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ABSTRACT
The switch from using only trivalent oral polio vaccine (tOPV) to sequential schedules combining 
inactivated poliovirus vaccine (IPV) and bivalent oral polio vaccine (bOPV) for polio vaccination will 
cause changes to mucosal immunity against polio in infants, which plays an important role in preventing 
the poliovirus spread. Here, we analyzed mucosal immunity against poliovirus in the intestine during 
different sequential vaccination schedules. We conducted clinical trials in Guangxi Province, China on 
1,200 2-month-old infants who were randomly assigned to one of three vaccination schedule groups: IPV- 
bOPV-bOPV, IPV-IPV-tOPV, and IPV-IPV-bOPV, with vaccine doses administered at 8, 12, and 16 weeks of 
age. Stool samples were collected from 10% of participants in each group before administration of 
the second vaccine doses and at 1, 2, and 4 weeks after the administrations of the second and third 
vaccine doses. Immunoglobulin A (IgA) in the stool samples was measured to analyze the mucosal 
immune response in the intestine. Because of the absence of poliovirus type 2 in bOPV, the vaccination 
schedule of IPV-IPV-bOPV did not sufficiently raise intestinal mucosal immunity against poliovirus type 2, 
although some cross-immunity was seen. The level of intestinal mucosal immunity was related to 
shedding status; shedders could produce intestinal mucosa IgA more quickly. The intestinal mucosal 
immunity level was not related to serum neutralizing antibody level. In the combined sequential 
vaccination schedule of IPV and bOPV, the risk of circulating vaccine-derived poliovirus type 2 (cVDPV2) 
may be increased owing to insufficient intestinal mucosal immunity against poliovirus type 2.
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Introduction

Wild poliovirus (WPV) type 2 (WPV2) was declared eradi-
cated by the Global Certification Commission on Polio 
Eradication (GCC) in September 2015, with WPV type 3 
(WPV3) achieving a similar status in October 2019.1 The oral 
poliovirus vaccine (OPV), a polio vaccine that was once widely 
used, greatly reduced the incidence of polio and has made 
a significant contribution to its prevention and control. OPV 
can induce high levels of intestinal mucosal immunity that 
prevent the spread of poliovirus along the fecal-oral route, 
which has been key for the rapid reduction in the incidence 
of polio infections, especially in developing countries.2,3 

However, because OPV can cause both vaccine-associated 
paralytic polio (VAPP) cases and circulating vaccine-derived 
polioviruses (cVDPVs) and the number of poliomyelitis cases 
induced by WPV has gradually reduced, the World Health 
Organization (WHO)’s Strategic Advisory Group of Experts 
on Immunization (SAGE) proposed the gradual replacement 
of OPV with inactivated poliovirus vaccine (IPV). The first step 
in this strategy was to remove the polioviru type 2(PV2) com-
ponents from OPV, thus producing bivalent OPV (bOPV, 
containing poliovirus types 1 [PV1] and 3 [PV3]).4

Since May 2016, many countries, including China, have used 
an IPV and bOPV, combined sequential vaccination schedule in 

their major polio immunization program. However, although IPV 
does not directly cause virus shedding, because of its limited 
ability to cause specific intestinal immune responses to polio 
and the rapid inhibition of poliovirus replication by mucosal 
immunity, once individuals who were previously vaccinated 
with IPV are exposed to poliovirus or vaccine attenuated strains, 
virus replication and shedding will arise.5–7 In fact, the proportion 
of shedders among IPV-vaccinated individuals who receive OPV 
is similar to that among previously non-vaccinated OPV 
recipients.8 Unlike those vaccinated with the trivalent (t)OPV 
vaccination schedule, recipients of the new immunization strategy 
are not vaccinated with live attenuated PV2 vaccine, and this 
difference will cause some changes in the individual level of 
intestinal mucosal immunity as well as in the level of immunity 
against poliovirus within the population. During this transition 
phase of replacing OPV with IPV, there will be a long period in 
which IPV and bOPV must coexist, which brings uncertainty and 
complexity to the prevention and control of polio.

