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Abstract

Background

Exposure to a nutritionally deficient environment during fetal life and early infancy may
adversely alter the ontogeny of the immune system and affect an infant’s ability to mount an
optimal immune response to vaccination. We examined the effects of maternal nutritional
supplementation during pregnancy on infants’ antibody responses to the diphtheria-tetanus-
pertussis (DTP) vaccine included in the Expanded Programme on Immunisation (EPI).

Methods and findings

The Early Nutrition and Immune Development (ENID) trial was a randomised, partially
blinded trial conducted between April 2010 and February 2015 in the rural West Kiang
region of The Gambia, a resource-poor region affected by chronic undernutrition. Pregnant
women (<20 weeks’ gestation) with a singleton pregnancy (n = 875) were randomised to
receive one of four supplements: iron-folic acid (FeFol; standard of care), multiple micronu-
trient (MMN), protein-energy (PE), or PE + MMN daily from enrolment (mean [SD] 13.7 [3.3]
weeks’ gestation) until delivery. Infants were administered the DTP vaccine at 8, 12, and 16
weeks of age according to the Gambian Government protocol. Results for the primary out-
come of the trial (infant thymic size) were described previously; here, we report on a second-
ary outcome, infant antibody response to vaccination. The effects of supplementation on
mean DTP antibody titres measured in blood samples collected from infants at 12 weeks
(n=710) and 24 weeks (n = 662) were analysed with adjustment for confounders including
maternal age, compliance to supplement, and infant sex and season. At 12 weeks, following
a single dose of the vaccine, compared with FeFol (mean 95% confidence interval [Cl]; 0.11
IU/mL, 0.09-0.12), antenatal supplementation with MMN or MMN + PE resulted in 42.4%
(95% Cl 20.1-64.6; p<0.001) and 29.4% (6.4-52.5; p = 0.012) higher mean anti-diphtheria
titres, respectively. Mean anti-tetanus titres were higher by 9.0% (5.5-12.5), 7.8% (4.3—
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11.4),and 7.3% (4.0-10.7) in MMN, PE, and PE + MMN groups (all, p < 0.001), respectively,
than in the FeFol group (0.55 IU/mL, 0.52-0.58). Mean anti-pertussis titres were not signifi-
cantly different in the FeFol, MMN, and PE + MNN groups but were all higher than in the PE
group (all, p< 0.001). At 24 weeks, following all three doses, no significant differences in
mean anti-diphtheria titres were detected across the supplement groups. Mean anti-tetanus
titres were 3.4% (0.19-6.5; p=0.038) higher in the PE + MMN group than in the FeFol
group (3.47 IU/mL, 3.29-3.66). Mean anti-pertussis titres were higher by 9.4% (3.3-15.5;
p=0.004) and 15.4% (9.6-21.2; p<0.001) in PE and PE + MMN groups, compared with
the FeFol group (74.9 IU/mL, 67.8—82.8). Limitations of the study included the lack of mater-
nal antibody status (breast milk or plasma) or prevaccination antibody measurements in the
infants.

Conclusion

According to our results from rural Gambia, maternal supplementation with MMN combined
with PE during pregnancy enhanced antibody responses to the DTP vaccine in early
infancy. Provision of nutritional supplements to pregnant women in food insecure settings
may improve infant immune development and responses to EPI vaccines.

Trial registration
ISRCTN49285450.

Author summary

Why was this study done?

« Deficiencies of both macro- and micronutrients are common among pregnant women
in low- and middle-income countries (LMICs) and are recognised as a key determinant
of poor birth outcomes.

o Nutritional deficiencies during pregnancy may also impact on the longer-term health of
the offspring, including immune development and function.

o Our trial was designed to investigate the impact of combined protein-energy (PE) and
multiple micronutrient (MMN) supplementation given to women across pregnancy on
vaccine responses in young infants.

What did the researchers do and find?

o We performed a randomised, partially blinded trial of nutritional supplementation to
pregnant women in rural West Africa, to test whether nutritional supplementation dur-
ing pregnancy improved antibody response to vaccination in their infants.

« We enrolled 875 pregnant women (mean gestational age at enrolment = 13.7 weeks),
who were randomised to receive either iron-folic acid (FeFol; standard of care) alone or
combined with MMN, PE, or PE + MMN daily from enrolment until delivery.
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« Infants were vaccinated at 8, 12, and 16 weeks of age with the diphtheria-tetanus-pertus-
sis (DTP) vaccine, as recommended by the WHO Expanded Programme on Immunisa-
tion (EPI), and their antibody responses were measured at 12 (n = 710) and 24 (n = 662)
weeks of age.

o We observed that supplementation with MMN combined with PE was the most efficient
intervention tested, improving mean antibody titres against diphtheria and tetanus at 12
weeks, and tetanus and pertussis titres at 24 weeks.

What do these findings mean?

« Improving the nutritional status of women in areas at high risk of undernutrition has
multiple benefits beyond immediate birth outcomes.

 Understanding the mechanisms that link nutritional supplementation during preg-
nancy to improved vaccine responses in early infancy may lead to the development of
novel interventions among vulnerable populations.

Introduction

The Expanded Programme on Immunisation (EPI), introduced in 1974 by WHO, established
a standardised vaccination schedule for all children globally, initially including diphtheria-tet-
anus-pertussis (DTP), Bacillus Calmette-Guérin (BCG), oral polio, and measles vaccines [1].
This programme has been implemented widely and is estimated to prevent between 2 and 3
million deaths in children annually. However, despite this, there remains a heavy burden of
childhood deaths globally, largely from infection-related causes and especially during the first
year of life, when the immune system is most vulnerable [2,3]. In tandem, undernutrition dur-
ing fetal life and early childhood has been estimated to contribute to 45% of all deaths in chil-
dren globally [4,5]. Through a vicious circle, undernutrition heightens the risk of infections,
while infections predispose to undernutrition [5]. In settings such as sub-Saharan Africa,
where supplementary nutrition and routine childhood vaccinations are lifesaving [6], novel
interventions are required to break this cycle of infection and undernutrition.

