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Abstract

Oral vaccines for polio (OPV) and rotavirus are less effective in children in the developing world.
The reasons for this are not well understood. We tested for risk factors for poor response to OPV
in infants from an urban slum of Dhaka, Bangladesh. Diminished serum neutralizing response to
OPV, but not failure of intramuscularly administered vaccines, was associated with malnutrition,
diarrhea, and shorter breastfeeding duration. Children with malnutrition (WAZ <-2) had
significantly lower OPV 3 titers (p = 0.029). Children who had 2 or more diarrhea episodes during
the 1st months of life were more than twice as likely to experience OPV failure as those who had 1
diarrhea episode or no diarrhea (p = 0.0245). In contrast, each additional month in exclusive
breastfeeding was associated with an increase in OPV 3 titer by 0.41 (p=0.0072) and 0.16 (p=
0.0065) at the 25th and 50th percentiles of OPV 3 titers respectively. These data are consistent
with a defect in induction of immunity in the gut for OPV but not parenteral vaccines, a defect that
may be amenable to intervention in part via promotion of exclusive breastfeeding.

1. Introduction

Oral polio vaccine is less effective in children in the developing world [1]. The per dose
efficacy of the trivalent OPV has been estimated to be 50% in the United States but only
21% in India [2]. Similarly, oral rotavirus vaccine was only half as effective at preventing
severe rotavirus infection [3,4]. Hypotheses for this lower efficacy of oral vaccination in

developing countries include malnutrition, diarrheal disease, and environmental enteropathy

[5-12]. Environmental enteropathy is thought to be common in children in the developing
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world and is pathologically characterized by villous shortening with increased intraepithelial
lymphocytes in the small intestine [9-12]. There is little data on the effectiveness of oral
vaccines in children with environmental enteropathy, but it has been observed that OPV is
less effective if given during episodes of diarrhea [13]. This suggested a potential link of
enteric infection and enteropathy with vaccine failure, and led us to test for such an
association in infants in Dhaka, Bangladesh.

2. Methods
2.1. Longitudinal birth cohort

The children studied were from an urban slum of the Mirpur Thana of Dhaka, Bangladesh.
Subjects were identified by a census for pregnant women in the community, conducted by
trained field research assistants. Children were enrolled within the first week of birth starting
in January 2008 and followed by twice-weekly household visits until one year of age. A total
of 435 children entered the cohort who received OPV (any number of doses). 314 children
received at least three doses of OPV by 12 months, of whom 258/314 received 3 doses by 6
months of age. The median number of doses was 3 and the lower and upper quartiles were 3
and 4 respectively. Diarrhea was defined as three loose or unformed stools in 24 h, or by the
mother’s report in a breast fed infant under the age of one year. Exclusive breast feeding was
defined by the mother’s monthly report of her child’s consumption of human milk without
supplementation (including water but excluding medications). The study was approved by
the Research and Ethical Review Committees of the International Centre for Diarrhoeal
Disease Research, Bangladesh, Dhaka, and the Institutional Review Board of the University
of Virginia. There have been two previous reports from this cohort on enteric infections
[14,15].

2.2. Anthropometry

Weight and length of the children were assessed using electronic scales and length boards
precise to 10 g and 1 mm respectively (SECA Gmbh & Co, Hamburg, Germany). The mean
of two consecutive measurements were recorded. These were converted to weight for age
(WAZ) and length for age (LAZ) using the WHO Multicenter Growth Reference Study child
growth standards [16]. Underweight was defined as WAZ <-2 and stunting as LAZ <-2.

2.3. Vaccine history and immunogenicity

Immunization histories were obtained from the infants’ mothers, and only children with a
minimum of three OPV immunizations were included in the analyses. Serum neutralizing
antibodies to the type 1-3 polio strains were measured at the CDC, Atlanta as previously
described [17,18]. The log, based titer was used in all OPV analyses. Tetanus, measles, and
diphtheria serum 1gG levels were expressed in IU/ml and were measured by ELISA as
directed by the manufacturer’s instructions (Virion/Serion GmbH, Germany).

2.4. Statistical analyses

Response to oral poliovirus vaccine was measured by serum neutralizing antibodies in
children who had received the recommended minimum of three doses of OPV by age 6
months (for 6 month vaccine response measurements) or 12 months (for 12 month vaccine
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response measurements). Vaccine failure was defined as a titer of less than 1:8 (logy[titer] <
3). The Kolmogorov—Smirnov test was used to evaluate the association of stunting status
with OPV and systemic vaccine responses. Breastfeeding was tested as a potential
environmental variable because of its ability to prevent enteric infection and promote
development of the infant immune system. Exclusive breastfeeding was defined as the lack
of any complementary feeding of any food or liquid except for breast milk. Other
independent predictors included nutritional status at month 6 of age (normal weight vs.
underweight), number of diarrhea episodes during the first 6 months, as well as family
income.

