investigated in the study, a higher relative abundance of
the order Pseudomonadales was associated with lower PPD-
specific T cell responses and the order Enterobacteriales was asso-
ciated with a lower PPD skin test responses [21].

4. Discussion

Despite the increasing recognition of the influence of the micro-
biome on immunity, to date, only three studies that included a
total of 146 infants and one study of 17 adults have investigated
the influence of the composition of the intestinal microbiome on
vaccine responses. These studies show that, in infants, a higher rel-
ative abundance of the phylum Actinobacteria (order Actinomyc-
etales, family Coriobacteriaceae, genera Corynebacterium and
Rothia, and especially the species B. longum) is associated with both
higher humoral and cellular vaccine responses to oral, and par-
enteral vaccines [21,24], while a higher relative abundance of the
phylum Proteobacteria (order Enterobacteriales and order Pseu-
domonadales) is associated with lower humoral and cellular
responses to these vaccines [21]. In addition, in infants and adults,
a higher relative abundance of the phylum Firmicutes (families
Lachnospiraceae and Ruminococcaceae, and the species S. gallolyti-
cus) is associated with higher humoral and cellular responses to
oral vaccines [22,23], while a higher relative abundance of the phy-
lum Bacteroidetes is associated with lower humoral responses to
oral vaccines in infants [22].

The findings of the studies included in this review showing that
the intestinal microbiome influences vaccine responses are consis-
tent with the findings from many animal studies [25]. For example,
a study in macaques immunised with live attenuated Shigella
dysenteriae vaccines shows that a higher diversity in the intestinal
microbiome correlates with improved protection from S. dysente-
riae infection [26]. A study in mice shows that Toll-like receptor
(TLR) 5-mediated sensing of flagellin produced by the intestinal
microbiome is necessary for antibody formation following influ-
enza vaccination. Mice which are deficient in TLR5, germ-free mice
and mice treated with antibiotics have impaired vaccine responses
to influenza vaccination. When the intestinal microbiome of germ-
free or antibiotic-treated mice is restored with flagellated Escheri-
chia coli, but not flagellin-mutated bacteria, antibody responses are
restored [27]. However, antibiotic treatment does not affect anti-
body responses to either tetanus-diphtheria-pertussis or yellow
fever vaccine [27]. Further, another study in mice shows that stim-
ulation of a different pattern recognition receptor (Nod2) through
metabolites produced by the intestinal microbiome (muramyl
dipeptide) influences vaccine response to intranasal vaccination
with cholera toxin [28].

Interestingly, a study in human volunteers shows that expres-
sion of TLR5 in blood three days post influenza vaccination corre-
lates with the antibody response 28 days later [29]. Since
influenza vaccine does not stimulate TLR5 directly, but many
intestinal microbes do, it is possible that stimulation of TRL5 is
one of the pathways through which the intestinal microbiome
enhances immunogenicity of vaccines. However, the interplay
between the microbiome, TLR stimulation and immune responses
is complex. For example, children growing up in rural areas with
high exposure to microbial products, have higher expression of
TLR in their blood [30]. However, another study shows that infants
in South Africa produce lower levels of cytokines in response to
TLR4 stimulation compared with age-matched children in North
America or Europe, which might influence vaccine effectiveness
[31].

There is evidence that the interaction between the intestinal
microbiome and the immune system are of particular importance
during early infancy, when they both develop concurrently [32-
34]. Compared with adults, the microbiome in infants is much less
stable and is influenced by a number of factors, including gesta-
tional age, delivery mode, feeding, and maternal and infant antibi-
otic exposure [35-42]. It is therefore likely that the intestinal
microbiome has a greater influence on the immune response to
vaccinations given in infancy than later in life. Breast-fed infants
have a higher relative abundance of B. longum subspecies infantis
[43-45], which the studies in this review suggest is associated with
both increased humoral and cellular vaccine responses to both oral
and parenteral vaccines. In accordance with this, breast-fed infants
have significantly higher vaccine-specific IgA and IgG levels in
serum, saliva and faeces after oral and parenteral vaccines
[46,47]. However, as the microbiome and the immune system
develop in parallel, it is possible that reported associations
between the two are associative rather than causally linked.

Many studies show that oral vaccines (cholera, poliovirus, rota-
virus) have lower immunogenicity and efficacy in developing
countries [48-50]. Factors postulated to explain this include mal-
nutrition and micronutrient deficiencies, a higher prevalence of
tuberculosis and HIV infections, interference of higher pre-
vaccination immunoglobulin levels (acquired through either
transplacental transfer or transfer with breast-milk) [51,52], and
increased exposure to microorganisms early in life leading to a tol-
erance to vaccine antigens [53]. Both of the two studies in our
review that were done in developing countries found that the com-
position of the intestinal microbiome influences the efficacy of oral
vaccination suggesting this may be an additional factor explaining
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the inferior efficacy of oral vaccines in developing countries. A
recent review found that probiotics have a beneficial effect on
the immune response to oral vaccinations and may offer a rela-
tively cheap intervention to improve vaccine efficacy and duration
of protection in this setting [54].

Antibiotics, which are frequently administered in early-life,
have a substantial impact on the intestinal microbiome [55,56]. It
is therefore plausible that antibiotics also influence the immune
response to vaccines. However, to date, this has only been investi-
gated in animal studies. Interestingly, while antibiotic administra-
tion decreases humoral responses to intramuscular tetanus,
pneumococcal and hepatitis B vaccinations in mice [57], it
increases humoral response to oral vaccination in mice and
chicken [57-59].