The immune system starts to develop early during fetal life so that at birth all components
are in place to allow a rapid expansion to complete maturation in infancy and childhood [7].
Nutritional insults during these critical periods may lead to a breakdown in the complex path-
ways required for its development, with downstream consequences on functionality, including
the ability to mount an adequate response to vaccination [8]. A limited number of studies have
assessed the impact of direct nutritional supplementation on vaccine responses in children,
with findings indicating mixed effects of protein-energy (PE) and micronutrient supplements,
including vitamin A, zinc, and iron, across a range of vaccines [9]. Far fewer studies have
investigated the effects of maternal nutritional supplementation during pregnancy with a sin-
gle micronutrient, multiple micronutrients (MMN), or PE on vaccine responses in infancy
[10-14]. Overall, the limited data available provide some evidence that nutritional supplemen-
tation during fetal development may improve immune response to childhood vaccination
[10]. However, the heterogeneity in study design, lack of adjustment for confounders, and lim-
ited availability of high-quality data prevents any firm conclusions and supports the urgent
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need for well-designed trials looking at the effects of antenatal supplementation on vaccine
responses in infants.

We report here findings from the Early Nutrition and Immune Development (ENID) trial,
arandomised trial conducted in rural Gambia, in an area of widespread and seasonal undernu-
trition. The ENID trial examined the effects of prenatal and infant nutritional supplementation
on infant immune development [15]. The primary outcome of ENID was thymic development
during infancy, and antibody response to vaccination was a secondary outcome. We have pre-
viously published data showing an effect of infant micronutrient supplementation, but not
maternal supplementation, on infant thymic size [16]. Here, we present the effects of maternal
supplementation on the secondary outcome, antibody responses to DTP vaccinations in early
infancy.

Methods
Study design and participants

The ENID trial (ISRCTN49285450) was a partially blinded trial of prenatal and infant nutri-
tional supplementation conducted in the rural West Kiang region of The Gambia between
August 2009 (the date of the first participant consented) and February 2015 (the date the last
infant born into the trial reached 12 months of age). S1 Fig presents the ENID trial design; full
details of the trial are provided in the published trial protocol [15]. The primary outcome mea-
sure of the ENID trial was thymic size in infancy (findings reported previously; [16]). Infant
antibody response to vaccination (presented here) was a secondary outcome. Other outcomes
included measures of cellular markers of immunity in a selected sub-cohort and infant growth
to 24 months of age.

Briefly, all women aged 18 to 45 years and registered in the West Kiang Demographic Sur-
veillance System were invited to participate in the study [17], and written informed consent
was obtained. Monthly surveillance of all participating women, including a short questionnaire
on the date of the last menstrual period, enabled the identification of women with a possible
pregnancy, subsequently confirmed by ultrasound examination. All women confirmed to be
<20 weeks pregnant were then randomised into the trial, with supplementation commencing
the following week until delivery. Women with a gestational age (GA) >20 weeks, a multiple
pregnancy, severe anaemia (haemoglobin [Hb] <7 g/dL), or confirmed as HIV positive were
excluded.

Interventions

Pregnant women were randomised to one of four intervention arms: (1) Iron-folic acid
(FeFol) tablets, representing the usual standard of care as per Gambian Government guide-
lines; (2) MMN tablets, a combination of 15 micronutrients designed for use during pregnancy
as formulated by UNICEF/WHO/UNU (with the exception of FeFol, each tablet contained
2xRDA of each micronutrient [18,19]; (3) protein-energy and iron-folic acid (PE + FeFol) as a
lipid-based nutritional supplement (LNS) providing the same level of FeFol as the reference
arm, but with the addition of energy, protein, and lipids; (4) protein-energy and multiple
micronutrients (PE + MMN) as the same LNS supplement fortified to provide the same level
of micronutrients as the MMN arm. The composition of the four supplements is detailed in
Table 1. Antenatal supplements were distributed on a weekly basis by community-based field
assistants.

From six months of age, infants were further randomised to receive either an unfortified
LNS paste or the same formulation fortified with MMN. However, for the current analysis, the
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Table 1. Nutritional composition of the allocated daily intake of pregnancy supplements.

Nutrients Tablets LNS

FeFol MMN PE MMN + PE
Iron (mg) 60 60 60 60
Folate (ug) 400 400 400 400
Vitamin A (RE ug) 1,600 2.85 1,600
Vitamin D (IU) 400 - 400
Vitamin E (mg) 20 4.2 20
Vitamin C (mg) 140 2.25 140
Vitamin B1 (mg) 2.8 0.3 2.8
Vitamin B2 (mg) 2.8 0.45 2.8
Niacin (mg) 36 1.35 36
Vitamin B6 (mg) 2.8 0.15 2.8
Vitamin B12 (ug) 5.2 0.1 5.2
Zinc (mg) 30 3.3 30
Copper (mg) 4 1.05 4
Selenium (ug) 130 6.15 130
Iodine (ug) 300 2.6 300
Energy (kcal) 746 746
Protein (g) 20.8 20.8
Lipids (g) 52.6 52.6

Data in italics represent natural micronutrients content in PE, which is made from the food base ingredients.
Abbreviations: FeFol, iron-folic acid; LNS, lipid-based nutrient supplement; MMN, multiple micronutrients; PE,

protein-energy; RE, retinol equivalent.

https://doi.org/10.1371/journal.pmed.1002854.t001

infant intervention arms will not be considered, as the outcomes included were assessed before
the infant supplementation commenced.

Randomisation

Randomisation was performed in blocks of eight using an automated system reflecting the
eight combinations of prenatal and infancy supplements. The antenatal arms of the trial were
partly open because it was not possible to blind project staff or study participants to the supple-
ment type (tablet versus LNS); all the investigators, however, were blinded to participant
allocation.

Procedures

Women were invited for a standard antenatal examination at the Medical Research Council
(MRC) Keneba clinic at enrolment, and then again at 20 and 30 weeks’ gestation. At each of
these visits, maternal anthropometry and ultrasound measures of fetal biometry were taken by
a study midwife. Fetal size at the enrolment visit was used to estimate GA. All measurements
were performed using standardised and validated equipment and standard operating
procedures.

