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Abstract

Background: A globally-coordinated phase out of all type 2 containing oral polio vaccine (OPV) 

is planned for April 2016 during which bivalent 1 + 3 OPV (bOPV) will replace trivalent OPV 

(tOPV) in routine immunization schedules and campaigns. Diarrhea impairs the immune response 

to tOPV, but the effect of diarrhea on bOPV is unknown.

Methods: Infants aged 6 weeks to 11 months, who had received <3 doses of OPV and had mild-

moderate diarrhea or no diarrhea, were recruited at five health facilities in Nepal. Neutralizing 

antibody titers to poliovirus types 1 and 3 were measured before and 28 days after bOPV 

administration. The effect of diarrhea and other factors on seroconversion or boosting in antibody 

titers to poliovirus was assessed by multivariable analysis.

Results: Infants with diarrhea, versus those without diarrhea, had reduced response for poliovirus 

types 1 (56% [87/156] vs 66% [109/164]) and 3 (34% [70/209] vs 52% [122/236]). After adjusting 

for other factors, infants with diarrhea had significantly reduced response for type 3 (odds ratio 

[OR] = 0.44, 95% CI 0.29–0.68), as did infants with >5 loose stools per day (OR = 0.36, 95% CI 

0.21–0.62).

Conclusions: Diarrhea reduced the immune response to bOPV. Provision of additional doses of 

polio vaccine is necessary to maintain high population immunity in areas with high prevalence of 

diarrheal disease.

Clinical trial registry: This study is registered at clinicaltrials.gov as NCT01559636.
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1. Introduction

Since the Global Polio Eradication Initiative (GPEI) was launched in 1988, global polio 

cases have been reduced by 99% [1]. Despite these gains, polio remains endemic in 

two countries—Pakistan and Afghanistan—with a number of countries reporting outbreaks 

following importations [2].

Trivalent oral polio vaccine (tOPV) has been used for routine immunization and 

supplementary immunization activities (SIAs) in developing countries, but several studies 

have shown lower immunogenicity of tOPV in these settings [3–6]. Reasons include 

higher levels of maternal antibodies, undernutrition, and high force of infection because 

of crowding, poor sanitation, and hygiene [3,7–9]. Some studies also found that diarrheal 

illness impaired seroconversion to tOPV, particularly to poliovirus types 2 and 3 [10–13] 

and certain enteric pathogens may also play a role in reducing the immune response to 

tOPV [10,14]. To ensure children with diarrhea at the time of vaccination are fully protected, 

WHO recommends provision of an additional dose of OPV after the diarrhea resolves [15], 

but in resource-poor settings, this is not always feasible.

To accelerate interruption of polio transmission, in 2009, the Strategic Advisory Committee 

of Experts on Immunization (SAGE) recommended using bivalent oral poliovirus vaccine 

(bOPV) in supplementary immunization activities because of higher immunogenicity for 

poliovirus types 1 and 3 as compared to tOPV [16,17]. Additionally, to reduce the burden 

of type 2 vaccine-derived polioviruses, a globally-coordinated phase out of all type 2 

containing OPV is planned for April 2016 during which bOPV will replace tOPV in routine 

and supplementary immunization [18]. However, the impact of diarrheal illness and enteric 

pathogens on bOPV immunogenicity is unknown, and it is uncertain if provision of an 

additional dose of bOPV is necessary for children with diarrhea at the time of vaccination.

Diarrhea remains a leading cause of death in children globally [19], and a major cause 

of morbidity and mortality in children <5 years old in Nepal, with up to 24% of infants 

under 12 months of age reporting diarrhea [20]. At the time of the study, the recommended 

immunization schedule in Nepal included tOPV at 6, 10 and 14 weeks of age and additional 

bOPV doses were provided up to 5 years of age through campaigns conducted annually. 

Coverage with 3 OPV doses in 12–23 month olds was 92% in 2013 [21]. In November 

2014, Nepal introduced inactivated polio vaccine (IPV) routinely at 14 weeks of age as per 

SAGE’s recommendation for all countries using only OPV [22].

