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Chinese infants
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Trivalent oral poliovirus vaccine (tOPV) has been withdrawn and instead an inactivated poliovirus vaccine
(IPV) andbivalent type1and type3OPV (bOPV) sequential immunization schedule hasbeen implemented
since 2016, but no immune persistence data are available for this polio vaccination strategy. This study
aimed to assess immunepersistence followingdifferent polio sequential immunization schedules. Venous
blood was collected at 24, 36, and 48 months of age from participants who had completed sequential
schedules of combined IPV and OPV in phase III clinical trials. The serum neutralizing antibody titers
against poliovirus were determined, and the poliovirus-specific antibody-positive rates were evaluated. A
total of 1104 participants were enrolled in this study. The positive rates of poliovirus type 1- and type
3-specific antibodies among the sequential immunization groups showed no significant difference at 24,
36,or48monthsofage.Thepositive ratesofpoliovirus type2-specificantibody in the IPV-IPV-tOPVgroup
at all time points were nearly 100%, which was significantly higher than the corresponding rates in other
immunizationgroups (IPV-bOPV-bOPVand IPV-IPV-bOPV). Immunization schedules involvingoneor two
dosesof IPV followedbybOPV failed tomaintainahighpositive rate forpoliovirus type2-specificantibody.

Aswe approach the end of poliomyelitis (polio) eradication, cases caused by
wild-type polio are decreasing, whereas vaccine-derived poliovirus (VDPV)
cases caused by oral poliovirus vaccine (OPV) are predominant1 To reduce
the cases of VDPV, it is imperative that OPV is phased out, and countries
fully convert to an inactivated poliovirus vaccine (IPV) immunization2.
Starting from May 1, 2016, developing countries, including China, imple-
mented a new polio vaccine immunization strategy, discontinuing trivalent
live attenuated polio vaccine (tOPV) and updating the polio immunization
regimen to include one dose of inactivated polio vaccine (IPV) plus two
doses of bivalent live attenuated polio vaccine (bOPV)2–4.

The persistence of poliovirus-specific antibody levels in individuals
who receive combined sequential immunization with IPV and bOPV

after switching immunization strategies is relevant to the prevention and
control of wild-type polio cases and VDPV. Prior to the switching of
immunization strategies, some studies focused on the immune persis-
tence of combined sequential immunization with IPV and trivalent
OPV5 and the immune persistence of combined vaccines containing IPV
components6,7. To date, many clinical trials have investigated the safety
and immunogenicity of IPV and bOPV combined sequential
immunization8–10, but few studies have investigated its immune persis-
tence. At present, the immunization policy ofmost developing countries,
including China, is to use combined sequential immunization with IPV
and bOPV for fundamental immunity and bOPV for booster
immunization3,11. Whether such an immunization strategy and the
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timing of booster immunization are appropriate requires further
investigation.

We completed a phase III clinical trial before tOPV was discontinued
in 2015–2016 to evaluate the immunogenicity and safety of bOPVandSabin
strain-based IPV (sIPV) combined sequential immunization in 2-month-
old infants9. To further observe the long-term immunogenicity of different
sequential immunization schedules combining IPV and bOPV, this follow-
up extension study was conducted on participants of the phase III clinical
trial. Venous blood was collected at the ages of 24, 36, and 48 months from
participants who had completed basic polio immunization, the serum was
separated to determine the titers of neutralizing antibodies against polio-
virus types 1, 2, and 3, and the antibody-positive rates and antibody levels
were evaluated.

Through this clinical investigation, we were able to observe sustained
levels of polio-neutralizing antibodies, particularly type 2 polio-neutralizing
antibodies, in individuals who received a sequential immunization program
with one dose of IPV and two doses of IPV. At present, China and some
developing countries use sIPV for immunization12,13, and the difference in
immune persistence between sIPV and Salk strain-based IPV (known as
conventional IPV, cIPV)canalsobe reflected in this study.The investigation
of immune persistence after fundamental immunization in infants and
young children can help us find the appropriate timing of booster immu-
nization and explain whether a single dose of bOPV at 48 months of age is
justified in the current polio immunization strategy.