Following delivery, a study midwife visited all women and their newborns for a standard
health examination, and infant anthropometric measurements were taken (weight, length,
mid-upper arm circumference [MUAC], and head circumference). Infants were subsequently
seen at the MRC Keneba field station at 1, 8, 12, 24, and 52 weeks of age, and at home at 16, 20,
32, and 40 weeks for sample collections, health assessments, and anthropometric
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measurements. The same standard and regularly validated anthropometric equipment was
used at each visit (clinic and home visits). At these infant visits, EPI vaccines were also admin-
istered, according to the Gambian Government protocol [15]. All study vaccines were acquired
from the EPI Department of the Gambian Government and issued by a study nurse, following
standard procedures. Briefly, infants were vaccinated at birth (within 72 hours) and at 8, 12,
16, and 40 weeks of age. At birth, they received BCG vaccine, Hepatitis B vaccine (HBV), and
oral polio vaccine (OPV). At 8, 12, and 16 weeks of age, they were vaccinated with Penta (diph-
theria-Tetanus-pertussis [D'TP], HBV, Haemophilus influenzae type B [Hib], OPV, and pneu-
mococcal conjugate vaccine [PCV]), and at 40 weeks of age with OPV, measles, and yellow
fever vaccines. For the current analysis, only DTP vaccine responses were assessed, using
blood samples collected at 12 and 24 weeks of age. DTP responses were measured at 12 weeks,
reflecting responses to the first dose of vaccine given at 8 weeks; and at 24 weeks, reflecting
antibody responses after up to three doses (at 8, 12, and 16 weeks) of the vaccine. A weekly
questionnaire was used to collect data on maternal morbidity (during pregnancy only) and
infant morbidity (from birth to 52 weeks) and on infant feeding practices.

Laboratory analyses

A validated multiple immunoassay based on Luminex xMAP technology was used to measure
serum-specific IgG antibody responses directed against the three components of the DTP vac-
cine: pertussis toxin (Ptx), diphtheria toxoid (Dtxd), and tetanus toxin (Ttx) [20,21]. This
assay was chosen as it presents the advantage of specifically measuring Ptx, Dtxd, and Ttx anti-
bodies in a single assay using a small sample volume (5 pL) and small amounts of antigen com-
pared with other ELISA methods. In-house reference standards were used, calibrated against
international standards (see below).

Reconstituted freeze-dried Ptx (National Institute for Biological Standards and Control,
United Kingdom), Dtxd, and Ttx (Sigma Aldrich, Gillingham, UK) were conjugated to acti-
vated carboxylated microspheres (Bio-plex COOH beads, Bio-rad, Watford, UK) using a two-
step carbodiimide reaction. The in-house pertussis standard (calibrated against the United
States reference pertussis anti-serum human lot 3) was diluted 4-fold in six dilution steps
(1:200-1:204,800), whereas the in-house diphtheria-tetanus standard (calibrated against the
International Standards NIBSC code Di-10 and NIBSC code TE-3) was diluted 4-fold in eight
dilution steps (1:50-819,200). The unknown sera were diluted 1:200 and 1:4,000, whereas the
detection antibody, R-Phycoerythrin conjugated goat anti-human IgG (y* chain specific) (Jack-
son ImmunoResearch Laboratories, Westgrove, PA) was diluted 1:200. Results were generated
using a Bio-plex 200 system with Bio-plex Manager software (version 4.1.1, Bio-rad, UK).
Median fluorescent intensity for Ptx was converted to ELISA Unit (EU)/mL, and for Dtxd and
Ttx to International Unit (IU)/mL by interpolation from a five-parameter logistic standard
curve. Being responder to the vaccine was defined as presenting an antibody titre >0.1 IU/mL
for diphtheria and tetanus, according to international standards (WHO) [20,22]. As for pertus-
sis, an in-house antibody assay was used; an arbitrary threshold was established at >5.0 EU/
mL. All antibody assays were performed at the MRC Unit in The Gambia.

Covariates

Maternal date of birth and age were ascertained from the West Kiang Demographic Surveil-
lance System [17]. Maternal parity was calculated as the number of previous pregnancies,
including live births and stillbirths, using data from a questionnaire conducted at enrolment.
Enrolled women were asked whether they had attended Arabic and/or English school and for
how many years. A binary variable (Yes/No) was generated based on whether women went for
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at least a year in an Arabic/and or English school, because school attendance was low, with
77.3% (549/710) of women not having attended school. Maternal body mass index (BMI) was
computed as weight (kg)/height (m)*. Maternal morbidity was calculated as the total number
of morbidity episodes during pregnancy divided by the number of weeks enrolled in the study.
A compliance score based on the amount of supplement remaining in the jars (empty, half-
empty, and full) was generated for LNS products (PE and PE + MMN), and a count of tablets
left in the bottle was performed for tablets (MMN and FeFol). For each woman, a compliance
percentage was generated by dividing the number of LNS jars or tablets the woman consumed
by the number she received and multiplying by 100.

Preterm birth (PTB) was defined as a GA at birth <37 completed weeks and low birth
weight (LBW) as birth weight <2,500 g. Exclusively breastfed (EBF) was generated as a binary
variable (yes/no) and defined as continuation of exclusive breastfeeding until 12 (or 24) weeks.
The infant’s anthropometric measurements at 12 and 24 weeks were converted to z-scores
using the WHO Child Growth standards [23]. In the models presented here, weight-for-
length-z-scores (WLZs) were used. The infant’s morbidity was generated as total days of
reported sickness by the guardian in a weekly questionnaire. As month of vaccination may
influence antibody vaccine responses [24], to capture the influence of the month of the first
DTP vaccination (at 8 weeks) on antibody responses, the monthly variation was fitted using
the first two pairs of the Fourier terms: sin(0) and cos(0) and sin(20) and cos(20) [25]. For the
present analyses, the Fourier terms were fitted in pairs and denoted as F; = sin(8) and cos(0)
and F, = sin(20) and cos(20), with 0 representing the angle in radians of the date in relation to
its position on the annual cycle (on 1 January, 6 = 211/365; on 31 December, 6 = 2m). For the
infant’s season of birth, a binary variable was generated as rainy = June to October and
dry = November to May, to avoid collinearity with the Fourier terms for the month of
vaccination.

Statistical analyses

Statistical analyses were performed using STATA 15-0 (StataCorp LP TX). The study was pow-
ered based on thymic index as the primary outcomes [15]. For a power of 80% and a signifi-
cance level of 5%, we estimated a required total sample size of 847 mother-infant pairs.
Statistical significance was set at a two-sided alpha level of p < 0.05. Analyses were performed
by intention to treat (ITT), including all mother-infant pairs with available antibody data
(N'=710 at 12 weeks, N = 662 at 24 weeks, and N = 511 for the analysis of antibody ratios
between 12 and 24 weeks). The latter was generated by dividing antibody titres measured at 24
weeks by those measured at 12 weeks for each infant. Descriptive statistics of participants were
calculated for each intervention arm. Chi-squared tests for categorical variables or ANOVAs
for continuous variables were performed for significant differences in participant characteris-
tics across maternal supplementation groups.