Our primary objective was to determine if infants with diarrhea were less likely to 

demonstrate an immunological response to a bOPV dose compared with infants without 

diarrhea. Secondary objectives included examining risk factors for poor seroconversion, 

such as severity of illness and concurrent enteropathogens, as well as determining polio 

seroprevalence after completion of the OPV primary series. Results from this study will 

provide critical information for GPEI strategic plans.
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2. Methods

2.1. Study design and procedures

We conducted a prospective interventional cohort study at five participating study sites 

throughout Nepal (eastern Nepal: Kosi Zonal Hospital in Biratnagar, and B.P. Koirala 

Institute of Health Sciences [BPKIHS] in Dharan; central: Kanti Children’s Hospital in 

Kathmandu; western: Western Regional Hospital in Pokhara, and Nepalgung Medical 

College in Nepalgunj). Infants were recruited until target enrollment numbers were met.

We recruited study participants among infants aged 6 weeks to 11 months who presented 

to outpatient clinics and emergency rooms between August 2012 and July 2013, and had 

prior receipt of <3 OPV doses (any polio vaccine type from routine immunization or 

supplemental immunization activities); infants requiring hospital admission were excluded 

from participation. Diarrhea was defined as ≥3 loose stools in the 24 h prior to study 

entry. Infants without diarrhea included those who were healthy, or presenting with mild 

non-diarrheal illness. After obtaining written informed consent, a study physician conducted 

an interview with the infant’s caregiver. The infant’s immunization status was cross-checked 

with immunization cards when available. Then, the infant was weighed, measured, had 

a blood and stool sample taken, and was administered one dose of bOPV (lot number: 

2044711; manufacturer: Bio Farma Bandung, Indonesia). Participants returned 28 days after 

vaccination for a short interview and had a second blood sample drawn. An independent 

safety monitor reviewed all adverse events.

2.2. Laboratory testing

Blood specimens were allowed to clot and were centrifuged within 6 h of collection. 

Sera were separated and transported to Kathmandu, where they were stored at −20 °C 

until shipment to the Centers for Disease Control and Prevention (CDC) in Atlanta, 

USA. Neutralizing antibody titers to poliovirus were measured at the Polio Global 

Specialized Laboratory of CDC. Serum samples were tested in triplicate using a standard 

microneutralization assay for poliovirus antibodies according to established protocols 

[23,24]. A serum sample was considered positive if antibodies were present at ≥1:8 dilution. 

Samples with all three replicates negative at the lowest dilution were assigned a titer of 

1:5.7; those with all three replicates positive at the highest dilution were assigned titers of 

1:1448. Seroconversion was defined as a change from seronegative (neutralizing antibody 

titer <1:8) to seropositive (neutralizing antibody titer ≥1:8) 28 days after receipt of bOPV 

[25]. Boosting was defined as ≥4-fold increase in antibody titers 28 days after receipt of 

bOPV [25]. Seroconversion or boosting of titer is referred to as “response” in this paper.

Stool samples were stored at −20 °C and shipped to the CDC lab for testing for norovirus 

genogroup I and II and rotavirus using realtime RT-PCR [26,27]. Detailed stool testing 

methods and results will be reported elsewhere.

2.3. Statistical analyses

Sample sizes were calculated based on the primary outcome of interest, i.e., the difference 

in the percentage of diarrhea-positive and diarrhea-negative infants who responded after 
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bOPV. We set a significance level of 0.05 (two-tailed) and power of 0.80 and estimated 

that presence of diarrhea would result in a difference of 20% in the percentage of infants 

responding. If the percent responding to bOPV in the non-diarrhea group is 60%, we 

estimated we needed approximately 90 children per arm. Assuming that only 35% of the 

children were seronegative or had sufficiently low titers at baseline, based on the binomial 

distribution we needed to enroll approximately 320 children per arm to achieve a 90% 

probability of obtaining 90 seronegative or low titer infants.

Participating infants who reported receipt of additional doses of OPV during the study 

period, such as during campaigns (four bOPV campaigns were conducted during the study 

enrollment period at four of the participating sites) were excluded from analysis (Fig. 1). 

Additionally, as 1:1448 is the maximum dilution that can be detected, infants with baseline 

polio titers too high to observe a 4-fold boost (i.e., titers >1:362) were excluded from 

analysis. Seroprevalence of infants 6 weeks up to 6 months of age with zero prior doses of 

OPV was adjusted for maternal antibodies assuming exponential decay with a half-life of 28 

days [28–30].