There are also no studies investigating the influence of the viral
or fungal intestinal microbiome on vaccine responses. However,
children treated with antihelminthics show higher seroconversion
rates after oral cholera vaccination [60], while adults who are
infected with Ascaris lumbricoides have a suppressed interleukin-
2 response after oral cholera vaccination [61]. While one study
showed that antenatal maternal helminth infections were associ-
ated with modestly increased IgA responses to oral vaccines in
infants [62], another study did not find an influence of anti-
helminthics during pregnancy on oral vaccine responses in infants
[63].

An important aspect to note is that there was considerable
heterogeneity in study design between the four studies. In addition
to using different vaccines and vaccine schedules, the timing of the
collection of stool samples was sometimes prior and sometimes
consecutive with the time at which vaccine responses were mea-
sured. Limitations of the studies include small sample sizes and
the lack of accounting for potential confounding factors which
might influence vaccine responses, including sex, delivery mode,
maternal antibodies, feeding method and exposure to medications
(e.g. antibiotics, probiotics or corticosteroids). The study investi-
gating the influence of the intestinal microbiome on responses to
BCG vaccination (measured by specific T cell proliferation and skin
test reaction) did not test for possible infection with Mycobac-
terium tuberculosis, which would be an important confounding
factor [21].

The methods used to analyse the stool microbiome also varied
between the studies. No studies used whole genome sequencing,
a technique that identifies a larger number of bacteria and, impor-
tantly, also viruses, fungi and parasites which potentially also
influence vaccine responses. Moreover, results were reported at
various different taxonomic levels (phyla, family, genus, species)
and it is likely that the relative abundance of certain genera or spe-
cies, or specific microbial intestinal signatures is more important
than phylum or class level changes in altering the response to vac-
cines. Further, well-designed, adequately powered studies using
whole-genome sequencing (to include the influence of viruses,
fungi and parasites) are therefore needed to investigate in more
detail the influence of the intestinal microbiome on vaccine
responses. Whilst the intestinal microbiome remains relatively
consistent over time in adults, in contrast, during the first six
months of life, the numbers and species of bacteria fluctuate mark-
edly [64,65]. Therefore, future studies in infants should include
more frequent sampling, ideally both prior to and concurrent with
measuring vaccine responses.

5. Conclusion
The studies included in this review support the notion that the

intestinal microbiome influences vaccine responses, especially
early in life. Further well-designed studies determining the influ-

ence of the intestinal microbiome, including the influence of
viruses, fungi and parasites, on vaccine responses are needed. This
will help identify strategies, such nutritional interventions, to
improve vaccine efficacy and duration of protection, particularly
in infancy when the intestinal microbiome is more amenable to
external influences and plays an important role in the development
of the immune system.
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Article history: The immunomodulatory effects of probiotics may influence the response to vaccines. We systematically
Received 2 April 2017 reviewed prospective randomised placebo-controlled studies in humans that have investigated the effect
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of probiotics on humoral vaccine responses.

We found 26 studies, involving 3812 participants, investigating the effect of 40 different probiotic
strains on the response to 17 different vaccines. A beneficial effect of probiotics was reported in about
half of the studies. The evidence for a beneficial effect of probiotics on vaccine response was strongest

Keywordf: for oral vaccinations and for parenteral influenza vaccination. However, there was substantial variation
Lactobacillus L . C . . s ! . L.
Bifidobacteria betV\{egn Stl.ldles in the choice of problo.tlc, strain, dose, v1ab111ty, purlty..apd dgratlon and tlmlng. of
Antibodies administration. The one study that investigated the effect of probiotic administration to mothers during
Immunoglobulin pregnancy found lower vaccine responses in their infants.
Microbiota The studies in our review suggest that probiotics offer a relatively cheap intervention to improve vac-
Microbiome cine efficacy and duration of protection. Future studies should focus on establishing optimal strains,
Titer doses and timing of administration in relation to vaccination.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction efficacy and duration of protection. Factors contributing to the

variation in vaccine responses include age [1-3], gender [4], genet-

The immune response to vaccinations varies substantially ics [5-7], geographic location [8], time of day vaccine administered
between individuals. This has implications for both protective [9], and co-administered vaccines [10,11].

In recent years, considerable research has revealed the impor-
tance of the intestinal microbiota in the development of the
immune system and regulation of immune responses [12,13].
While there have been only few studies on the effect of the intesti-
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nal microbiota on vaccine responses [14-18], many studies have
investigated the effect of probiotics around the time of vaccination.