Normality was tested using the Shapiro-Wilk test. Plasma antibody concentrations were
skewed; therefore, we used the logarithms (base 10) values of the antibody titres. Linear regres-
sion models with robust standard errors adjusted with confounding factors were used to deter-
mine the means of antibody titres. Although the use of the robust analysis minimised potential
deviations from the assumptions of the multiple linear regression models, further checks were
made to the models for linearity and multicollinearity and the residuals were examined to
check homoscedasticity and normality. Log-transformed mean antibody titres were compared
by Student ¢ test and back-transformed from the log scale. Confounding factors were defined a
priori based on previous literature and biological plausibility [26,27]. Maternal variables con-
sidered as potential effect mediators in the association between supplement status and
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antibody response to vaccination and included in the linear models were as follows: age and
BMI (at baseline), maternal education, supplement group, compliance to supplement, Hb at
30 weeks’ gestation, and maternal morbidity. Infant variables included in the models were GA
at delivery, birth season (dry/rainy), month of vaccination, sex, infant size (WLZ), and Hb
level at the visit preceding antibody measurements. Mode of feeding and infant morbidity
scores were also calculated from birth to the time of antibody assessment (12 or 24 weeks).
Sensitivity analyses were performed to check for any potential bias in the data between
infants missing antibody measurements at 12 weeks of age (n = 90) or at 24 weeks of age
(n =138) compared with those included in the analyses (S1 Table; S2 Table). No significant
differences were observed between the characteristics of infants with antibody measurements
compared with those missing antibody measurements at either time point. The results of this
study, which is part of the ENID trial, are reported in accordance with Consolidated Standards

of Reporting Trials (CONSORT) 2010 guidelines.

Ethical approval

The ENID trial was approved by the Joint Gambian Government/MRC Unit The Gambia eth-
ics committee (SCC1126v2). Written informed consent was obtained from all participants.
The trial observed Good Clinical Practice Standards and the current version of the Helsinki

Declaration.

Results

A total of 2,798 participants were recruited for monthly surveillance of pregnancy between
January 2010 and June 2013, and 1,195 participants were assessed for eligibility (Fig 1). Of
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Missing (n=12) Other (n=1) Missing (n=8) Other (n=1)
Missing (n=13) Missing (n=9)

!

!

24 weeks antibody titres
measured (n=167) including
(n=5) with missing 12 weeks
results

Died (n=2)
Parent withdrawn (n=2)
Other (n=1)

Missing (n=11)

24 weeks antibody titres
measured (n=163) including
(n=3) with missing 12 weeks
results

Died (n=1)
Lost to follow up (n=1)
Parent withdrawn (n=1)
Other (n=3)

Missing (n=13)

24 weeks antibody titres
measured (n=162) including
(n=5) with missing 12 weeks
results

Moved away (n=1)
Parent withdrawn (n=1)
Other (n=3)

Missing (n=8)

24 weeks antibody titres
measured (n=170) including
(n=7) with missing 12 weeks
results

Died (n=2)

Moved away (n=1)
Parent withdrawn (n=1)
Other (n=3)

Missing (n=12)

Fig 1. Flow diagram of the trial. CONSORT diagram presenting the flow of participants in the trial. A miscarriage

was defined using the WHO definition of the premature loss of a fetus up to 23 weeks of pregnancy. CONSORT,

Consolidated Standards of Reporting Trials; FeFol, iron-folic acid; MMN, multiple micronutrients; PE, protein-energy.

https://doi.org/10.1371/journal.pmed.1002854.9001
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these, 875 (73.2%) participants confirmed pregnant with singleton infants and with GA <20
weeks were randomised to enter the antenatal supplementation phase of the trial. Of the 800
live births, 710 (88.8%) infants had DTP antibody measurements at 12 weeks and 662 (82.9%)
at 24 weeks and were included in the ITT analyses. There were no differences in participant
characteristics between those remaining in the trial and those lost to follow-up, either from
baseline to delivery, or from live births to infants included in the current analysis of antibody
responses (S1 Table; S2 Table).

Table 2 presents characteristics of the 710 mother-infant by supplement group. At enrol-
ment, mean maternal age was 30.3 (SD 6.8) years, mean GA was 13.7 (3.4) weeks, and 18.9% of
women were underweight (<18.5 kg/m?). Women were administered antenatal supplements
for an average of 26.5 (3.4) weeks. One in five women had received a formal education
(22.7%). Mean birth weight was 3.01 (0.40) kg, with 8.9% of the infants being of LBW (<2.50
kg). Mean GA at delivery was 40.2 (1.4) weeks with 5.1% PTB. At 12 weeks of age, the majority
of infants (93%) were EBF, compared with half (52%) of infants at 24 weeks. There were no sig-
nificant differences in maternal or infant characteristics across the supplement groups, except
compliance to supplement and maternal Hb levels at 30 weeks’ gestation. Compared with
those in the PE or PE + MMN arms (LNS-based supplements), women who received FeFol or
MMN (tablets) had a higher compliance to supplementation (93% versus 81%) and a higher
mean (SD) Hb level at 30 weeks’ gestation (11.1 [1.2] g/dL versus 10.4 [1.3] g/dL) (both,

p < 0.001).

Following the first dose of the vaccine (12 weeks), 55.5% of infants presented protective
antibody titres for diphtheria, increasing to 96.8% at 24 weeks (after three doses). For tetanus,
protective levels were 97.3% after the first dose, increasing to 99.6% at 24 weeks. Finally, for
pertussis, this rate increased between 50.1% and 88.2% between doses. For each antigen, no
significant differences in the proportion of responders were detected across the supplement
groups at 12 or 24 weeks (S3 Table).