We determined participants seronegative or with boostable titers for either type 1 or 3 

separately (Figure 1), and present immune response by type 1 and 3 analysis groups. 

Immune response was analyzed by variables determined a priori to have possible impact, 

including presence of diarrhea, maximum number of stools per day, nutritional status, 

breastfeeding, age, prior OPV doses, and facility. The percentage of infants responding 

to bOPV by these key factors was determined using standard binomial proportions with 

95% Wilson score confidence intervals, and characteristics of diarrhea versus non-diarrhea 

participants compared using two-tailed Fisher’s exact test. Variables significant at p ≤ 0.05 

or with high epidemiologic plausibility were included in the multivariable logistic regression 

models. The first logistic regression models (one each for type 1 and 3 response) examined 

our primary objective, the effect of diarrhea and other factors on immune response to bOPV.

After a relationship between maximum number of stools per day and bOPV response was 

observed, we created a second set of models in which the maximum number of stools 

per day replaced diarrhea status as the primary variable of interest. We also examined the 

effect of rotavirus and norovirus infection on immune response, in infants who had a stool 

sample available for laboratory testing. Finally, we calculated immune response for a subset 

of infants without diarrhea who had received three doses of OPV (i.e., two doses before 

enrollment plus the bOPV study dose), to estimate polio immunity in infants who have 

completed the OPV primary series according to the Nepalese schedule.

This study received ethical approval from CDC, the Tribhuvan University Institute of 

Medicine, and Nepal Health Research Council. Data were double-entered into a Microsoft 

Access database and analyzed using SAS v9.3 and R v3.1.2.

3. Results

We screened 6866 infants for inclusion in the study (Fig. 1); 5266 (77%) were ineligible 

because they had received >2 OPV doses, 1276 (19%) did not fulfill other study criteria and 
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324 (5%) did not consent to the study. Of the 682 participants who began the study, 95% 

(299/315) in the diarrhea arm and 91% (335/367) in the non-diarrhea arm completed the 

study. After excluding those with baseline titers that were too high to measure a four-fold 

titer increase, 156 and 164 infants remained in the diarrhea and non-diarrhea arms for the 

type 1 analyses, and 209 and 236 remained in the two arms for the type 3 analyses. For 

the effect of rotavirus and norovirus infection on immune response, infants without stool 

samples were excluded from testing, leaving 147 (94%) infants in the type 1 diarrhea group, 

161 (98%) infants in the type 1 non-diarrhea group, 198 (95%) infants in the type 3 diarrhea 

group, and 227 (96%) infants in the type 3 non-diarrhea group.

Most infants were aged 6 weeks to 6 months (≥79% in each group), and were exclusively 

breastfed (≥79% in each group) (Table 1). Participants in diarrhea versus non-diarrhea arms 

differed slightly by age group, study facility, and lifetime prior episodes of diarrhea (p < 

0.05 for these characteristics). For infants with diarrhea, the median duration of diarrhea was 

6 days (IQR 4–10), and the median of the maximum number of stools per day was 6 (IQR 

5–7) in both types 1 and 3 analysis groups.

In univariate analyses examining the effect of diarrhea on the immune response, for type 1, 

56% (95% CI 48–63%) of infants in the diarrhea arm, and 66% (95% CI 59–73%) of infants 

in the non-diarrhea arm responded after receipt of bOPV (p = 0.067) (Table 2). For type 

3, 34% (95% CI 27–40%) of infants in the diarrhea arm, and 52% (95% CI 46–59%) of 

infants in the non-diarrhea arm responded after receipt of bOPV (p < 0.001). When infants 

with diarrhea were divided into two groups (those with 3–5 and >5 maximum number of 

stools per day), an association was found between increasing number of stools per day 

and decreasing percentage of infants responding to bOPV, for both poliovirus types 1 and 

3, although only the type 3 response was significant (p < 0.001) (Appendix A). Immune 

response by other participant characteristics differed by age group, facility, and number of 

prior OPV doses (p < 0.05 for these characteristics), for both type 1 and 3 analysis groups 

(Table 3). Finally, there was no response to type 2 after bOPV administration (Appendix B).

The first set of multivariable analysis models calculated the odds of responding to bOPV 

for poliovirus types 1 and 3 (Table 4). For type 1 poliovirus, diarrhea was not associated 

with the response (odds ratio [OR] 0.72, p = 0.217). For type 3 poliovirus, diarrhea was 

significantly associated with a decreased response (OR = 0.4, p < 0.001), and facility was 

also significantly associated with decreased odds of response (p = 0.004).