Data from clinical studies have shown that the immune 
strategy of vaccination with two doses of bOPV after one dose 
of IPV reduces serum neutralizing antibody levels against PV2 in 
the population.9 As reported by Wright et al.,10 more than half of 
the Latin American infants who received three doses of bOPV 
after receiving one dose of monovalent OPV type 2 (mOPV2) 
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were found to be shedding, whereas only two infants were found 
to be shedding after being vaccinated with three doses of tOPV. 
Vaccination with OPV induces an effective specific mucosal 
antibody response, whereas IPV-induced mucosal immunity is 
limited. Finding ways to enhance mucosal immunity after the 
vaccine strategy switch has become an important issue.

Regarding the new polio vaccination schedules, detecting the 
status of intestinal mucosal immunity against poliovirus and ana-
lyzing the impact of different immune strategies on polio mucosal 
immunity are necessary for guiding the formulation of China’s 
polio immune prevention and control strategies and maintaining 
the country’s polio-free status. For this reason, based on previous 
randomized, blind, single-center, parallel-controlled clinical trials 
conducted in the China region, we further tested the efficiency of 
the polio-specific intestinal mucosal immune responses under 
variations of the new polio vaccination schedule strategy.

Materials and methods

Experimental design

During 2015–2016, randomized, parallel-controlled clinical 
trials were conducted in Guangxi Province, China; these 
trials were designed by the Institute of Medical Biology, 
Chinese Academy of Medical Sciences and the Guangxi 
Center for Disease Prevention and Control and were 
approved by the State Food and Drug Administration of 
China. The clinical trial protocol was verified and approved 
by the ethical committee of Guangxi Zhuang Autonomous 
Region (ClinicalTrials.gov ID: NCT03614702).

In total, 1,200 two-month-old infants, who had not yet received 
any vaccinations against polio, were recruited. The guardians of 
the included participants and their families confirmed that they 
were willing to voluntarily comply with the requirements of the 
clinical trial protocol; both the guardians of the participants and 
the research doctor signed an informed consent form prior to 
study enrollment. Participants were permitted to voluntarily with-
draw at any time during the trial. An assignment table was used to 
randomly divided the participants into the following three groups: 
IPV-IPV-tOPV, IPV-IPV-bOPV and IPV-bOPV-bOPV. In all 
groups, the three immunizations were administered at 0, 28, and 
56 days. Antibodies against poliovirus types 1, 2, and 3 were 
measured before vaccination and at 28 days after full vaccination. 
Stool collection was performed on the first 10% of subjects enrolled 
in each group. The participants’ guardians were requested to 
collect a stool sample before administration of the second vaccine 
dose and bring it to the vaccination site. Stool samples were also 
collected at 7, 14, and 28 days after the administrations of 
the second and third vaccine doses. Upon receipt, the stool sam-
ples were transferred into plastic bottles, labeled with the research 
number and collection time, and stored at −20°C until use in 
testing.

Measurement of stool IgA

Stool samples (1 g) were homogenized after adding 5 ml of 
phosphate buffered saline (PBS) (pH 7.4). The resulting super-
natants were collected after the samples had been centrifuged 
for 20 min at 800–1,000 × g, and then used in enzyme-linked 

immunosorbent assays (ELISAs) to measure the level of anti- 
poliovirus IgA. Anti-human PV1, PV2, and PV3 IgA (PV1- 
IgA, PV2-IgA, and PV3-IgA, respectively) and ELISA kits for 
detecting PV1-IgA (Cat. No. KT37265), PV2-IgA (Cat. No. 
KT53156), and PV3-IgA (Cat. No. KT22871) were purchased 
from MSKBIO (Wuhan, China). Five concentration points 
(with dilution factors of 1:2, 1:4, 1:8, 1:16, and 1:32) and 10 
wells were used for the standards, with parallel wells for each 
concentration. The initial concentrations of the PV1-IgA, PV2- 
IgA, and PV3-IgA standards were 24 U/L, 16 U/L, and 8 U/L, 
respectively; 50-µl of aliquots of each standard dilution were 
added, with an empty well used as a blank control. After the 
samples were loaded into the remaining wells, the plate was 
sealed with a plate membrane and incubated for 30 min at 37° 
C. After the wells were washed five times with wash solution 
(30-s incubation per wash). 50 µl of horseradish peroxidase 
(HRP)-conjugated reagent was added to each well (except the 
blank control), incubated, and washed as described above. 
Finally, 50 µl of Chromogen Solution A and B were added to 
each well, mixed by gentle shaking, and incubated at 37°C for 
15 min. Reactions were terminated by adding 50 µl of stop 
solution to each well. The absorbances of the wells were read at 
an optical density (OD) of 450 nm using a Microtiter Plate 
Reader. The OD value of the blank control well was set as zero. 
Taking the concentration of the standards as the abscissa and 
the OD value as the ordinate, a standard curve was plotted, and 
the corresponding relative concentration was determined by 
the standard curve according to the OD value of the sample.