Probiotics are defined as live microorgansims which, when
administered orally in adequate amounts (thought to be
>1 x 10° colony forming units (cfu) daily), are beneficial to the
host [19]. The most frequently used microorgansims are Lactobacil-
lus spp, Bifidobacterium spp, and Saccharomyces boulardii. The mech-
anism of action of probiotics include normalisation of perturbed
microbiota, regulation of intestinal transit, increased turnover of
enterocytes, gut barrier reinforcement, colonisation resistance,
acid and short-chain fatty acid production, vitamin synthesis, and
bile salt metabolism [19]. Probiotics enhance both innate and
adaptive immunity [20,21], and have been found to be beneficial
in treatment of acute gastroenteritis [22,23], in prevention of
antibiotic-associated diarrhoea [24], in reduction of infection in
children attending day care centres [25-27], and in prevention of
eczema and allergies [28,29]. However, most studies investigating
the influence of probiotics on the immune response in humans
have been small in size or limited. Despite this, there has been
an explosion in the use of probiotics, promoted by the pharmaceu-
tical industry; the global probiotics market size exceeded US$35
billion in 2015. An evidence base to guide interventions is critically
needed. Here, we systematically review studies investigating the
influence of probiotics on vaccine responses.

2. Systematic search method

In April 2017, MEDLINE (1946 to present) and Embase (1947 to
present) were searched using the Ovid interface with the following
search terms: (probiotics OR Lactobacillus OR Bifidobacterium) AND
(vaccin® OR immun* OR antibod* OR humoral) without any lan-
guage limitations. This identified 2366 studies. Of these, 25 ful-
filled our inclusion criteria of prospective randomised placebo-
controlled studies in humans measuring humoral vaccines
responses in plasma or stool after administration of probiotics.
References were hand-searched for additional publications and 1

[=
.0
®
Q Records identified by - Duplicate records
E database search (n=207)
e (n =2366)
% Studies in animals
- (n=1784)
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— (n=342)
Title/abstracts screened .
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(7] (n=27) > prebiotics
(n=1)
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Remaining articles
- (n=25) < Additional articles found
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3 !
S
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(n=26)

Fig. 1. Flow diagram of selection of articles included in the review.

further relevant study was found (Fig. 1). A p-value < 0.05 was
used to define statistically significant findings.

3. Results

A total of 26 studies were reviewed, involving 3812 partici-
pants, investigating the use of 40 different probiotic strains on
the efficacy of 17 different vaccines (DTP (2), DTwP, DTaP-Hib
(2), DTaP-IPV-Hib (2), HAV, HBV (2), Hib, LAIV, MMRYV, OCV (2),
OPV, ORV, PCV7, PPV23 (2), Polio, TIV (11), Ty21a). The dose of pro-
biotic used in each study varied between 108 and 10'3 colony
forming units cfu per day.

3.1. Effect of probiotics on vaccine responses in neonates

The effect of probiotic administration to neonates on humoral
vaccine responses has been investigated in 4 studies in a total of
573 infants. Probiotics were administered for a duration of
between 4 and 12 months [18,30-33]. One study showed a higher
seroconversion rate for Haemophilus influenzae type b-specific
immunoglobulin (Ig) G (50% vs. 21%, p = 0.020) after administering
a combination of 4 probiotic strains, B. breve, L. rhamnosus GG, L.
rhamnosus and P. freudenreichii (2-5 x 10° cfu each), for the first
6 months of life [33]. Another study found higher poliomyelitis-
specific IgA levels in stool at the age of 4 months (p < 0.020) after
administering a combination of B. breve and Streptococcus ther-
mophiles (dose not specified) for the first 4 months [18]. The two
other studies did not find any effect of probiotics on specific IgG
levels to routine vaccinations (one for diphtheria, tetanus, pertus-
sis, poliomyelitis and HBV-specific IgG and one for HBV-specific
IgG) [30,31].

3.2. Effect of probiotics on vaccine responses in children

Five studies, that included 541 children, reported on vaccine
responses after administration of probiotics started beyond the
neonatal period [34-38]. The age at which probiotics were started
differed substantially between studies (from 2-months to 10-years
of age) and the duration for which they were administered also
varied considerably (between 6 days and 9 months). Three studies
investigated the effect of probiotics on responses to parenteral vac-
cines. One reported higher diphtheria-specific IgG levels at
6.5 months after vaccination (p = 0.044) with administration of L.
paracasei spp paracasei (108-10'° cfu) for 9 months [37]. The
remaining two reported no effect of probiotics on responses to
measles-mumps-rubella-varicella vaccination and to tetanus and
pneumococcocal vaccination, respectively [34,36]. Of the two stud-
ies that investigated the effect of probiotics on responses to orally
administered vaccines, one found a beneficial effect. This study
looking at oral rotavirus vaccination following intake of L. casei
(10'! cfu) for 6 days, found a higher number of rotavirus-specific
IgM secreting cells (p = 0.020) and higher IgA seroconversion rates
(93% vs. 74%, p = 0.050) 8 days after vaccination [38]. In contrast,
the other study found lower cholera toxin B subunit IgA levels
42 days after oral cholera vaccination (p = 0.016) with administra-
tion of B. breve for 3 weeks [35].

3.3. Effect of probiotics administered during pregnancy on vaccine
responses in infants

Only one study has investigated the effect of administration of
probiotics to mothers during pregnancy on vaccine responses in
infants [39]. The mothers were given L. rhamnosus GG (2 x 10'°
cfu). Unexpectedly, the study found lower pneumococcal-specific
IgG levels (serotype 4p=0.027, 6 Bp=0.040, 18 Cp=0.032,
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Prospective randomised placebo-controlled trials reporting the influence of probiotic administration on vaccine responses (statistically significant findings indicated in bold).