The second set of multivariable analysis models replaced diarrhea status with maximum 

number of stools per day, and adjusted for the remaining factors as in the model in Table 4. 

The inverse relationship between number of stools per day and immune response remained 

significant for type 3 (p < 0.001). Infants with 3–5 stools per day had lower odds of response 

for poliovirus type 3 compared with infants without diarrhea (OR = 0.53, 95% CI 0.31–

0.92); infants who had >5 stools per day had lower odds of response for type 3 compared 

with infants without diarrhea (OR = 0.36, 95% CI 0.21–0.62).

Infants with norovirus infection, but not rotavirus infection, also had decreased immune 

response for type 1 and type 3 (Table 5). After adjusting for other factors, infants with 
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diarrhea and norovirus infection were significantly associated with a decreased type 1 

response (OR 0.15 [95% CI 0.04–0.59], p = 0.007), compared with infants without diarrhea 

or norovirus infection.

In a subset of infants without diarrhea (n = 137), who received three doses of any OPV, the 

percent seropositive for poliovirus type 1 was 93% (95% CI: 88–96%), and for type 3 was 

76% (95% CI: 68–82%).

4. Discussion

In Nepal, infants aged 6 weeks to 11 months with diarrhea showed decreased immune 

response to one dose of bOPV for both poliovirus types 1 and 3 as compared with infants 

without diarrhea, although the difference was statistically significant for only type 3. Infants 

with a higher number of loose stools per day had decreased response for type 3, and infants 

with norovirus infection had decreased response for type 1.

To our knowledge, this is the first study focusing on the impact of diarrheal disease on the 

immune response to bOPV. These results are consistent with previous studies that showed 

decreased seroconversion for poliovirus type 3 in children with diarrhea after receipt of 

trivalent OPV [10–12]. Diarrhea may affect OPV seroconversion in one or more ways, 

including direct interference from concurrent enteropathogens, nonspecific interference via 

induction of interferon or other immunomodulators, destruction of receptor sites by local 

inflammation, rapid gastrointestinal transit, or some combination of the above mechanisms 

that inhibit colonization and replication of the vaccine virus [3,10,14]. Our finding that 

a higher number of loose stools per day in children with diarrhea was associated with 

decreased response to bOPV, and the effect persisted for type 3 when controlling for other 

factors, is consistent with the mechanism of rapid gastrointestinal transit.

Our study findings also indicate that concurrent enteropathogens play a role in the immune 

response to bOPV. Infants with norovirus infection and diarrhea, but not rotavirus infection, 

had a significant decrease in type 1 response, indicating that norovirus might infect similar 

cells in the gastrointestinal tract as bOPV. While we are not aware of any prior studies that 

have specifically examined the effect of norovirus infection on OPV response, concurrent 

enteric pathogens (including viruses, bacteria, and parasites) have been associated with 

decreased response to OPV [10,31–34] and a recent meta-analysis concluded that concurrent 

non-polio enterovirus infection significantly reduced the odds of per-dose seroconversion for 

type 1 poliovirus, but not for type 2 or 3 [14]. As such, there might be an analogous effect of 

norovirus infection that could explain the diminished immune response for type 1 poliovirus, 

but this needs further investigation. Since clinical trials for a norovirus vaccine are in 

the pipeline, future studies should try to dissect whether immune responses to norovirus 

infection are affected by bOPV compared to cohorts that have received IPV, for example.

WHO advises provision of an additional OPV dose to children who have diarrhea at the 

time of vaccination [15]. Our study affirms this recommendation for bOPV. However, in 

practice this might not always be achieved, particularly in resource-poor settings and in 

regions where the diarrhea season is lengthy. Given that revaccination after the diarrhea 
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episode is not always feasible, and because diarrheal disease affects a large number of 

children globally, the importance of ensuring high population immunity for both types 1 

and 3 in other ways becomes paramount. Additionally, the remaining immunity gap for type 

3 after three doses of any OPV in infants without diarrhea was substantial in our study 

population, with close to one in four infants remaining susceptible to polio type 3 after 

three doses of OPV. In 2014, SAGE recommended the introduction of at least one dose of 

inactivated polio vaccine (IPV) in the routine immunization schedule for all countries using 

only OPV [22], and Nepal adopted this recommendation in September 2014. While the 

primary purpose of the recommendation is to maintain immunity against type 2 poliovirus 

during and after the global switch from tOPV to bOPV, provision of IPV will likely help to 

reduce immunity gaps to types 1 and 3 in areas with lower effectiveness of OPV, including 

Nepal, if immunization coverage rates for the 3rd OPV dose do not decrease with the 

introduction of IPV.