In Fig 2 and Table 3, we present the adjusted mean concentrations of DTP antibodies by
supplement groups, along with the effect sizes for the differences between groups. At 12 weeks
of infant age, mean anti-diphtheria titres were significantly higher in infants born to mothers
who received MMN (0.16 IU/mL, 95% confidence interval [CI] 0.14-0.19) or PE + MMN
(0.14 IU/mL, 0.12-0.16) during pregnancy compared with FeFol (0.10 IU/mL, 0.09-0.12).
This corresponded to a mean (95% CI) increase in anti-diphtheria concentrations of 42.4%
(20.1-64.6) in the MMN group and of 29.4% (6.4-52.5) in the PE + MMN group, compared
with FeFol. We also observed that mean (95% CI) anti-diphtheria titres were 33.4% (11.5-
55.3) higher in the MMN group compared with the PE group. Compared with the FeFol
group, mean (95% CI) anti-tetanus titres were found to be higher by 9.0% (5.5-12.5), 7.8%
(4.3-11.4), and 7.3% (4.0-10.7) in the MMN, PE, and PE + MMN groups, respectively. Mean
(95% CI) anti-pertussis titres were lower in the PE group (4.1 EU/mL, 3.8-4.4) compared with
FeFol (by 13.5%, 8.8-18.2), MMN (by 10.7%, 6.0-15.5), and PE + MMN (by 14.8%, 10.3-19.3)
groups.

We then compared the mean concentrations of DTP antibodies measured at 24 weeks of
infant age between the supplement groups, with effect sizes for each comparison (Fig 2;

Table 3). No significant differences in mean anti-diphtheria titres were observed across the
groups. In contrast, mean anti-tetanus titres were higher in the PE + MMN group (3.75 IU/
mL, 3.56-3.95) compared with FeFol (by 3.4%, 0.19-6.5), MMN (by 4.0%, 0.96-7.0), and PE
(by 4.4%, 1.1-7.7) groups. For pertussis, mean antibody titres were higher in the PE (by 9.4%,
3.3-15.5) and PE + MMN groups (by 15.4%, 9.6-21.2), when compared with the FeFol group
(74.9 IU/mL, 67.8-82.8). Additionally, mean anti-pertussis titres were higher in the PE group
(93.0 EU/mL, 83.7-103.4) compared with the MMN group (by 8.7%, 2.4-14.9) and higher in
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Table 2. Participant characteristics by maternal supplement group®.

Maternal supplement groups
N Tablet supplements LNS
FeFol (n=178) MMN PE (n=170) PE + MMN (n = 182)
(n=179)
Maternal variables
Enrolment
Age at enrolment (years) 710 30.9 (6.6) 29.5 (6.8) 30.0 (6.5) 30.5(7.2)
Parity 696 4.5(2.6) 3.7 (2.6) 4.1(2.7) 43(2.8)
Formal education, n (%) 710 37 (20.8) 47 (26.3) 37 (21.8) 40 (21.9)
GA at enrolment (weeks) 710 13.7 (3.3) 13.9 (3.5) 13.8 (3.3) 13.5(3.2)
BMI at enrolment (kg/mz) 704 21.0 (3.2) 21.1(3.8) 21.3(3.6) 21.3(3.6)
Hb at enrolment (g/dL) 710 11.5(1.5) 114 (1.3) 113 (1.4) 11.3(1.3)
Anaemia at enrolment, n (%)° 710 60 (33.7) 63 (35.2) 63 (37.1) 72 (39.3)
30 weeks
Hb at 30 weeks’ gestation (g/dL) 658 11.0 (1.2) 11.1(1.3) 10.3 (1.4) 10.4 (1.3)
Anaemia at 30 weeks, n (%)b 658 82 (50.0) 69 (42.1) 107 (68.2) 113 (65.3)
Throughout pregnancy
Morbidity events® 710 4.4(3.9) 5.4 (7.5) 5.9 (7.8) 5.4 (6.5)
Compliance to supplementd (% [SD]) 710 94.8 (5.0) 92.9 (7.4) 81.2 (15.6) 80.5(17.4)
Infant variables
Birth
GA at delivery (weeks) 710 40.2 (1.5) 40.3 (1.4) 40.0 (1.4) 40.2 (1.4)
Sex, n (%) male 710 90 (50.6) 90 (50.3) 95 (55.9) 91 (49.7)
Dry season birth®, n (%) 710 106 (59.6) 118 (65.9) 100 (58.8) 119 (65)
Birth weight (kg) 594 2.99 (0.39) 3.00 (0.43) 3.02 (0.4) 3.03 (0.39)
Birth length (cm) 623 49.6 (1.87) 49.53 (2.1) 49.59(1.92) 49.72 (1.89)
12 weeks
Morbidity (days)" 710 9.5 (12.6) 9.0(11.2) 93 (11.1) 10.5 (13.5)
Hb (g/dL) 602 10.8 (1.3) 10.7 (1.3) 10.5 (1.5) 10.7 (1.5)
EBF, 1 (%) 710 165 (92.7) 170 (95.0) 162 (95.3) 166 (90.7)
24 weeks
Morbidity (days) 710 23.9 (24.8) 21.8 (23.5) 22.5(21.8) 23.4 (24.2)
Hb (g/dL) 565 10.5 (1.6) 104 (1.4) 10.4 (0.97) 10.6 (1.1)
EBF, n (%) 710 102 (57.3) 97 (54.2) 85 (50.0) 85 (46.5)

*Values are means (SD) unless stated otherwise.

Y Anaemia was defined as a Hb level between 7.0 and 10.9 g/dL (WHO).

“Number of morbidity episodes between enrolment and delivery.

dCompliance percentage was generated by dividing the number of LNS jars or tablets the women consumed by the number she received, and multiplying by 100.
“Dry season = November to May.

‘Number of days of reported sickness between birth and 12 weeks or 24 weeks.

Abbreviations: BMI, body mass index; EBF, exclusively breastfed; FeFol, iron-folic acid (reference); GA, gestational age; Hb, haemoglobin; LNS, lipid-based nutrient
supplement, MMN, multiple micronutrients; PE, protein-energy.

https://doi.org/10.1371/journal.pmed.1002854.t002

the PE + MMN group (106.7 IU/mL, 97.4-117.0) compared with both the MMN (by 14.6%,
8.7-20.5) and PE (by 6.0%, 0.05-11.9) groups.