Serum neutralizing antibody testing

Venous blood samples collected before the first polio vaccine dose 
and at 28 days after the third polio vaccine dose were used by the 
National Institutes for Food and Drug Control to test the anti- 
poliovirus titer and seroconversion rate in accordance with the 
protocol recommended by the WHO. Seroconversion was defined 
as a neutralizing antibody titer of <1:8 before polio vaccination and 
of >1:8 against PV1, PV2, and PV3 after administration of three 
doses of polio vaccine. A neutralizing antibody titer of ≥1:8 before 
polio vaccination was considered to indicate the presence of 
maternally transferred antibodies; for such cases, seroconversion 
was defined as a four-fold increase in the polio-specific antibody 
response after three doses of polio vaccine. The changes in anti- 
poliovirus antibody titer after vaccination were analyzed. Both the 
maximum dilution and the maximum reported titer were 16,384; 
in cases where the actual titer was greater than 16,384, the value 
used in calculations was 16,384.

Statistical analyses

All statistical tests used were two-sided, and values of p < .05 were 
considered to indicate a statistically significant difference. An 
analysis of variance (ANOVA) was used to detect differences in 
the relative concentration of IgA between the vaccination schedule 
groups. The t-test was used for the comparison of means between 
two groups. The correlation between the relative concentration of 
mucosal IgA and log2 serum neutralization titers was measured by 
Pearson χ2 test. Statistical analysis was conducted using the soft-
ware SPSS.16.0.
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Results

Intestinal mucosal immune responses induced by different 
sequential vaccination schedules

A total of 1,200 healthy 2-month-old infants were enrolled in the 
clinical trials conducted in Guangxi Province, China and ran-
domly assigned to one of the following three vaccination sche-
dules: IPV-bOPV-bOPV, IPV-IPV-tOPV, or IPV-IPV-bOPV. 
The first, second, and third vaccine doses were administered at 
8, 12, and 16 weeks of age, respectively (Figure 1). Fecal samples 
were collected from 10% of the participants to detect poliovirus- 
specific IgA antibodies in the stool for analysis of the intestinal 
mucosal immune response (Figure 2). Regardless of the immuni-
zation program group, IPV was used for the first vaccine dose, so 
stool samples were collected and analyzed starting just prior 
to administration of the second vaccine dose. Fecal samples 
were collected at seven timepoints: before administration of 
the second vaccine dose and at 1, 2, and 4 weeks after the admin-
istrations of the second and third vaccine doses (Figures 1 and 2). 
A total of 797 fecal samples were collected; the numbers of 
samples collected per group at each timepoint are shown in 
Figure 2 and Supplementary Table 1.

The results of IgA detection in the stool samples showed 
that after administration of the second vaccine dose, there was 
a significant difference in the relative concentrations of IgA 

between those vaccinated with IPV and those vaccinated with 
bOPV (Table 1). Because bOPV is a live attenuated oral vac-
cines containing PV1 and PV3, the mucosal immune responses 
to PV1 and PV3 in the infants vaccinated with bOPV was 
significantly higher than those of infants vaccinated with IPV 
after administration of the second vaccine dose (Table 1 and 
Supplementary Table 2; mean of PV1-IgA at 13 weeks: 0.22, 
−0.13, and −0.12 for IPV-bOPV-bOPV, IPV-IPV-tOPV, and 
IPV-IPV-bOPV, respectively, p < .05; mean of PV3-IgA at 
14 weeks: 0.25, 0.04, and 0.03 for IPV-bOPV-bOPV, IPV-IPV- 
tOPV, and IPV-IPV-bOPV, respectively, p < .01 by ANOVA). 
Some PV2-IgA could also be detected in participants who 
received a single dose of bOPV.