Participants Probiotic strain Daily probiotic dose  Vaccine schedule Effects of probiotic on vaccine response Author
(analysed/ Duration of ( 1 in blood unless indi d other) Country
randomised) administration Publication
Age range (starting time) Year
Pr ed to
264/300 B. longum BB536 1x107/g formula DTP, schedule NS No difference in diphtheria, tetanus, pertussis, polio, HBV IgG levels at 7m (p=0.466, 0.880, 0.209, 0.423, 0.665) ‘Wu [30]
Neonates 12m Polio, schedule NS No difference in diphtheria, tetanus, pertussis, HBV IgG levels at 11m (p=0.570, 0.934, 0.279, 0.307) China
HBV, schedule NS 2016
202/253 B. longum BL999 2.8x10% cfu total A:HBV 0, 1, 6m, DTaP 6m Trend towards increased HBV IgG levels at 12m in Group A (p=0.069) Soh [31]
Neonates L. rhamnosus LPR 6m B:HBV 0, 1, 6m No difference in HBV IgG levels at 12m in Group B (p=0.996) Singapore
No difference in seroconversion rates for HBV IgG at 12m in Group A or Group B (p=1, 0.259) 2010
87/145 B. breve Bbi99 2-5x10° cfu each DTwP 3, 4, Sm Higher seroconversion rates for Hib IgG at 6m (50% vs. 21%, p=0.020) Kukkonen [33]
Neonates L. rhamnosus GG 6m' Hib 4m Trend for higher Hib IgG levels at 6m (p=0.064) Finland
L. rhamnosus LG705 No difference in diphtheria and tetanus IgG levels at 6m (p=0.449, 0.310) 2006
P. freudenreichii
20/30 B. breve C50 NS DTaP-IPV-Hib 2, 3, 4m Higher polio IgA levels in stool at 4m (p<0.020) Mullié [18]
Neonates S. thermophilus 4m France
2004
Probi ed to children beyond the tal period
47/56 B. bifum 3x10° cfu each MMRYV 12m Higher total IgG levels at 3m (92% vs. 83%, p=0.052) Youngster [34]
Infants B. infantis Sm (2m pre No difference in seroconversion rates for rubella, mumps, measles, varicella IgG at 3m (p=0.226, 0.392, 0.187, Israel
8-10m B. longum vaccination) 0.117) 2010
L. acidophilus
126/128 B. breve BBG-01 4x10°cfu OCV d21 and 35 Lower cholera toxin B subunit IgA levels at 6w after vaccination (p=0.016) Matsuda [35]
Children Im (3w pre No difference in Vibrio cholera O1 Ogawa lipopolysaccharides IgG, IgA and cholera toxin B subunit IgG levels 6w Bangladesh
2-5y vaccination) after vaccination (p-values NS) 2010
140/162 L. casei CRL431 9.5x107-109 cfu each ~ DTaP-Hib 18m No difference in tetanus and pneumococcus IgG levels 4w after vaccination (p=0.913, p=0.671) Perez [36]
Children L. acidophilus CRL730 >4m (time NS) PPV2318m No difference in total IgA, IgE, IgG, IgM levels 4w after vaccination (p=0.085, 0.964, 0.599. 0.082) Argentina
9m-10y S. thermophilus 2009
171/180 L. paracasei spp 1x10%10" cfu DTaP-IPV-Hib 3, 5.5, 12m Higher diphtheria IgG levels at 6.5 and 12m after vaccination (p=0.044, 0.072) West [37]
Infants paracasei F19 9m (from 4m of age) No difference in tetanus or Hib polysaccharide IgG levels at 6.5 and 12m after vaccination (p-values NS) Sweden
4m 2007
57/60 L. casei GG 1x10" cfu ORV dl Higher number of rotavirus IgM secreting cells 8d after vaccination (p=0.020) Isolauri [38]
Infants 6d (on day of Higher seroconversion rates for rotavirus IgA (93% vs. 74%) 8d after vaccination (p=0.050) Finland
2-5m vaccination) Higher seroconversion rates for rotavirus IgM (96% vs. 85%) 8d after vaccination (p=0.150) 1995
Probi ed in pregnancy
61/61 L. rhamnosus GG 2x10" cfu DTaP-Hib, schedule NS Lower pneumococcal IgG levels for serotype 4, 6B, 18C, 19F, 23F at 12m (p=0.027, 0.040, 0.032, 0.041, 0.019)  Licciardi [39]
Women >36w of pregnancy PCV7, schedule NS Lower seroconversion rates for pneumococcal IgG against serotypes 4, 9V, 18C, 23F at 12m (p<0.050) Australia
until delivery Lower tetanus IgG levels at 12m (p=0.042) 2013
No difference in Hib IgG levels at 12m (p-values NS)
Higher tolerogenic T regulatory (Treg) responses at 12m (51% vs. 36%, p=0.016)
Probi ed to adults on vaccine resp
123/138 L. coryniformis 2.8x107cfu HAV Increase in HAV IgG and IgM levels 4w after vaccination (p=0.017) Redondo [11]
Adults CECT5711 2w (pre vaccination) No difference in seroconversion rates for HAV IgG 4we after vaccination (p-values NS) Spain
20-45y 2017
42/45 L. paracasei MCC1849 1x10" cfu TIV No difference in A/HIN1, A/H3N2 and B strain IgG levels 6w after vaccination (p= 0.643, 0.767, 0.828) Maruyama [40]
Adults (heat-killed) 6w (3w pre A/California/7/2009 (HIN1), No difference in total IgA, IgG, and IgM levels 6w after vaccination (p=0.632, 0.821, 0.329) Japan
>65y vaccination) A/Texas/50/2012 (H3N2), No difference in NK-cell, neutrophil bactericidal and phagocytic activity 6w after vaccination (p=0.814, 0.217, 0.560) 2016
B/Massachusetts/2/2012