To examine the effects of the supplements on the changes in antibody concentrations
between 12 and 24 weeks, we compared the ratios of the adjusted means at 24 and 12 weeks
across the supplement groups and calculated the effect sizes for each comparison (Table 4,
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Fig 2. Mean diphtheria, tetanus, and pertussis antibody titres in infants at 12 and 24 weeks of age following the first and third DTP
vaccination, by maternal supplement groups. Antibody concentrations were log transformed and, for reporting, mean values and 95% CI were
back-transformed from the logarithm scale and expressed in IU/mL for diphtheria and tetanus antibody titres and in EU/mL for pertussis
antibody titres. In (A), (C), and (E), means were adjusted with maternal variables: supplement group, compliance to supplement, age, Hb levels
at 30 weeks’ gestation, formal education (yes/no), morbidity, and BMI; and with infant variables: GA at delivery, sex, WLZ at first vaccination,
HDb levels at 12 weeks, morbidity, EBF (yes/no), birth season (dry/rainy), and Fourier terms of month of the first vaccination. In (B), (D), and (F),
means were adjusted with the same factors mentioned above, with changes for infant WLZ third vaccination, Hb levels at 24 weeks, morbidity,
and EBF (yes/no) from birth to 24 weeks. Student ¢ test was used for comparison between the supplement groups. BMI, body mass index; CI,
confidence interval; DTP, diphtheria-tetanus-pertussis; EBF, exclusively breastfed; FeFol, iron-folic acid; GA, gestational age; Hb, haemoglobin;
MMN, multiple micronutrients; PE, protein-energy; WLZ, weight-for-length-z-score.

https://doi.org/10.1371/journal.pmed.1002854.9002
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Table 3. Effect size (95% CI) percentage of the comparisons of the mean diphtheria, tetanus, and pertussis antibody titres in infants at 12 and 24 weeks of age across
the maternal supplement groups.

Effect size (95% CI) (%) of the comparisons between the supplement groups®

Vaccine antigen FeFol p-value® MMN p-value® PE p-value®
12 weeks

Diphtheria

FeFol Reference

MMN —42.4 (-64.6 to —20.1) <0.001 Reference

PE -8.9 (-33.1t0 15.2) 0.467 33.4 (11.5 to 55.3) 0.003 Reference

PE + MMN -29.4 (-52.5 to —6.4) 0.012 12.9 (-8.0 to 33.8) 0.225 —-20.5 (-43.3 t0 2.3) 0.078
Tetanus

FeFol Reference

MMN -9.0 (-12.5 to —5.5) <0.001 Reference

PE -7.8 (-11.4 to —4.3) <0.001 1.2 (-2.3t04.7) 0.498 Reference

PE + MMN -7.3 (-10.7 to —4.0) <0.001 1.7 (-1.7 to 5.1) 0.321 0.49 (-2.9 t0 3.9) 0.779
Pertussis

FeFol Reference

MMN 2.8 (-2.0t0 7.6) 0.271 Reference

PE 13.5 (8.8 to 18.2) <0.001 10.7 (6.0 to 15.5) <0.001 Reference

PE + MMN -1.3(-5.9t03.3) 0.903 —4.1 (-8.7 to 0.54) 0.083 -14.8 (-19.3 to —10.3) <0.001
24 weeks

Diphtheria

FeFol Reference

MMN -0.35 (-4.0 to 3.3) 0.845 Reference

PE 0.68 (—3.0to 4.3) 0.707 1.0 (-2.4to 4.5) 0.557 Reference

PE + MMN —1.7 (=5.5 t0 2.0) 0.352 —1.4 (-5.0t0 2.3) 0.454 -2.4 (-6.1t0 1.3) 0.200
Tetanus

FeFol Reference

MMN 0.63 (-2.5t03.7) 0.688 Reference

PE 1.0 (-2.3t0 4.3) 0.555 0.36 (2.8 to 3.6) 0.822 Reference

PE + MMN ~3.4(=6.5 to —0.19) 0.038 —4.0 (-7.0 to —0.96) 0.010 —4.4(-7.7to -1.1) 0.010
Pertussis

FeFol Reference

MMN —-0.74 (-6.9 to 5.4) 0.818 Reference

PE -9.4 (-15.5 to —3.3) 0.004 -8.7 (-14.9 to —-2.4) 0.007 Reference

PE + MMN —-15.4 (-21.2 to -9.6) <0.001 —14.6 (-20.5 to —-8.7) <0.001 —6.0 (-11.9 to —0.05) 0.048

*Effect sizes were determined using the mean difference between two supplement groups from the Student ¢ test and were expressed as percentages (%).

PThe p-values were calculated by Student ¢ test on the log-transformed antibody concentrations.

Abbreviations: CI, confidence interval; FeFol, iron-folic acid; MMN, multiple micronutrients; PE, protein-energy.

https://doi.org/10.1371/journal.pmed.1002854.t003

with unadjusted data presented in S6 Table). The increase in mean anti-diphtheria titres did
not differ significantly between the supplement groups. Mean (95% CI) anti-tetanus titres
increased more in the FeFol group (6.6-fold, 6.1-7.1) compared with the MMN (5.1-fold, 4.7-
5.5), PE (5.2-fold, 4.9-5.6), and PE + MMN groups (5.6-fold, 5.2-6.1). The mean anti-pertussis
titre increased by 24-fold (21.8 to 27.5) between 12 to 24 weeks in the PE group, which was a
20.4% (12.9-28), 27.7% (20.5-34.8), and 12.7% (5.9-19.6) higher increase compared with the
FeFol, MMN, and PE + MMN groups, respectively. There was also a higher increase in mean
anti-pertussis titres in the PE + MMN group compared with FeFol (by 7.7%, 0.45-14.9) and
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Table 4. Ratio of the means (95% CI) of diphtheria, tetanus, and pertussis antibody titres between 12 and 24 weeks.

Vaccine antigen

Diphtheria
FeFol
MMN

PE

PE + MMN
Tetanus
FeFol
MMN

PE

PE + MMN
Pertussis
FeFol
MMN

PE

PE + MMN

Means ratio® (95% CI)

12.5 (9.9 to 16.1)
9.9 (8.4t011.7)
12.4 (9.0 to 18.0)
10.7 (8.9 to 13.1)

6.3 (5.80 6.8)
5.1 (4.7 to 5.5)
5.2 (4.9 t0 5.6)
56 (5.2t0 6.1)

14.6 (12.8 to 16.8)
12.6 (11.2 to 14.2)
24.4 (21.8 to 27.5)
18.1 (16.2 to 20.2)

Effect size (95%CI) (%) of the comparisons between the supplement groups”