Although all three vaccination schedule groups received an 
OPV (bOPV or tOPV) as the final vaccine dose, we found 
varying degrees of mucosal immunity were elicited after 
administration of the third vaccine dose.

For PV2-IgA, similar relative concentrations were detected 
in the IPV-bOPV-bOPV and IPV-IPV-tOPV groups after 
administration of the third vaccine dose, both of which were 
significantly higher than that in the IPV-IPV-bOPV group 
(Table 1 and Supplementary Table 2; mean of PV2-IgA at 
18 weeks of age: 0.49, 0.21, and 0.40 for IPV-IPV-tOPV, IPV- 
IPV-bOPV, and IPV-bOPV-bOPV, respectively; IPV-IPV- 
tOPV vs IPV-IPV-bOPV, p < .01 by t-test; IPV-IPV-bOPV vs 

Figure 1. Timepoints of sample collection. The three vaccine doses were administered at the ages of 8, 12, and 16 weeks old, respectively. Stool samples were collected seven 
times from a subset of the participants (before administration of the second vaccine dose and at 1, 2, and 4 weeks after the administrations of the second and third vaccine doses).

Figure 2. Trial enrollment and outcome profile. Stool samples were collected before administration of the second vaccine dose and at 1, 2, and 4 weeks after the administrations 
of the second and third vaccine doses, yielding a total of 797 samples (owing to some participants failing to provide samples at all timepoints, not all participants have data for 
each sampling timepoint). bOPV, bivalent (poliovirus types 1 and 3) oral polio vaccine; IPV, inactivated polio vaccine; tOPV, trivalent oral polio vaccine.
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IPV-bOPV-bOPV, p < .05 by t-test). Four weeks after the third 
dose of vaccine, both PV1-IgA and PV3-IgA could be detected 
in all groups, but PV2-IgA was undetectable in the IPV-IPV- 
bOPV group.

For PV1-IgA, the administration of bOPV (as the second vac-
cine dose) followed by a second administration of bOPV stimu-
lated mucosal immunity more rapidly compared with the other 
tested vaccination schedules. One week after administration of the 
third vaccine dose (17 weeks of age), the relative concentration of 
PV1-IgA in the IPV-bOPV-bOPV group was higher than those in 
the IPV-IPV-bOPV and IPV-IPV-tOPV groups (Table 1 and 
Supplementary Table 2; mean of PV1-IgA at 17 weeks of age: 
0.65, 0.23, and 0.34 for IPV-bOPV-bOPV, IPV-IPV-tOPV, and 
IPV-IPV-bOPV, respectively; IPV-bOPV-bOPV vs IPV-IPV- 
tOPV, p < .01 by t-test; IPV-bOPV-bOPV vs IPV-IPV-bOPV, 
p < .05 by t-test). However, the level of PV1-IgA increased in the 
IPV-IPV-tOPV group at the second week after administration of 
the third vaccine dose and was significantly higher than those in 
the other two groups (Table 1 and Supplementary Table 2; mean of 
PV1-IgA at 18 weeks of age: 0.56, 0.77, and 0.44 for IPV-bOPV- 
bOPV, IPV-IPV-tOPV, and IPV-IPV-bOPV, respectively; IPV- 
bOPV-bOPV vs IPV-IPV-tOPV, p < .05 by t-test; IPV-bOPV- 
bOPV vs IPV-IPV-bOPV, p < .001 by t-test).

For PV3-IgA, the relative concentration in the IPV-bOPV- 
bOPV group trended slightly higher than those in the other two 
groups, but this difference was not statistically significant. Two 
weeks after administration of the third vaccine dose (at 18 weeks of 
age), the relative concentrations of PV3-IgA in the IPV-bOPV- 
bOPV and IPV-IPV-tOPV groups were similar and significantly 
higher than in the IPV-IPV-bOPV group (Table 1 and 
Supplementary Table 2; mean of PV3-IgA at 18 weeks of age: 
0.32, 0.32, and 0.18 for IPV-bOPV-bOPV, IPV-IPV-tOPV, and 
IPV-IPV-bOPV, respectively; IPV-bOPV-bOPV vs IPV-IPV- 
bOPV, p < .01 by t-test; IPV-IPV-tOPV vs IPV-IPV-bOPV, 
p < .01 by t-test). In terms of poliovirus type, the overall IgA levels 