1066/1104 L. paracasei 431 >1x10° cfu TIvV No difference in A/HIN1, A/H3N2 and B strain IgG levels 3w after vaccination (p-values NS) Jespersen [41]
Adults 6w (3w pre (2011/2012) No difference in A/HINI, A/H3N2 and B strain IgA levels in saliva 3w after vaccination (p-values NS) Germany
18-60y vaccination) A/California/7/2009-like, No difference in seroconversion rates for IgG against all strains 3w after vaccination (p-values NS) Denmark
A/Perth/16/2009-like, 2015
B/Brisbane/60/2008-like
15/15 L. paracasaei MoLac-1 1x10" cfu TIV No difference in NK-cell, neutrophil bactericidal and phagocytic activity 3 and 9w after vaccination (p-values NS) Akatsu [42]
Adults (heat-killed) 3m (3w pre (A/HIN1, A H3N2, B) No difference in IgA, IgG and IgM levels 3 and 9w after vaccination (p-values NS) Japan
75.6+6.7y vaccination) Trend towards higher H3N2 IgG levels 3w after vaccination (p=0.090) 2013
No difference in seroconversion rates for IgG against all strains 6w after vaccination (50.0% vs. 28.6%, 87.5% vs
42.9%, and 37.5% vs 14.3%, p-values NS)
40/60 L. plantarum 5x10%-10° cfu TIV Increase in influenza IgA levels 6m after vaccination (p=0.008 for 5x10°, 0.039 for 5x10%) Bosch [43]
Adults CECT7315/7316 3m (3-4m after (2006/2007) Increase in influenza IgG levels 6m after vaccination (p=0.023 for 5x10°%) Spain
65-85y vaccination) Trend towards increase in influenza IgM levels (p=0.054 for 5x10%) 2012
554/737 L. casei Shirota >1.3x10" cfu TIV No difference in A/HIN1, A/H3N2 and B strain IgG levels 4w and 5.7m after vaccination (p-values NS) Van Puyen-
Adults 5.7m (3w pre No difference in seroconversion rates for IgG against all strains 4w and 5.7m after vaccination (p-values NS) broeck [44]
>65y vaccination) Belgium
2012
211/221 B. lactis BB-12 1x10° cfu total TIvV Increase in influenza IgG, IgG1, IgG3 levels 4w after vaccination (p<0.010) Rizzardini [45]
Adults L. paracasei 431 6w (2w pre (2008/2009) Higher seroconversion rates for IgG, IgG1, IgG3 (p<0.001) Ttaly
19-60y vaccination) Higher influenza IgA levels in saliva 4w after vaccination (L. paracasei p=0.017, B. lactis p=0.035) 2012
No difference in NK-cells activity, number of CD4+ T-lymphocytes and phagocytosis (p-values NS)
No difference in INF-y, IL-2 and IL-10 levels 4w after vaccination (p-values NS)
39/42 L. rhamnosus GG 1x10" cfu LAIV Increase in haemagglutinin titres to H3N2 strain 4w after vaccination (p=0.048) Davidson [46]
Adults 4w (on day of (2007/2008) No difference in seroconversion rates for IgG against all strains 4w after vaccination (p=0.320, 0.360, 1) and at d56  USA
18-49y vaccination) after vaccination (p-values NS) 2011
27127 B. longum BB536 1x10" cfu TIV No difference in seroconversion rates for IgG against all strains 17w after vaccination (23% vs. 29%, 85% vs. 86%,  Namba [47]
Adults 20w (3w pre (2004/2005) 39% vs. 29%, p-values NS) Japan
=65y vaccination)” A/New Caledonia/20/99 (HIN1), ~ No difference in NK-cell, neutrophil bactericidal and phagocytic activity 17w after vaccination (p-values NS) 2010
A/Wyoming/3/2003 (H3N2),
B/Shanghai/361/2002
86/136 L. casei DN-114 001 2x10"° cfu total TIV Higher A/HIN1, A/H3N2 and B strain IgG levels 21d after vaccination (p-values NS) Boge [48]
Adults L. bulgaricus Tw (4w pre (2004/2005) France
=70y S. thermophilus vaccination) 2009
222/241 L. paracasei DN-114 001 2x10" cfu total TIV Higher B strain IgG levels 3, 6 and 9w after vaccination (p=0.029, 0.027, 0.025) Boge [48]
Adults L. bulgaricus 13w (4w pre (2006/2007) Higher seroconversion rates for IgG against B strain 6 and 9w after vaccination (p=0.006, 0.017) France
=70y S. thermophilus vaccination) 2009
83/83 B. lactis Bi-07 2x10" cfueach OCV d7 and 14 Higher cholera IgG levels 1w after vaccination with B. lactis BI-04 (p=0.010) and L. acidophilus La-14 (p=0.010) Paineau [52]
Adults B. lactis B1-04 3w (1w pre Higher cholera IgA and IgM levels 2w after vaccination with L. acidophilus NCFM (p=0.030, 0.020) France
18-62y L. acidophilus La-14 vaccination) No difference in overall vaccination titres, cholera IgA or IgM levels 1-2w after vaccination (p-values NS) 2007
L. acidophilus NCFM Lower cholera IgM levels 14d after vaccination with B. lactis Bl-04 and L. plantarum Lp-115 (p=0.090, 0.010)
L. plantarum Lp-115
L. paracasei Lpc-37
L. salivarius Ls-33
50/50 L. fermentum CECT5716 1x10" cfu TIV d14 Increase in influenza IgA levels 4w after vaccination (p<0.050) Olivares [49]
Adults 4w (2w pre (2004/2005) Higher total IgG and IgM levels 4w after vaccination (p<0.050) Spain
22-56y vaccination) No difference in total IgA levels and influenza IgG and IgM levels 2 and 4w after vaccination (p-values NS) 2007