FeFol p-value® MMN p-value® PE p-value®
Reference
11.9 (-0.62 to 24.3) 0.062 Reference
0.26 (-12.9to 13.4) 0.969 —11.6 (-23.6 to 0.45) 0.059 Reference
9.6 (3.3 to 22.5) 0.143 -2.2(-14.1t09.6) 0.709 9.3 (-3.2t021.9) 0.142
Reference
9.0 (4.59 to 13.5) <0.001 Reference
8.1 (3.73to 12.5) <0.001 -0.92 (-5.25 to 3.4) 0.678 Reference
4.6 (0.10t0 9.1) 0.045 —4.5 (-8.9 to —0.03) 0.048 -3.6 (~7.9 t0 0.82) 0.111
Reference
7.2 (=0.22 to 14.7) 0.057 Reference
-20.4 (-28.0to —12.9) <0.001 -27.7 (-34.8 to —20.5) <0.001 Reference
~7.7 (~14.9 to —0.45) 0.038 ~14.9 (-21.8 to -8.1) <0.001 12.7 (5.9 to 19.6) <0.001

*Means were adjusted with maternal variables: supplement group, compliance to supplement, age, Hb levels at 30 weeks’ gestation, formal education (yes/no),
morbidity, and BMI; and with infant variables: GA at delivery, sex, WLZ at first DTP vaccination, Hb levels at 12 weeks, morbidity, EBF (yes/no), birth season (dry/

rainy), and Fourier terms of month of the first vaccination. Means were back-transformed from the log scale.

PEffect sizes were determined using the mean difference between two supplement groups from the Student ¢ test and were expressed as percentages (%).

“The p-values were calculated by Student ¢ test on the log-transformed antibody concentrations.

Abbreviations: BMI, body mass index; CI, confidence interval; DTP, diphtheria-tetanus-pertussis; EBF, exclusively breastfed; FeFol, iron folic-acid (reference); GA,

gestational age; Hb, haemoglobin; MMN, multiple micronutrient; PE, protein-energy; PE + MMN, protein-energy combined with multiple micronutrients; WLZ,

weight-for-length-z-score.

https://doi.org/10.1371/journal.pmed.1002854.t004

MMN (by 14.9%, 8.1-21.8) groups. Overall, we note that there were few differences between
the unadjusted and adjusted models (54 Table; S5 Table; S6 Table).

Discussion

In a food insecure environment, in rural sub-Saharan Africa, infants born to women who
received nutritional supplementation during pregnancy containing a combination of MMN
and PE had measurably better responses to routine vaccines given in early infancy compared
with the standard of care (daily FeFol). To our knowledge, this is the first randomised trial to
examine the impact of a comprehensive package of nutritional supplements given during preg-
nancy on antibody responses to vaccinations within the first 6 months of life. This corrobo-
rates previous findings indicating a direct role of maternal nutritional status and
supplementation on the infant’s immune development and function.

Although several studies have examined the effects of childhood nutritional status and/or
direct supplementation on vaccine responses [9], studies investigating the impact of maternal
supplementation during pregnancy on vaccine responses in infants are scarce and have pro-
vided mixed results [9]. A recent systematic review identified only nine relevant studies explor-
ing this association, including three observational studies embedded within controlled trials
[12,28,29]. A small randomised controlled trial (N = 39) conducted in Bangladesh showed that
supplementation with zinc (20 mg/day) from the second trimester of pregnancy to 6 months
postnatally was weakly associated with antibody responses to HBV postpartum and at 6
months of age (r = 0.386; p < 0.10) [12]. Conversely, another study in Bangladesh investigating
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the impact of zinc (30 mg/day) supplementation during pregnancy on immune response to
BCG and Hib vaccines in 405 infants found no significant differences in Hib polysaccharide
antibody responses between the zinc-supplemented and placebo groups [29]. A study con-
ducted in Birmingham, UK, among 149 Asian infants born to women who participated in a
trial of supplementation with PE (10,000-30,000 kcal/trimester) during pregnancy [14] found
that at 22 months of age, infants born to supplemented mothers showed an enhanced response
to BCG vaccine, assessed by scar formation [28].

The ENID trial was purposefully designed to test whether nutritional repletion of women
during pregnancy improved the immune development of their infants. We observed that sup-
plementation with PE combined with MMN was the most efficient intervention tested,
improving mean antibody titres against diphtheria and tetanus at 12 weeks, and tetanus and
pertussis titres at 24 weeks. This finding supports our original hypothesis that provision of
MMN in the format of a large-quantity LNS would be the most efficacious intervention, pro-
viding both additional micronutrients and macronutrients to this group of nutritionally vul-
nerable women. Furthermore, this observation corroborates other data from the literature that
show small-quantity LNS (e.g., those with a lower kcal content, but the same quantity of
micronutrients) have a mixed impact on birth outcomes [30], whereas high-quantity LNS
appear more efficacious [31]. The MMN supplement used in the ENID trial also included a
twice-the-RDA micronutrient requirements for pregnant women, with the exception of FeFol,
which was set at 60 mg and 400 ug per day, respectively, in line with Gambian Government
recommendations. The use of a higher dose of MMN was guided by previous findings from a
similar West African population, in which 2xRDA during pregnancy was needed to impact on
birth weight [18]. Our findings demonstrate that the provision of PE and MMN to pregnant
women confers the greatest benefits to their infants and supports previous observations of a
positive impact of combined MMN and early food supplementation on child survival in rural
Bangladesh, an area with high rates of maternal and child undernutrition [32].

Our study showed that antenatal supplementation with MMN, compared with the FeFol
standard of care, improved responses to diphtheria and tetanus vaccines at 12 weeks but had
no measurable benefit on the response to pertussis vaccine at either 12 or 24 weeks. FeFol sup-
plementation is currently recommended by WHO during pregnancy because of its known
associations with a reduced risk of adverse pregnancy outcomes, including anaemia, intrauter-
ine growth restriction (IUGR), preeclampsia, PTB, and LBW [33]. However, most pregnant
women in developing countries suffer from deficiencies in a range of micronutrients, caused
by poor and variety-restricted diets. A recent meta-analysis of individual patient data from 17
randomised trials showed that maternal supplementation with MMN, compared with FeFol
alone, improves overall birth outcomes and reduces mortality in female neonates, especially in
undernourished and anaemic pregnant women [34]. Our data add to this available evidence
and demonstrate that antenatal MMN supplementation promotes immune function in infants
born in food insecure settings.