after administration of the third vaccine dose were: PV1-IgA > 
PV2-IgA > PV3-IgA. In addition, we observed that even in the 
absence of OPV2 (i.e., in the IPV-bOPV-bOPV group), the level of 
PV2-IgA was slightly higher than that of PV3-IgA after the third 
dose of polio vaccine. This may be the result of differences in the 
mucosal immunity induced by different types of polio vaccine.

Effect of viral shedding on the mucosal immune 
response

We classified the participants as shedders or non-shedders accord-
ing to shedding status after administration of the third polio 
vaccine dose and analyzed their respective intestinal mucosal 
response to each poliovirus type. The polio-specific intestinal 
mucosal IgA growth curves of shedders and non-shedders had 
different characteristics. Compared with non-shedders, shedders 
showed a rapid stimulation of mucosal immune responses 
(Figure 3). Regardless of the vaccination schedule, for most of 
groups, at one week (17 weeks of age) after receiving a dose of 
OPV, the level of mucosal IgA produced by the shedders was 
significantly increased from previous levels, unlike that produced 
by the non-shedders, which did not show much change over the 
same period. At two weeks (17–18 weeks of age) after receiving 
a dose of OPV, the growth rate of mucosal IgA in the shedders 
began to decline, whereas the opposite trend was seen for the non- 
shedders during this period. At three to four weeks (18–20 weeks 
of age) after receiving a dose of OPV, the mucosal IgA level of non- 
shedders was maintained at a relatively stable level (Figure 3), 
whereas the relative concentrations of mucosal IgA in the shedders 
began to decline significantly during this period (Figure 3).

We found that the levels of PV1- IgA and PV3-IgA in 
infants who were classified as non-shedders after administra-
tion of the last dose of bOPV in the IPV-bOPV-bOPV group 
were higher than those of shedders at the time of last bOPV 

Table 1. Poliovirus-specific intenstinal mucosal IgA immunized with IPV-bOPV-bOPV, IPV-IPV-tOPV, IPV-IPV-tOPV.

Mean with 95% CI

vaccination Weeks of Age IPV-bOPV-bOPV IPV-IPV-tOPV IPV-IPV-bOPV p value, ANOVA*

PV1-IgA second dose 12 −0.77(−0.98 to −0.55) −0.55(−0.71 to −0.40) −0.75(−0.96 to −0.53) .23
13 0.22(0.003 to 0.44) −0.13(−0.30 to 0.05) −0.12(−0.27 to 0.03) <.05
14 0.01(−0.09 to 0.10) −0.13(−0.18 to −0.08) −0.08(−0.21 to 0.04) .12

third dose 16 0.33(0.04 to 0.63) −0.27(−0.43 to −0.17) −0.35(−0.50 to −0.20) <.0001
17 0.65(0.39 to 0.91) 0.23(0.03 to 0.44) 0.34(0.15 to 0.53) <.05
18 0.56(0.44 to 0.68) 0.77(0.61 to 0.93) 0.44(0.33 to 0.55) <.01
20 0.61(0.38 to 0.84) 0.74(0.48 to 1.00) 0.35(0.21 to 0.49) <.05

PV2-IgA second dose 12 −0.09(−0.15 to 0.02) −0.13(−0.18 to −0.09) −0.07(−0.13 to 0.01) .31
13 0.01(−0.10 to 0.12) −0.16 (−0.22 to 0.10) −0.06(−0.16 to 0.03) <.05
14 0.34(0.24 to 0.43) 0.18(0.12 to 0.24) 0.19(0.12 to 0.27) <.01

third dose 16 −0.12(−0.31 to 0.08) −0.37(−0.50 to −0.25) −0.37(−0.50 to 0.25) <.05
17 0.41(0.25 to 0.56) 0.46 (0.27 to 0.66) 0.19(−0.03 to 0.35) .07
18 0.40(0.30 to 0.49) 0.49 (0.32 to 0.66) 0.21(−0.11 to 0.30) <.01
20 −0.64(−0.90 to −0.38) −0.60(−0.87 to −0.32) −0.56 (−0.81 to −0.31) .91