Considering the skewed distribution of OPV titer measure and censoring at low and high
ends (2.5 and 10.5 respectively in log, scale), quantile regression was used to evaluate the
predictive effect of independent variables with continuous OPV response at 12 months. In
contrast to linear regression, quantile regression has no distribution assumption and is more
robust in handling extreme value points and outliers, so the regression coefficients do not
vary by the capping on the response variable for most of the percentiles. Because of a
concern with the potentially attenuated effect of censored titer measures, the quantile
regression was only performed at 25th and 50th percentiles of OPV response. In addition, a
generalized linear model with GEE (i.e., longitudinal logistic regression) was used for
repeated OPV failures at 6 and 12 months. The repeated analyses for OPV failures at 6 and
12 months models the relationship of covariates with the response over time and accounts
for the within-subject correlations, and thus it is potentially more powerful than separate
analyses at each time. Statistical significance in this study was set at p < 0.05 and all
reported p values were 2-sided. All analyses were performed using SAS version 9.3 (SAS
Institute, Cary, NC).

3. Results

We tested for diminished immunogenicity of the OPV in a longitudinal prospective cohort of
children followed from birth to age one year in an urban slum of Dhaka, Bangladesh. The
average family size was 5, monthly family income was 6000 Taka (approximately $80 US),
and 40% of mothers lacked any education. The median duration of exclusive breastfeeding
was approximately 4 months. Malnutrition was present in 16% of children at birth and one
third of children at 12 months of age, as measured by a weight for age (WAZ) score of <-2
(Supplemental Table 1).

OPV type 3 failure (logy[serum neutralizing antibody titer] < 3) was 13.6 and 7.3% for
infants who had received at least 3 doses of OPV at 6 or 12 months of age respectively. In
contrast, failure rates for type 1 and 2 viruses were lower, as expected from previous
experiences with this vaccine (Supplemental Fig. 1). Our analyses therefore focused on the
OPV 3 titer.

Malnutrition, measured as weight for age more than 2 standard deviations below the WHO
norm (WAZ < -2), was inversely associated with OPV 3 titer at 12 months of age (7= 314;
p=0.0289) (Fig. 1). In contrast, the antibody responses to the intramuscularly administered
measles, tetanus, and diphtheria vaccines were not different in malnourished infants (Fig. 1).
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Premature births were not measured, so the impact of prematurity on OPV response is not
known. HAZ >-2 at 6 months appeared to be positively associated with OPV 3 titer at 12
months, though it was only marginally significant for the 50th percentile (o = 0.07) and not
statistically significant for the 25th percentile (p = 0.45) (data not shown).

Exclusive breastfeeding was positively associated with OPV 3 titer at 12 months as
determined by quantile regression (Fig. 2). Specifically, at the 25th and 50th percentiles of
OPV titer 3, each additional month in exclusive breastfeeding was predicted to increase
OPV titer 3 by 0.36 (95% confidence interval (Cl): 0.16-0.57, p=0.0006) and 0.13 (95%
Cl: 0.02-0.23, p=0.019) respectively.

The multivariable quantile regression results for continuous OPV type 3 titer are
summarized in Table 1. The independent variables in this study included diarrhea episodes,
WAZ at 6 months, exclusive breastfeeding duration in first 6 months, and family income.
Traditional linear regression for OPV 3 titer models the effects of independent variables on
the conditional mean of OPV 3 titer; however, since most children experienced sero-
response, and the distribution of OPV 3 titers was skewed with the first quartile and median
values of 7.83 and 9.67, the lower conditional quantiles are more critical to answer the
questions such as whether these independent variables influence OPV 3 titer differently for
children with low titers than for those with average titers where OPV failures occur. Thus,
our regression analyses focused on fitting conditional quantiles of OPV 3 titer at 25th and
50th percentiles. The adjusted analysis showed that both malnutrition at 6 months and
shorter exclusive breastfeeding within the first 6 months of life were negatively associated
with OPV titer, and the effects were greater in the first quartile. Compared with
malnourished children, normal children had 2.35 (95% CI: 0.66-4.03, p= 0.0065) and 1.11
(95% CI: 0.31-1.90, p=0.0063) higher OPV titer 3 measures at the 25th and 50th
percentiles of OPV response, respectively. Moreover, each additional month in exclusive
breastfeeding was associated with an increase of OPV titer 3 of 0.4 (95% CI: 0.11-0.71, p=
0.0072) and 0.16 (95% CI: 0.05-0.28, p= 0.0065) at the 25th and 50th percentiles,
respectively. Neither number of diarrhea episodes nor family income was significantly
associated with the continuous OPV type 3 titer in this multivariable analysis. We concluded
that a lower immunogenicity, but not failure, of OPV type 3 vaccine was associated with
malnutrition and shorter duration of exclusive breastfeeding. OPV type 3 vaccine failure was
associated with diarrhea, as discussed below.