Higher TNF-a levels 2 and 4w after vaccination (p<0.050)
No difference in B-/T-lymphocytes, NK-cell or IL-10/IL-12/INF-y levels 4w after vaccination (p-values NS)

(continued on next page)
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50/60 L. paracasei NCC 2461 1x10° cfu TIV No difference in influenza A, influenza B or pneumococcal IgG levels for serotype 1, 2, 4, 5, 6B, 9V, 14, 18C, 19F,  Bunout [50]

Adults 6m (4m pre PPV23 23F 2m after vaccination (p=0.770, 0.480, 0.060-0.360) Switzerland

=70y vaccination) 2004

64/66 L. acidophilus CRL431 1x10" cfu total OPV Increase in poliovirus neutralizing Ig levels 2-4w after vaccination (p=0.014-0.048) de Vrese [53]

Adults L. rhamnosus GG Sw (1w pre Increase in poliovirus IgA and IgM levels 2-4w after vaccination (p=0.036-0.860, 0.040 -0.720) Germany

20-30y vaccination) No change in poliovirus IgG levels 2-4w after vaccination (p= 0.083-0.960) 2004

29/30 Lactobacillus GG 4x10" cfu Ty2ladl, 3 and 5 No difference in typhoid IgA, IgG or IgM secreting cells 1w after vaccination (p=0.810, 0.660, 0.670) Fang [54]

Adults L. lactis 3.4x10" cfu Higher CR3 receptor expression on neutrophils 1w after vaccination with L. lactis (p=0.030) Finland

20-50y 1w (on day of 2000
vaccination)

"also given to pregnant women in last month of pregnancy
? placebo group received probiotics during first 6 w of study

cfu — colony forming units

d - days

DTaP - diphtheria-tetanus- acellular pertussis vaccine

DTwP — diphtheria-tetanus-whole cell pertussis vaccine
DTPa-HBV-IVP-Hib — bined diphtheria-tetanus-acellular pertussis
Haemophilus influenza type b vaccine

DTaP-Hib — combined diphtheria-tetanus-acellular pertussis-Haemophilus influenza type b vaccine
HAYV — hepatitis A vaccine

HBYV — hepatitis B vaccine

Hib — Haemophilus influenza type b vaccine

LAIV — nasal live attenuated trivalent influenza vaccine

m — months

hepatitis B-inactivated poliomyelitis-

MMRYV — measles-mumps-rubella-varicella vaccine NK — natural killer
NS — not specified

OCV - oral cholera vaccine

OPV - oral polio vaccine

ORV - oral rotavirus vaccine

PCV7 — 7-valent pneumococcal conjugate vaccine

PPV23 — 23-valent pneumococcal polysaccharides vaccine
TIV — inactivated trivalent influenza vaccine

Ty2la — oral Salmonella Typhi

w — weeks

y - years

19Fp=0.041, 23Fp=0.019), lower seroconversion rates for
pneumococcal serotypes 4, 9V, 18 C, 23 F (p <0.050) and lower
tetanus toxoid-specific 1gG levels (p=0.042) at the age of
12 months. However, of note, infants had higher tolerogenic T reg-
ulatory (Treg) responses (51% vs. 36%, p=0.016) at the age of
12 months.

3.4. Effect of probiotics on vaccine responses in adults

Sixteen studies investigated vaccine responses after administra-
tion of probiotics in a total of 2637 adults. Twelve of these studies
investigated the response to influenza vaccination [40-50], one
study the response to hepatitis A vaccination [51] and three the

Salmonella typhi [54]). In 5 of the 12 studies, probiotics enhanced
the response to influenza vaccine. After taking B. lactis and
L. paracasei (10° cfu) for 6 weeks, an increase in influenza-
specific 1gG, IgG1, IgG3 levels (p < 0.01), higher seroconversion
rates for influenza-specific IgG, IgG1, IgG3 (p <0.010) and higher
influenza-specific IgA levels in saliva were noted 4 weeks following
trivalent inactivated influenza vaccination (TIV) (B. casei p = 0.017,
B. lactis p = 0.035) [45]. Further, higher B strain-specific IgG levels
3, 6 and 9 weeks after vaccination (p = 0.029, 0.027, 0.025) and
higher seroconversion rates 6 and 9 weeks after TIV (p = 0.006,
0.017) were noted after taking L. paracasei, L. bulgaricus and S. ther-
mophilus (2 x 10'°) for 13 weeks [48]. After the taking L. plantarum
(5 x 108-5 x 10°) for 12 weeks, higher influenza-specific IgA and

response to oral vaccinations (cholera [52], polio [53], and

Table 2

IgG levels were reported 6 months after TIV vaccination

Strains and doses of probiotics tested in randomised placebo-controlled trials reporting the influence of probiotic administration on vaccine responses.