PV3-IgA second dose 12 −0.05(−0.09 to −0.01) −0.08(−0.10 to −0.06) −0.06(−0.08 to −0.04) .33
13 −0.09(−0.18 to −0.01) −0.23(−0.30 to −0.15) −0.27(−0.36 to −0.19) <.01
14 0.25(0.19 to 0.30) 0.04(0.02 to 0.06) 0.03(0.01 to 0.05) <.0001

third dose 16 0.12(0.04 to 0.20) −0.10(−0.16 to −0.05) −0.13(−0.19 to −0.07) <.0001
17 0.16(0.10 to 0.23) 0.09(0.02 to 0.17) 0.11(0.05 to0.17) .29
18 0.32(0.27 to 0.37) 0.32(0.24 to 0.41) 0.18(0.12 to 0.24) <.01
20 0.25(0.17 to 0.33) 0.29(0.21 to 0.38) 0.18 (0.13 to 0.24) .12

tOPV trivalent oral polio vaccine, IPV inactivated poliovirus vaccine, bOPV bivalent oral polio vaccine, CI confidence interval, PV1 poliovirus type1, 
PV2 poliovirus type2, PV3 poliovirus type3. * The analysis of variance was used to detect differences in the relative concentration of IgA among 
the vaccination schedule groups. If there were differences, multiple comparisons of IgA against poliovirus (types 1, 2, and 3) between two 
groups were shown in supplementary table 2.
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inoculation (16 weeks of age) (Figure 2(a,d). This finding 
suggests that the shedding rate was reduced by the mucosal 
immunity induced by the previous dose of bOPV.

Relationship between intestinal mucosal immunity and 
serum neutralizing antibody

Previous trials have not found any significant differences in the 
levels of PV1- and PV3-specific serum neutralizing antibodies of 
infants vaccinated with IPV-IPV-bOPV, IPV-IPV-tOPV, or IPV- 
bOPV-bOPV, which all reached nearly 100%. Here, we measured 

whether there is a correlation between the relative concentration of 
poliovirus-specific intestinal IgA and serum neutralizing antibo-
dies. Because only the infants in the IPV-IPV-tOPV group were 
vaccinated with OPV2 and the PV2-specific serum neutralizing 
antibody level can reach close to 100%, we used the data from the 
IPV-IPV-tOPV group when analyzing the correlation between 
PV2-IgA and anti-PV2 serum neutralizing antibodies. The analy-
sis revealed that the relative concentrations of intestinal IgA spe-
cific for each poliovirus type were not related to the levels of serum 
poliovirus neutralizing antibodies (Figure 4, Pearson: r = 0.1115, 
p = .2318 for PV1-IgA and PV1 serum neutralization titer; 

Figure 3. The relative concentration of intestinal mucosal IgA specific to each type of poliovirus between shedders and non-shedders in each sequential vaccination schedule. 
The third vaccine dose was administered at 16 weeks of age. Participants were classified as shedders or non-shedders according to their viral shedding status after 
administration of the third vaccine dose. (a–c) The relative concentration of PV1-IgA between shedders (n = 11) and non-shedders (n = 28) in IPV-bOPV-bOPV (a), shedders 
(n = 21) and non-shedders (n = 18) in IPV-IPV-tOPV (b), and shedders (n = 18) and non-shedders (n = 20) in IPV-IPV-bOPV (c). (d–f) The relative concentration of PV3-IgA 
between shedders (n = 8) and non-shedders (n = 31) in IPV-bOPV-bOPV (d), shedders (n = 19) and non-shedders (n = 20) in IPV-IPV-tOPV (e), and shedders (n = 24) and non- 
shedders (n = 14) in IPV-IPV-bOPV (f). (g) The relative concentration of PV2-IgA between shedders (n = 24) and non-shedders (n = 15) in IPV-IPV-tOPV. A t-test was used for 
comparison of the means of intestinal mucosal IgA between the shedders and non-shedders at the same timepoints. *p < .05, **p < .01, ***p < .001.