We also tested for the predictive effect of environmental variables associated with the
probability of repeated failure to seroconvert to type 3 at 6 and 12 months of age, defined as
logy[titer] < 3. The multivariable longitudinal logistic regression showed that diarrhea in the
first 6 months of age was significantly associated with the risk of OPV 3 failure. Compared
with those who had 1 diarrhea episode or no diarrhea, children who had 2 or more diarrhea
episodes during the 1st month of age had an odds ratio (OR) = 2.35 for failure (95% CI:
1.12-4.94, p=0.0245) (Supplemental Table 2). Diarrhea was independent of low birth
weight (previously shown to be a risk factor for diarrhea in this cohort (14)) as a predictor of
OPV failure. Family income appeared to be marginally associated with OPV failure, in that
each 1000-Taka increment reduced the likelihood of OPV failure by 12% (OR = 0.88, 95%
Cl: 0.77-1.01, p=0.0599).
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4. Discussion

The most important finding of this study is the association of diminished immunogenicity of
OPV type 3 virus with undernutrition, shorter duration of exclusive breastfeeding, and
diarrhea. In contrast the immunogenicity of intramuscularly administered vaccines was
unaffected by these three variables. This study in impoverished infants in Bangladesh
therefore points to a specific defect in immune response to the orally administered polio
vaccine. Notably, the characteristics associated with OPV underperformance are uniquely
common to developing country settings, where up to 40% of children are undernourished,
diarrhea is a leading cause of death, and breastfeeding duration is suboptimal [19,20].

It has long been appreciated that OPV was less immunogenic in developing countries. For
example, outbreaks of paralytic polio have occurred in developing countries despite the high
percentages of children having been immunized, with estimates of the immunogenicity of a
single dose of trivalent OPV less than half to that of developed countries [1,2]. This
impairment in immune response to OPV in the developing world has been overcome by
administering as many as 10 doses to children, although this is burdensome to the public
health system. The value of this study is that it points to malnutrition and diarrhea, problems
that disproportionately affect children in the developing world, as potential explanations. It
also offers potential avenues for improving the efficacy of OPV, which could include
extending the duration of exclusive breastfeeding and improving nutrition.

Breastfeeding interaction with OPV has been studied in the past. Work in the developed
world demonstrated that breastfed infants had higher serum neutralizing antibody responses
to OPV than those formula-fed [21,22]. Withholding of breastfeeding surrounding the time
of immunization (to test the contrary hypothesis that maternal breast milk anti-polio IgA
could interfere with OPV vaccination) had no effect on OPV titers [23]. Thus, the sum of the
data from both the developing (this report) and developed countries is consistent with
breastfeeding being advantageous for OPV immunogenicity.

Encouragingly, the study illustrates potential interventions to improve OPV performance.
For example, promotion of exclusive breastfeeding may represent a readily implementable
intervention. The diminished immunogenicity of OPV, and not measles, diphtheria or tetanus
vaccines, also suggests that the apparent intestinal barrier to immunization could be
overcome by parenteral vaccination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Orgal polio vaccine type 3 and parenteral vaccine responses in well and malnourished
children. The titers of serum neutralizing antibody responses to OPV type 3 and
parenterally-administered vaccines at 12 months of age for children with WAZ scores of <-2
were compared to those with WAZ >-2 at 6 months of age (7= 314; p=0.0289 for OPV; n
=435 and p = NS for diphtheria, tetanus, and measles vaccine responses; Kolmogorov—
Smirnov rank order test).
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Fig. 2.
Association of exclusive breastfeeding with oral polio vaccine type 3 response (at 25th and

50th percentiles). Due to the skewed distribution of OPV titer 3 measure (first quartile and
median were 7.83 and 9.67 respectively), quantile regression analysis was performed to
evaluate the predictive effect of exclusive breastfeeding on OPV titer 3 at 12 months of age
(n=314). The duration of exclusive breastfeeding significantly predicted increased OPV
titer measure, with the effect being more pronounced in the first quartile.
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