Increase in vaccine response No change in vaccine response Decrease in vaccine response

B. breve BBG-01
B. breve Bbi99

4x10”cfu [35]
2-5x10° cfu, with L. rhamnosus GG, L. rhamnosus LG705, and P. freundenreichii [33]

B. breve C50 Dose NS, with S. thermophiles [18]
B. bifum 3x10° cfu, with B. infantis, B. longum, and L. acidophilus [55]
B. infantis 3x10° cfu, with B. bifum, B. longum, and L. acidophilus [55]

. lactis BB-12
. lactis Bi-07

1x10° cfu, with L. paracasei 431 [45]
2x10" cfu [52]
2x10" cfu [52]

. longum

B.

B.

B. lactis B1-04

B.

B. longum BB536

B. longum BL.999

3x10° cfu, with B. bifum. B. infantis, and L. acidophilus [55]
1x107/g formula [30]
1x10"" cfu [47]

2.8x10" cfu, with L. rh LPR [31]

Lactobacillus GG

4x10" cfu, with L. lactis [54]

L. acidophilus

L. acidophilus CRL431
L. acidophilus CRL730
L. acidophilus La-14
L. acidophilus NCFM

3x10” cfu, with B. bifum. B. infantis, and B. longum [55]
1x10" cfu, with L. rhamnosus GG [53]

9.5x107-10" cfu, with L. casei CRL431, and S. thermophiles [36)
2x10" efu [52]
2x10" cfu [52]

L. bulgaricus

2x10" cfu, with L. paracasei DN-114 001, and S. thermophiles [48] 2x10" cfu, with L. casei DN-114 001, and S. thermophiles [48]

L. casei CRL431

L. casei DN-114 001
L. casei GG

L. casei Shirota

9.5x10-10° cfu. with L. acidophilus CRL730, and S. thermophiles [36]
2x10" cfu, with L. bulgaricus, and S. thermophiles [48]

1x10" cfu [38]
>1.3x10" cfu [44]

L. coryniformis CECT5711

2.8x10”cfu [51]

L. fermentum CECT5716

1x10" cfu [49]

L. paracasei DN-114 001

L. paracasei Lpc-37

L. paracasei MCC1849 (heat-killed)
L. paracasei NCC 2461

L. paracasaei MoLac-1 (heat-killed)
L. paracasei 431

L. paracasei spp paracasei F19

2x10" cfu, with L. bulgaricus,and S. thermophiles [48]
2x10" cfu [52]
1x10" cfu [48]
1x10° cfu [50]
1x10" cfu [42]
1x10° cfu with B. lactis BB-12 [45] >1x10° cfu [41]
1x10%10" cfu [37]

L. plantarum CECT7315/7316
L. plantarum Lp-115

5x10%-10° cfu [43]
2x10" cfu [52]

L. rhamnosus GG 2-5x10° cfu, with B. breve Bbi99, L. ri LG705, and P. lenreichii [33] 2x10" cfu [39]
1x10" cfu, with L. acidophilus CRL431 [53]
1x10" cfu [46]

L. rhamnosus LG705 2-5x10° cfu, with B. breve Bbi99, L. rh GG, and P. eichii [33]

h LPR 2.8x10° cfu, with B. longum BL999 [31]

L. salivarius Ls-33 2x10" cfu [52]

L. lactis 3.4x10" cfu [54]

P. freundenreichii 2-5x10 cfu, with B. breve Bbi99, L. rh GG, and L. r LG705 [33]

S. thermophiles

9.5x107-10" ofu, with Z. casei CRLA31, and L. acidophilus CRL730 [36]
2x10" cfu, with L. casei DN-114 001,and L. bulgaricus [48]

Dose NS, with B. breve C50 [18]
2x10" cfu, with L. paracasei DN-114 001, and L. bulgaricus [48]
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(p=0.008-0.039, p=0.023, respectively) [43]. Similarly, higher
influenza-specific IgA levels were reported 4 weeks following TIV
vaccination (p <0.050) after taking L. fermentum (10'° cfu) for
4 weeks [49]. Finally, higher hemagglutinin titers to the H3N2
strain were reported 4 weeks following vaccination (p =0.048)
with nasal live attenuated trivalent influenza vaccine after taking
L. rhamnosus GG (10'° cfu) for 4 weeks [46].

The study investigating the effect of probiotic intake on
responses to hepatitis A vaccination reported higher total specific
hepatitis A Ig levels 4 we following vaccination (p = 0.017) after
the taking L. coryniformis (2.8 x 10° cfu) for for 2 weeks [51].