Figure 4. Relationship between intestinal mucosal immunity and serum neutralizing antibody . (a) PV1-IgA and PV1-specific serum neutralizing antibody at one week 
after administration of the last vaccine dose (17 weeks of age; n = 109). (b) PV2-IgA and PV2-specific serum neutralizing antibody at 17 weeks of age (n = 38); data from 
the IPV-IPV-tOPV group only. (c) PV3-IgA and PV3-specific serum neutralizing antibody at 17 weeks of age (n = 109). The x-coordinate of each point corresponds to the 
log2 reciprocal titer of serum neutralization; the y-coordinate of each point corresponds to the relative concentration units of IgA.
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r = 0.1453, p = .3909 for PV2-IgA and PV2 serum neutralization 
titer; r = 0.1044, p = .2798 for PV3-IgA and PV3 serum neutraliza-
tion titer). We further analyzed the relationship between serum 
neutralizing antibodies and IgA in each immunization program. 
The results show that there was no significant correlation between 
the levels of serum neutralizing antibodies and IgA, regardless of 
which immunization program was performed, although the rela-
tive concentration of IgA induced by different immunization 
programs varied (Supplementary Figure 1).

Discussion

Immunization with live attenuated polio vaccine mimics nat-
ural viral infection because the virus replicates at the natural 
site of infection, i.e., in the intestine, where it induces a local 
secretory IgA response, thereby reducing the intestinal shed-
ding of poliovirus.11 To reduce the probability of generating 
cVDPVs in polio vaccine recipients, enhancing the polio- 
specific mucosal immunity generated by vaccination is 
critical.12 We found that the participants in the IPV-bOPV- 
bOPV group who were classified as non-shedders after receiv-
ing the second dose of bOPV had a slightly higher level of IgA 
than those classified as shedders. The IgA triggered by the first 
dose of bOPV appears to reduce shedding by infants when they 
are re-exposed to poliovirus.

Because bOPV does not contain the OPV2 component, the 
IPV-IPV-bOPV and IPV-bOPV-bOPV vaccination schedules 
do not cause sufficiently high serum neutralizing antibody 
levels in the population.9 Furthermore, the intestinal mucosal 
PV2-IgA response is also insufficient owing to the limited 
ability of IPV to induce IgA. However, we detected enteric 
PV2-IgA in some of the infants in the IPV-IPV-bOPV or IPV- 
bOPV-bOPV vaccination schedule groups after the adminis-
tration of bOPV. In this study, the level of PV2-IgA detected in 
the IPV-bOPV-bOPV group, which received two doses of 
bOPV, was similar to that detected in the IPV-IPV-tOPV 
group, which received one dose of tOPV. This may be the 
result of cross-immunity induced by bOPV against PV2 or 
may indicate that bOPV can enhance the mucosal response 
induced by IPV, even to PV2.13 Additionally, some participants 
may have been exposed to PV2 during this study.

We observed that, compared with the non-shedders, rela-
tively high levels of IgA were detected earlier after OPV inocu-
lation in the shedders, but the IgA levels in the shedders then 
decreased faster than those of the non-shedders. It may be that 
the attenuated poliovirus strains replicate in a short period of 
time in the intestinal tracts of the shedders, consequently 
making their intestinal tracts more receptive to a stronger 
mucosal immune response, such that the amount of IgA 
secreted by the shedders is higher than that secreted by the 
non-shedders in the early stage. With the produced poliovirus- 
specific IgA then neutralizing the poliovirus replicating within 
the intestinal tract of shedders, the IgA is consumed rapidly.

The complete eradication of polio includes not only the elim-
ination of WPV but also the elimination of cVDPV.14 In situations 
where sanitation is poor and fecal-oral transmission is dominant, 
OPV is a more effective vaccine than IPV for blocking polio 
transmission. However, using OPV carries with it the risk of 
VAPP and cVDPV, which is a negative factor for achieving and 