Results
Study population
Of the 1200 participants in the previous phase III clinical trial, 35 did not
receive all three doses of polio vaccine or lacked valid serum neutralizing
antibody titer data; another 61 individuals voluntarily withdrew from the
clinical study owing to a variety of reasons, such as moving away. The
remaining 1104 participants enrolled in the present clinical study on the
immunopersistence of sequential schedules of combined IPVand bOPV. In
the previous trial, these 1104 participants had been assigned to six different
immunization schedules: sIPV-bOPV-bOPV, sIPV-sIPV-bOPV, sIPV-
sIPV-tOPV, cIPV-bOPV-bOPV, cIPV-cIPV-bOPV, or cIPV-cIPV-tOPV.
The participant characteristics were compared among polio immunization
schedule groups; therewere no significant differences in participant age, sex,
or race compositionamonggroups (Table 1).At 24monthsof age, 104of the
1104 participants withdrew from blood collection; the other 1000 partici-
pants completed the 24-month-old immunopersistence observation. To
compensate for the deficiency of poliovirus type 2-specific antibody in some
participants, a single dose of IPV was administered to participants whose
previous serum test revealed a poliovirus type 2-specific neutralizing anti-
body titer of <8. In total, a single dose of IPVwas administered at 24months

of age to 85 participants who had a poliovirus type 2-specific antibody titer
of <8 after primary immunization. Importantly, these individuals who were
revaccinated with IPV were no longer included in the subsequent immu-
nopersistence study. Thus, 1019 of the original 1104 participants were eli-
gible for the 36-month-old immunopersistence observation. Of these 1019
participants, 113 participants withdrew; 906 participants completed the
blood collection and antibody titer detection at 36 months of age. On the
basis of those results, 122 participants received an additional dose of IPV
after their 36-month blood collection, leaving 897 participants enrolled in
the 48-month immunopersistence study. Finally, 284 participants withdrew
over this final period; 613 participants completed the blood collection and
antibody titer detection at 48 months of age (Fig. 1). The number of par-
ticipants who received a supplementary dose of IPV in each group at the
ages of 24, 36, and 48months is shown in Supplementary Table 1-1, and the
number of participants who completed blood collection for the observation
of immune persistence is shown in Supplementary Table 1-2.

Comparison of poliovirus-specific antibody levels between dif-
ferent sequential immunization programs at the same time point
The serumpoliovirus-specific neutralizing antibody titers weremeasured at
24, 36, and 48 months of age. A statistical analysis was conducted to com-
pare the levels of poliovirus-specific neutralizing antibodies at 24, 36, or
48 months among participants who received different sequential polio
immunizations.Thepositive rates forpoliovirus type1-specific antibodydid
not differ significantly among the sequential immunization groups
(Table 2). The positive rates for poliovirus type 3-specific antibody did not
differ significantly among the groups at 24 or 48 months of age, but a slight
difference was observed at 36 months of age (Table 2, Supplemental
Table 2).

By contrast, the positive rates for poliovirus type 2-specific antibody in
serum collected at 24, 36, and 48months of age differed significantly among
the sequential immunization groups. The positive rates for poliovirus type
2-specific antibody were nearly 100% in the sIPV-sIPV-tOPV and cIPV-
cIPV-tOPV groups at all time points; these positive rates were significantly
higher than those in the other immunization groups. The positive rates for
poliovirus type 2-specific antibody were significantly lower in the groups
with an immunization schedule that contained only a single dose of IPV
(sIPV-bOPV-bOPV, cIPV-bOPV-bOPV) than in those with an immuni-
zation schedule that contained two doses of IPV (cIPV-cIPV-bOPV, sIPV-
sIPV-bOPV) (Table 2, Supplementary Table 2). In addition, for the
immunization schedules with only one dose of IPV, the positive rates of
poliovirus type 2-specific antibody in the group that injected cIPV were
higher than those in the group that rejected sIPVat 24, 36, and 48months of
age separately (cIPV-bOPV-bOPV> sIPV-bOPV-bOPV, Table 2, Supple-
mentary Table 2).