Antenatal supplementation with PE enhanced antibody response to tetanus at 12 weeks and
pertussis response at 24 weeks, although no measurable effect was observed with diphtheria.
Women getting the LNS (both PE and PE + MMN) received an additional 746 kcal daily. The
rationale for the use of this large-quantity LNS was based on the previous findings that pro-
tein-energy supplementation during pregnancy significantly improves birth outcomes, includ-
ing birth weight and perinatal mortality, in this setting [35]. The findings from the current
study support the beneficial effect of PE supplementation in pregnancy on immune function.
In contrast, however, a negative effect of supplementation with PE was observed for vaccine
responses to pertussis at 12 weeks compared with the other groups. This observation is difficult
to explain, as it is inconsistent with the other effects observed but may be a consequence of the
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combined detrimental impact of poor compliance to the LNS products (so in contrast to the
FeFol and MMN arms) and lack of MMN (in contrast to the PE + MMN arms). We do not
believe the PE group was ‘harmful’; rather, there was some benefit to infants born to women
consuming the FeFol as tablets, and so in this case the referent group outperformed the PE
group, in which compliance was not as high as anticipated.

We observed for each supplement differences in effect sizes according to the vaccine, with
the highest effect sizes measured with diphtheria responses at 12 weeks, suggesting the impor-
tance of vaccine-specific factors in modulating the impact of maternal supplements on vaccine
responses in infants. A variety of factors may influence antibody responses to vaccination in
infants, such as the presence of maternally derived antibodies, parameters inherent to the vac-
cine itself (e.g., adjuvants, routes of administration, immunogenicity) or to the capacity of the
infant to respond to vaccination (e.g., genetics), and other environmental factors (e.g., ongoing
infections) [36]. We reported that after the first dose of DTP vaccine, >90% of infants pre-
sented protective levels against tetanus compared with approximately 50% of infants against
diphtheria and tetanus. Maternal tetanus vaccination during pregnancy is widely implemented
in Africa including in The Gambia, and so the presence of maternally derived tetanus antibod-
ies may explain the higher proportion of infants with protective anti-tetanus titres at 12 weeks
than with protective anti-pertussis or anti-diphtheria titres at 12 weeks [37]. This may also
explain the lower effect size measured with the tetanus response compared with diphtheria
and pertussis responses, because there may only be a limited capacity to improve infant
responses beyond the benefit conferred by prevaccination levels [37].

Additionally, parameters inherent to the vaccine itself may modulate the effects of the
maternal supplements, but as the same adjuvant and route of administration were used in the
combined DTP vaccine, the differences in effect sizes observed are likely linked to variations
in immunogenicity. Tetanus toxoid vaccine is known to be a stronger immunogen than Dtxd
and whole-cell pertussis, especially among immunocompromised individuals such as preterm
infants [38]. Therefore, the finding of this study suggests that infant responses to vaccines with
poor immunogenicity—such as the recently implemented oral rotavirus vaccine—may be
enhanced by improved maternal nutritional status.

We reported significantly higher proportions of infants with protective DTP antibody titres
at 24 weeks of age following boosting doses of the vaccine compared with 12 weeks after the
priming dose of the vaccine. This increase in antibody titres is expected and related to the
prime-boost strategy, which is commonly used to increase the efficacy and immunogenicity of
vaccines and augment the numbers of responders after an initial immunisation, and a decline
in specific memory B and T lymphocytes. We also observed generally greater effect sizes in
relation to the first vaccination and a higher increase in antibody titres among infants, with the
lowest responses after the initial immunisation. This suggests that antenatal supplementation
may have a greater influence on the responses to the priming dose of a vaccine but few effects
on the succeeding doses, which have been designed to allow all the infants, including those
with low responses, to recover and reach protective levels.

The main strength of our study is the use of a randomised trial design using a comprehen-
sive nutritional supplementation strategy with robust assessment of antibody responses to
DTP, a vaccine which is universally administered in childhood as part of the EPI, and the use
of a large representative sample population. DTP antibody titres were measured at 12 and 24
weeks of age, providing an assessment of supplement effects on capacity to mount immune
responses after a priming dose and after two boosting doses of the vaccine. Detailed assessment
of possible maternal, infant, and environmental effect modifiers enabled a robust evaluation of
supplement-mediated effects.
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Because the maternal transfer of antibodies through the placenta or breast milk may alter
immune responses to vaccination in infancy [39], limitations of this study include the lack of
any measures of breast milk antibody levels or prevaccination antibody levels in infants. Fur-
thermore, we recognise that the measured antibody titres in infants may, to a certain extent, be
a reflection of maternal antibody concentrations in response to their own vaccination prior to
or during pregnancy and, for tetanus at least, the lack of any reliable data on maternal vaccina-
tion status reflects a further limitation of the current study. We also acknowledge that antibody
measurements may not be an adequate indicator of longer-term immune protection; future
studies should therefore incorporate the longitudinal surveillance of morbidity among vacci-
nated children.

We also note that compliance in the PE and PE + MMN arms of the trial (both given in the
form of LNS) was significantly lower than in the FeFol and MMN arms (both given as tablets),
and that this was matched by a significantly greater drop in maternal Hb between enrolment and
30 weeks’ gestation in the LNS groups (noting that the daily dose of iron was standard at 60 mg
across arms). We have speculated elsewhere that this poorer compliance to this high-quantity LNS
may reflect a lower acceptability of these products in this population, rather than a consequence of
sharing of the supplement within the community [16]. However, we note that this lower compli-
ance and difference in Hb levels between study arms does not explain the results observed. Finally,
the findings from this trial are limited to populations with widespread nutritional deficiencies dur-
ing pregnancy and with high rates of infection in infants and young children.

In conclusion, we have shown that giving nutritional supplements containing a combina-
tion of micronutrients and macronutrients to nutritionally vulnerable pregnant women in
rural sub-Saharan Africa improves antibody response to vaccination in early infancy. The
effects observed were most marked in response to the priming dose of each component of the
DTP vaccine, with less of a marked effect after the full schedule was received. Although the
observed effect sizes were modest, even small improvements in antibody response may help an
infant to pass the thresholds of unprotective to protective antibody titres. Furthermore,
because antibody titres naturally decrease with time following an initial peak after vaccination,
higher initial antibody titres may also confer longer protection and improve vaccine effective-
ness. Thus, our findings have potential clinical importance indicating that nutritional repletion
of pregnant women may help to compensate for immunological vulnerability during the criti-
cal period of early infancy. The possibility that the benefits would be greater for vaccines that
have lower efficacy in African populations is worthy of further investigation.
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