The studies looking at the effect of probiotics on responses to
oral vaccines mostly reported favourable outcomes. Taking
L. acidophilus and L. rhamnosus GG (10'° cfu) for 5 weeks was
associated with an increase in poliovirus neutralising antibody
levels and an increase in poliovirus-specific IgA and IgM levels
14-28 days following vaccination (p =0.014-0.048, 0.036-0.860,
0.040-0.720, respectively) [53]. In a study comparing 7 different
probiotic strains taken for 3 weeks (B. lactis, L. acidophilus, L. plan-
tarum and L. paracasei, 2 x 10'° cfu each), however, improved
responses to oral cholera vaccination were seen with only 3 of
the 7 strains: higher cholera-specific IgG levels 7 days after vacci-
nation with B. lactis (p = 0.010) and L. acidophilus La-14 (p = 0.010)
and higher cholera-specific IgA and IgM levels (p = 0.030, 0.020)
14 days after vaccination with L. acidophilus NCFM [52]. The
intake of Lactobacillus (4 x 10'© cfu) and Lactococcus lactis
(3.4 x 10'° cfu) around the time of Salmonella typhi vaccination
was not associated with an increase in typhoid-specific Ig levels,
but was associated with higher CR3 receptor expression on
neutrophils 7 days following vaccination (p =0.030), in case of
L. lactis [54]. Table 1

3.5. Effect of different doses and strains

Table 2 summaries the strains and doses of probiotics tested in
the different trials. Because of the great heterogeneity between
studies, it is not possible to make any conclusion. However, there
is a trend for a favourable outcome with B. breve, B. lactis, L. aci-
dophilus, and L. rhamnosus. On the contrary, studies with B. longum,
L. casei, and L. paracasei at similar doses did not find any significant
changes in vaccine responses.

4. Discussion

In our systematic review of the studies that have reported the
effect of probiotics on the humoral response to either parenteral
or oral vaccinations, a beneficial effect was reported in about half
(in 3 of 7 studies investigating parental vaccinations in neonates
and children [18,33,37], in 5 of 12 investigating responses to influ-
enza vaccination [43,45,46,48,49], in the one study investigation
response to hepatitis A vaccination [55], and in 3 of 5 studies
assessing oral vaccinations in children and adults [38,52,53]). The
one study that investigated the effect of probiotic administration
to mothers during pregnancy found lower vaccine response in
infants [39].

Some of the variation in the reported effect of probiotics in the
studies in our review is likely to result from the substantial varia-
tion between studies in the choice of probiotics, strain, dose, viabil-
ity, purity, and duration and timing of administration. Notably, a
total of 40 different probiotic microorganisms were used in the
26 studies. The choice of strain and/or combination has a major
influence, as suggested by studies investigating the effects of pro-
biotics on other outcomes. For example, of the 12 randomised con-
trolled trials investigating the effect of probiotics on infant crying,
6 report a positive effect. The majority of those that a beneficial
effect used L. reuteri, while trials using L. rhamnosus or Bifidobac-

terium spp. showed no effect [56]. Similarly, a meta-analysis inves-
tigation the effect of early life probiotic administration on atopy
found that overall, probiotics have a significantly reduce the risk
of atopic sensitisation, while, in contrast, the administration of L.
acidophilus is associated with an increased risk [57].

Interestingly, even though, probiotics are defined as live
microorganisms, two of the studies included in this review used
heat-killed microorganisms [40,42]. These did not show any signif-
icant effect on vaccine responses. However, in animal studies it has
been shown that heat- killed and live probiotics have identical
anti-inflammatory effects [58,59], suggesting that non-viable bac-
teria might act as antigens influencing the immune system.

Studies which looked at the stool microbiome after the intake of
probiotics showed an increase in the quantity of the administered
strains (B. breve, B. longum, B. longum/B. infantis, L. casei) and some-
times a decrease in Enterobactericeae [18,30,35,36,60]. This sup-
ports the concept that probiotics affect the vaccine response
through alterations in the composition of the intestinal microbiota.
Whether the intestinal microbiome influences vaccine responses,
has, to date, only been investigated in 4 small studies [14-18].
One of these studies reported that a higher abundance of B.
longum-infantis and B. breve is associated with an increase in faecal
polio-specific IgA after parental polio vaccine in infants [18].
Another study reported that abundance of Actinobacteria (including
Bifidobacterium longum) is associated with improved humoral and
T-cell responses to Bacillus Calmette-Guérin, polio, and tetanus
toxoid vaccines, while bacterial diversity and the abundance of
Enterobacteriales, Pseudomonadales and Clostridiales is associated
with lower vaccine responses [15]. In contrast, a small study in
adults showed that individuals with more diverse intestinal micro-
biota had superior cell mediated immune responses to oral typhoid
vaccination [16]. Finally, a study investigating the serological
response to rotavirus vaccine showed an increased abundance of
Streptococcus bovis and a decrease in Bacteroidetes phylum was
associated with vaccine responders [14]. It has been suggested that
the different abundance of these bacteria in low-income countries
might partly explain the significantly lower efficacy of oral vacci-
nes, such as rotavirus, polio and cholera [14]. The administration
of probiotics might be of particular benefits in these settings.

The suggestion from our review that probiotics increase
responses to influenza vaccination [43,45,46,48,49] raises the pos-
sibility that probiotics might be helpful in elderly people, in whom
it is known that seroconversion rates to influenza vaccination are
lower in comparison to younger people.

Probiotics offer a relatively cheap intervention to improve vac-
cine efficacy and duration of protection and have few adverse
effects [35]. There is sufficient evidence from the studies in our
review to suggest this strategy is worth pursuing. However, future
studies should focus on establishing optimal strains, doses and
timing of administration in relation to vaccination.
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