Table 1 | Characteristics of participants subjected to different polio immunization schedules

sIPV-bOPV-bOPV cIPV-bOPV-bOPV cIPV-cIPV-bOPV sIPV-sIPV-tOPV sIPV-sIPV-bOPV cIPV-cIPV-tOPV p value

(n = 188) (n = 183) (n = 183) (n = 180) (n = 186) (n = 184)

Age (years), mean ± SD 2.6 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 0.99

Sex, n (%)

Male 107 (56.9) 90 (49.2) 105 (57.4) 89 (49.4) 100 (53.8) 97 (52.7) 0.46

Female 81 (43.1) 93 (50.8) 78 (42.6) 91 (50.6) 86 (46.2) 87 (47.3)

Race, n (%)

Han 62 (33%) 53 (33%) 59 (32.2%) 48 (26.7%) 50 (26.9%) 62 (33.7%) 0.5

Zhuang 113 (60.1%) 115 (62.8%) 111 (60.7%) 116 (64.4%) 121 (65.1%) 106 (57.6%) 0.7

Miao 4 (2.1%) 4 (2.2%) 4 (2.2%) 3 (1.7%) 4 (2.2%) 5 (2.7%) 1

Yao 1 (0.5%) 1 (0.5%) 3 (1.6%) 2 (1.1%) 1 (0.5%) 0 (0%) 0.5

Other 8 (4.3%) 10 (5.5%) 6 (3.3%) 11 (6.1%) 10 (5.4%) 11 (6%) 0.8

tOPV trivalent oral polio vaccine, cIPV conventional inactivated poliovirus vaccine, bOPV bivalent oral polio vaccine, sIPV Sabin strain–based inactivated poliovirus vaccine, SD standard deviation.
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The GMTs of poliovirus-specific neutralizing antibody differed sig-
nificantly amongdifferent immunization schedules (Table 2). Forpoliovirus
type 1-specific neutralizing antibody levels: (1) at the same time point, the
level of poliovirus type 1-specific neutralizing antibody was higher in the
bOPV-immunized group than in the tOPV-immunized group (relative
poliovirus type 1-specific neutralizing antibody levels: sIPV-bOPV-bOPV
and sIPV-sIPV-bOPV > sIPV-sIPV-tOPV; cIPV-bOPV-bOPV and cIPV-
cIPV-bOPV > cIPV-cIPV-tOPV); (2) within the same sequential immu-
nization schedule, the poliovirus type 1-specific neutralizing antibody levels
were higher at the same time point in the sIPV-immunized group than in
the cIPV-immunized group (relative poliovirus type 1-specific neutralizing
antibody levels: sIPV-bOPV-bOPV > cIPV-bOPV-bOPV; sIPV-sIPV-
bOPV > cIPV-cIPV-bOPV; sIPV-sIPV-tOPV > cIPV-cIPV-tOPV)
(Table 2, SupplementaryTables 3-1, 3-4, 3-7), Itmay be that the Sabin strain
is used as a challenge strain for testing serumneutralizing antibody, causing
the titer of poliovirus-specific antibody to be higher for sIPV than cIPV
under the same immunization program. For poliovirus type 2-specific
neutralizing antibody levels: in the case of inoculationwith the same IPV(all
sIPVor all cIPV), the levelswerehigher in the tOPV-immunizedgroup than
in the bOPV-immunized group at the same time point (relative poliovirus
type 2-specific neutralizing antibody levels: sIPV-sIPV-tOPV> sIPV-sIPV-
bOPV > sIPV-bOPV-bOPV; cIPV-cIPV-tOPV > cIPV-cIPV-bOPV >
cIPV-bOPV-bOPV) (Table 2, Supplementary Tables 3-2, 3-5, 3-8). There
was little difference in poliovirus type 3-specific neutralizing antibody levels
among the groups, but the level of poliovirus type 3-specific neutralizing
antibody was slightly lower in the tOPV-immunized group than in the
bOPV-immunized group (sIPV-sIPV-tOPV < sIPV-sIPV-bOPV; cIPV-
cIPV-tOPV < cIPV-cIPV-bOPV) (Table 2, Supplementary Tables 3-3, 3-6,
3-9).