This study has limitations. First, although this study included infants from diverse 

backgrounds and living conditions and were recruited from five study sites in Nepal, 

results may not be generalizable to other settings. Second, although we excluded children 

who received an OPV dose between the baseline and post-vaccination blood collection, 

we could not control for community transmission of vaccine poliovirus received by other 

infants in routine immunization or in campaigns conducted during the study implementation. 

However, type 2 seroprevalence was similar between groups at baseline and did not change 

after bOPV administration, suggesting little to no impact from community transmission 

of tOPV. Furthermore, exposure to community vaccine polioviruses administered through 

routine immunization or campaigns would have occurred equally in study groups. Third, 

because of relatively small numbers of infants in specific sub-groups, we could not detect 

some associations that might be related to decreased immune response, such as severe 

stunting, severe wasting, no breastfeeding, and specific gastrointestinal infections. Fourth, 

we excluded infants with severe clinical illness, because it was not ethically acceptable to 

administer bOPV while they were hospitalized, so we could not determine whether these 

infants might have had different seroconversion responses. However, we did find that a 

greater number of loose stools, a clinical indicator of more severe diarrhea, was associated 

with decreased immune response.

In conclusion, diarrhea was associated with a lower type 1 and type 3 immune response 

among infants in Nepal following a dose of bOPV, although only the type 3 response was 

statistically significant. Immunization programs should continue to provide an additional 

dose of bOPV to children who present with diarrhea at the time of immunization. 

Additionally, provision of IPV with the third dose of OPV in routine immunization at high 

coverage and supplemental doses of OPV through routine immunization and campaigns are 

necessary to ensure high population immunity against poliovirus in areas with high diarrheal 

disease incidence, including Nepal.
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Appendix A.: Percent of infants responding to bOPV, by number of stools 

per day

Error bars show 95% Wilson score confidence intervals. p values are calculated from 

Fisher’s exact test.

Appendix B.: Seroprevalence and median antibody titers for type 2 

poliovirus at baseline and 28 days after bOPV vaccination, by diarrhea 

status

Diarrhea (N = 294) Non-diarrhea (N = 326) p-Value

n % (95% CI)a n % (95% CI)a

Baseline

Seropositive for type 2, n, % (95% CI) 224 76 (71, 81) 249 76 (72, 81) 1.000b

Antibody titers, median (IQ range) 724 (11, 1448) 455 (9, 1448) 0.238c

28 days after bOPV vaccination

Seropositive for type 2, n, % (95% CI) 218 74 (69, 79) 252 77 (72, 82) 0.398b

Antibody titers, median (IQ range) 724 (6, 1448) 576 (11, 1448) 0.781c

a
Wilson score confidence interval.

b
Two-tailed Fisher’s exact test.

c
Two-tailed Wilcoxon rank sum test.
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Fig. 1. 
Participants screened, enrolled in diarrhea and non-diarrhea arms, completing study, tested 

for polio titer, serum analyzed for response to poliovirus types 1 and 3 after receipt of 

bOPV, and stool tested for rotavirus and norovirus. *Of the 5860 infants who did not meet 

inclusion criteria, reasons were as follows: 5266 had >2 doses OPV, 103 did not meet age 

criteria, 2324 had last OPV dose given <4 weeks, 788 residence was too far, 843 were not 

available during study period, 170 had <3 loose stools in 24 h, 18 had history of reaction 

to medication or OPV, 652 required hospitalization for illness. An infant may have been 

excluded for more than one reason. **Numbers are not mutually exclusive, as some infants’ 

serum was analyzed for both types 1 and 3 in the diarrhea and non-diarrhea arms, or had 

stool samples tested for rotavirus and norovirus in both type 1 and type 3 diarrhea and 

non-diarrhea arms
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