sustaining complete polio eradication. In the context of global 
WPV2 eradication, stopping the use of tOPV is necessary to 
eliminate cVDPV type 2 (cVDPV2);15 however, doing so also 
has some potential risks.16 With the global cessation of vaccination 
with OPV2, the population’s mucosal immunity to PV2 is 
reduced, which may lead to the spread and rapid prevalence of 
cVDPV2.17 In fact, there have been multiple outbreaks of cVDPV2 
after the switch to using bOPV for polio vaccination,18 and 
cVDPVs have been designated a Public Health Emergency of 
International Concern. Notably, mOPV2 can quickly stimulate 
the body’s mucosal immunity, so it has become the vaccine of 
the choice for rapidly suppressing the cVDPV2 crisis in these 
regions.19 However, reusing OPV2 brings with it the risk of 
developing new strains of cVDPV2. To minimize this risk, 
a consortium has developed a novel OPV2 (nOPV2), with the 
aim of stockpiling such vaccine for emergency purposes, i.e., if 
needed in response to an outbreak of cVDPV2. The nOPV2 was 
engineered to be more genetically stable with a lower likelihood of 
reversion to neurovirulence, while retaining the benefits of Sabin 
OPV.20 Two nOPV2 candidates have completed phase 2 clinical 
trials in adults with encouraging results.21

The WHO announced the eradication of WPV3 in 2019,1 

but WPV1 has recently experienced the worst epidemic crisis 
since 2014.18 As of October 2019, 73 cases of WPV1 have 
occurred globally, compared with 15 WPV1 cases during the 
same period in 2018.18 Currently, in Pakistan and Afghanistan, 
the number of WPV1 cases is increasing. Furthermore, virus 
sequencing has indicated new mutations in the strains isolated 
in Pakistan and Afghanistan, and the WPV1 crisis in these 
regions continues to increase.22 Based on the existing immune 
strategy, strengthening the level of immunity against polio-
virus, especially mucosal immunity, should quickly suppress 
the virus’s replication and transmission – this is very important 
in these areas. Reserves of nOPV and its usage in the times of 
crisis to strengthen immunity against polio is currently an 
effective method for quickly stimulating the population’s 
polio immunity.23

In countries where WPV has already been eradicated, VAPP 
and cVDPV have become the most important polio-related issues. 
In these developed countries, sufficient public health facilities and 
resources are available to perform vaccination with IPV. So a full- 
scale IPV strategy is applied to vaccinating infants. Because of high 
vaccination coverage and good child health conditions in these 
regions, after receiving the three vaccine doses in a standard polio 
vaccination course, more than 95% of vaccinees are positive for 
antibodies specific to the three types of poliovirus and exhibit long- 
term immunity. However, potential transmission may exist even 
in IPV-only countries; for example, after the continuous use of 
IPV alone for many years (2005–2013), Israel detected WPV1 in 
sewage samples (February 2013–March 2014), and non- 
symptomatic polio cases were found.24 This should act as a wake- 
up call for complacency in the complete eradication of poliovirus. 
In less developed countries, owing to factors such as the poor 
nutrition and health of children, the relatively low immunogeni-
city of polio vaccine in children, the lack of public health facilities 
and resources, and the relatively low vaccination coverage, the 
level of immunity against poliovirus in infants is relatively low.25 

Under these circumstances, once polio cases due to cVDPV or 
WPV occur, they can easily spread among the population. At 
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present, these underdeveloped countries are in the transition 
period from using OPV for polio vaccination to using IPV. 
Because of the problem of IPV resources, polio immunity in 
some areas is insufficient.26 Also, the use of OPV2 has ceased. As 
children in these underdeveloped countries cannot obtain suffi-
cient PV2-specific immunity from a dose of IPV, this adds uncer-
tain factors to the success of polio prevention and control during 
this transition period.

Once WPV is finally eradicated, IPV may become the only 
vaccine used in the final stage of polio eradication, and countries 
around the world may eventually terminate the use of OPV. 
However, the OPV strains and WPV strains in the environment 
have always existed, so in the current transition stage and the 
future IPV maintenance stage, one of keys to preventing further 
polio epidemics will still be to stimulate the mucosal immunity of 
the population against poliovirus replication. At present, teams 
have begun to focus on the use of special types of adjuvants to 
strengthen the mucosal immunity induced by IPV.27 This brings 
new ideas for how to achieve the complete eradication of polio-
virus in the future all-IPV vaccination phase. Currently, develop-
ing effective strategies that can adapt to the prevalence of polio in 
various regions and continuous monitoring of polio cases are 
necessary.
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