Changes in poliovirus-specific antibody levels along the sam-
pling time series axis
The changes in poliovirus-specific neutralizing antibody titers were
observed longitudinally, by comparing the levels at 5 (28 days after the
completion of basic immunizationwith three doses of polio vaccine), 24, 36,
and 48 months of age. In order to more effectively analyze the overall
changes in antibody level over time, these analyseswere conductedon the set

of data from the 496 participants who had antibody titers determined for
blood samples collected at 24, 36, and 48 months of age and had not been
additionally vaccinatedwith a supplementary dose of IPV. Participantswho
had received booster immunization or did not have an effective serum
antibody titer at 24–48months of age were excluded. The seropositive rates
and GMTs in this set of data from 496 participants are shown in Supple-
mentaryTable 4, and the results of differential analysis among the sequential
immunization groups at the same time point (24, 36, and 48 months of age
separately) were similar to those of the full data set above.

The changes in poliovirus-specific antibody titers over time in each
immunization schedule group are displayed in Fig. 2. For poliovirus type 1-
and type 3-specific neutralizing antibodies, the patterns of change in
poliovirus-specific neutralizing antibody titers over time were similar
among the different sequential immunization schedule groups (Fig. 2a, c).
At 28 days after the completion of three polio vaccine doses (5 months),
almost all participants had a high titer of poliovirus type 1- and type
3-specific neutralizing antibody.During the period from5 to 24months, the
reverse distribution curves of poliovirus type 1- and type 3-specific neu-
tralizing antibody changed significantly, with a significant decrease in the
population with a high titer of poliovirus-specific neutralizing antibody.
During the period from 24 to 48months, there was no significant change in
the reverse distribution curve of poliovirus type 1- and type 3-specific
neutralizing antibody. During the period from 5 to 48 months, the positive
rates of poliovirus type 1- and type 3-specific neutralizing antibody (>23)
did not change significantly; all immunization schedule groups maintained
a positive rate of almost 100%.

The patterns of change in poliovirus type 2-specific neutralizing
antibody titer over time were different among the sequential
immunization schedule groups (Fig. 2b). Owing to the absence of
poliovirus type 2 components in bOPV, the level of poliovirus type
2-specific neutralizing antibody was low in the sIPV-bOPV-bOPV
and cIPV-bOPV-bOPV groups; correspondingly, the inverse anti-
body distribution curve decreased rapidly. The inverse antibody
distribution curves of the groups that received two doses of IPV
(sIPV-sIPV-bOPV and cIPV-cIPV-bOPV) declined more slowly than
those of the groups that received only one dose of IPV (sIPV-bOPV-
bOPV and cIPV-bOPV-bOPV); however, the distribution curve of

Fig. 1 | Profile of the immune persistence study. IPV inactivated polio vaccine.
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poliovirus type 2-specific neutralizing antibody did not plateau, and
there were no significant changes in the titers during the 5–48-month
period. In the groups that received two doses of IPV and one dose of
tOPV (sIPV-sIPV-tOPV and cIPV-cIPV-tOPV), the reverse

distribution curves of poliovirus type 2-specific neutralizing antibody
tended to be high and flat, and then decrease when the titer reached a
relatively large value; in addition, the curves revealed a significant
difference between the 5-month time point and the other time points,

Fig. 2 | Changes in poliovirus-specific antibody levels along the sampling time
series axis. Reverse cumulative distribution curves showing the distribution of
serum neutralizing antibody titres against type 1 (a), type 2 (b), and type 3 (c)

polioviruses in participants vaccinated with different immunization schedules at 5,
24, 36 and 48 months of age.
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with a significant decrease in the proportion of participants with a
high poliovirus type 2-specific neutralizing antibody titer, while there
was no significant change during the 24–48-month period.

Discussion
Many studies14,15 have shown that seroconversion rates against
polioviruses types 1 and 3 were non-inferior in sequential schedules
containing IPV and bOPV, compared with all-IPV or all-tOPV
schedule, and the levels of poliovirus type 2-specific neutralizing
antibody exhibited a significant difference among different immu-
nization schedules (IPV-bOPV-bOPV < IPV-IPV-bOPV < IPV-IPV-
tOPV or tOPV-tOPV-tOPV), the results were in concordance with
the observation of immune persistence. In our clinical trial, the
immune persistence of poliovirus types 1 and 3-specific neutralizing
antibody performed well in both of the sequential vaccination
schedules. For the type 2 polio-specific neutralizing antibody positive
rate observed in the persistence study, the type 2 polio-specific
neutralizing antibody positive rate decreased more strongly between
24 and 48 months of age as the number of doses of type 2 polio-
related vaccine received decreased. The seroprevalence of type 2
polio-specific neutralizing antibody decreased to 35.8% and 73.5% at
24 months of age in the sIPV-bOPV-bOPV and cIPV-bOPV-bOPV
groups who received only one dose of type 2 polio-related vaccine. In
the sIPV-sIPV-bOPV and cIPV-cIV-bOPV groups who received two
doses of type 2 polio-related vaccine, the antibody positive rates
decreased to 84.6% and 89.9% at 24 months of age. In the sIPV-sIPV-
tOPV and cIPV-cIPV-tOPV groups vaccinated with three doses of
type 2 polio-related vaccine, antibody positive rates were 100% and
99.4% at 24 months of age, respectively, and remained high at
24–48 months of age. In this clinical trial, a booster dose of IPV was
administered to individuals who tested negative for polio neutralizing
antibodies at 24, 36, and 48 months of age. The number of partici-
pants receiving a booster IPV dose in each group, as shown in
Supplement Table 1, was in the order of
IPV–bOPV–bOPV > IPV–IPV–bOPV > IPV–IPV–tOPV, which also
reflected the immune persistence of each immunization schedule.

The clinical trial data suggest that vaccination with one dose of IPV
does not provide long-term persistent immunity specific to type 2 polio-
virus, and it is recommended that infants who have previously received one
dose of IPV plus two doses of bOPV need to be vaccinated early with a
vaccine containing type 2 poliovirus before 48 months of age. The clinical
trial data also suggest that vaccination with two doses of IPV is more
effective than a single dose of IPV for long-term persistence. Three doses of
vaccine containing the type 2 polio component is optimal and will be
progressively achieved as IPV production increases to address the lack of
persistence of type 2 polio antibody in the population.

The clinical trial data revealed that the positive rate of type 2 polio
antibody in the group vaccinated with one dose of cIPV (cIPV-bOPV-
bOPV) was higher than that in the group vaccinated with one dose of sIPV
(sIPV -bOPV-bOPV) during the period of 24–48 months, which may be
caused by the difference in immunogenicity between the Salk and Sabin
strains16,17. When two doses of IPV were administered, the difference in
positive rates due to different types of IPV was eliminated.

After the switch of immunization strategy in 2016, the number of
circulating vaccine-derived poliovirus type 2 (cVDPV2) cases has increased,
triggering a public health emergency of international concern18–21. There are
several reasons for this, including factors such as insufficient IPV produc-
tion capacity, backward economic development, imperfectmedical systems,
religious beliefs, an IPV shortage, and low immunization coverage in some
parts of the world22,23. Sequential immunization schedules, including IPV,
cannot be established in many countries after the cessation of tOPV,
resulting in a decline in population immunity against poliovirus24,25. Clinical
studies have shown that a sequential immunization schedule of one dose of
IPV plus two doses of bOPV is not sufficient to induce high level and long-
lasting immune persistence of polio type 2-specific antibody.

In response to the high cost and shortage of IPV, some developing
countries administer a fractional dose of IPV (fIPV)26,27. Studies have shown
that twodoses of fIPV induce the same antibodypositive rate as twodosesof
full-dose IPV 1 month after vaccination, and that the slope of neutralizing
antibody decay appears to be similar between the study groups28. Therefore,
vaccination with fIPV is an effective method in the absence of IPV.

Despite the ongoing decline in the number of cVDPV2, the risk of
international spread of cVDPV2 remains high29. The long distance inter-
national spread of VDPV2 between Jerusalem, London, New York, and
Montreal has revealed a new risk phenomenon, namely, the evolution of
vaccine-derived polioviruses in under-immunized pockets of the popula-
tion who lack intestinal mucosal immunity in IPV-using countries29–31.
Andino et al. constructed a novel live attenuated polio vaccine (nOPV),
which not only succeededOPV in rapidly stimulating the intestinalmucosal
immunity of the population against polio, but also improved the genetic
stability of the attenuated Sabin strain and reduced the possibility of reco-
vering neurotoxicity, thus minimizing the risk of producing cVDPVs32,33.
nOPV was authorized for outbreak response use under a World Health
Organization Emergency Use Listing34. However, nOPV2 surveillance
should continue for the duration of the Emergency Use Listing35.

The global effort to eradicate polio has made significant progress over
the years, but continued vigilance and investment in immunization pro-
grams are needed to achieve the ultimate goal of a polio-free world.

Methods
Phase III clinical trial
This open-label, descriptive, single-centered, uncontrolled, extension study
was conducted between 2015 and 2016 on selected individuals who had
participated in a previous randomized, parallel-controlled trial (Clinical-
Trials.gov number:NCT03614702) inGuangxi Province, China. Thedesign
of the previous randomized, parallel-controlled study has already been
described in detail. Briefly, the eligible infants were randomized to receive
one of six different sequential polio immunization schedules (sIPV-bOPV-
bOPV, sIPV-sIPV-bOPV, sIPV-sIPV-tOPV, cIPV-bOPV-bOPV, cIPV-
cIPV-bOPV, or cIPV-cIPV-tOPV; 200 participants per group). The three
vaccine doses were administered at the ages of 2, 3, and 4 months old,
respectively, and the antibody seroconversion rate was determined at
28 days after the third dose.

Immune persistence study design
This extension studybuilds on thepreviousphase III study.At the ages of 24,
36, and 48 months, venous blood (2–3ml) was collected from participants
who had completed a basic three-dose polio immunization. The serumwas
separated from these blood samples and used for determining the neu-
tralizing antibody titers against poliovirus types 1, 2, and 3. The Sabin strain
are used as a challenge strain for testing of serumneutralizing antibody. The
antibody-positive rate was determined; antibody positive was defined as
having a neutralizing antibody titer of≥1:8 against type 1, type 2, and type 3
poliovirus.

After each blood collection, a decision on whether to inoculate each
participantwith IPV to enhance their immunity depended on their previous
neutralizing antibody results against poliovirus. The serum neutralizing
antibody titer was measured 28 days after IPV inoculation.

All of the above neutralizing antibody titer tests were conducted by the
National Institutes for Food and Drug Control, following the protocol
recommended by the World Health Organization.

The present trial(ClinicalTrials.gov ID: NCT03821441) laun-
ched in 2018 and completed in 2020, was 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 com-
mittee of Guangxi Zhuang Autonomous Region for Disease Control
and Prevention (approval number: GXIRB2017-0009-2) and was
conducted in accordance with the Declaration of Helsinki (revised
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2013). Informed consent was obtained in writing from the legal
guardians of all study participants.

Participants
The participants involved in the previous randomized, parallel-controlled
study inGuangxiwere recruited again. Eligible participants had completeda
full course of primary vaccination against polio (three-dose immunization)
and had a complete set of serum neutralizing antibody titer results available
from the previous study. In addition, participantswere required to be at least
24 months of age at the time of participating in the present clinical study.
The exclusion criteria were as follows: (1) history of enhanced immuniza-
tion with polio vaccine after completion of the previous clinical study; (2)
history of confirmed infection with poliovirus; (3) participation in another
study; and (4) another serious acute chronic disease or abnormality that
could significantly increase the participant’s risk or interfere with the
interpretation of our study results.

The guardians and families of the participants voluntarily
complied with the requirements of the clinical trial protocol. Parti-
cipants were permitted to voluntarily withdraw at any time during the
trial. Participants could be withdrawn from the study in cases of
failure to complete the follow-up visits, violation of or deviation from
the trial protocol, or the appearance of other abnormal symptoms
that interfered with the trial.

Study objective
The primary objective of the present studywas to evaluate the persistence of
the poliovirus-specific antibody-positive rate in participants who received
sequential immunization of IPV combined with bOPV.

Statistical analysis
The seroconversion rates for antibody against poliovirus types 1, 2, and 3
were calculated in terms of each immunization schedule at 24, 36, and
48 months. Chi-squared tests and Fisher’s exact probability tests were used
to compare the differences in seroconversion rates between groups.

The titers of antibodies against poliovirus types 1, 2, and 3 in all groups
are presented as the geometric mean titers (GMTs) and their 95% con-
fidence intervals. The differences in GMT between groups were compared
by performing an analysis of variance after logarithmic transformation of
the data. All statistical tests were considered significant at p < 0.05,
two-sided.

Reverse cumulative distribution curves were plotted for the subsets of
participants with effective antibody titers at 5 (i.e., 28 days after completion
of basic immunization with three doses of vaccine), 24, 36, and
48 months of age.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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