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ABSTRACT

In recent years, the Global Polio Eradication Initiative has gradually implemented a global shift in polio
immunization programs. Few studies cover polio immunization program impacts on the efficacy of other
vaccines. This study investigated whether polio immunization programs affected hepatitis A (HepA) and
hepatitis B (HepB) vaccination efficacy. Serum samples were collected from 968 infants before the first
dose of polio vaccine, 28 days after completing primary polio immunization, and at 24 months old. Infants
were classified into six polio immunization program groups: 1sIPV+2bOPV, 2sIPV+1bOPV, 2sIPV+1tOPV,
1cIPV+2bOPV, 2cIPV+1bOPV, and 2cIPV+1tOPV (sIPV: Sabin inactivated poliovirus vaccine; cIPV: Salk
inactivated poliovirus vaccine; b, bivalent; t, trivalent; OPV, oral polio vaccine). No significant differences
existed in antibody titers against HepA virus (anti-HAV) among the polio immunization program groups at
any of the three time points (pre-first dose [p = 0.412], 28 days after primary immunization [p = 0.676],
24 months old [p = 0.556]). Before the first dose (p = 0.178) and at age 24 months (p = 0.987), no significant
differences existed in HepB surface antibody (HBsAb) titers between the six polio immunization program
groups). Twenty-eight days after primary immunization, no significant difference existed in HBsAb titers
between groups after Bonferroni correction. Following HepA and HepB immunization, anti-HAV and
HBsAb positivity reached > 98% in all groups, reflecting effective immunization. Our data suggest that
different polio immunization programs did not affect HepA and HepB vaccine efficacy; HepA and HepB
vaccines maintained high effectiveness irrespective of polio immunization program. This trial was regis-
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1. Introduction

The Global Polio Eradication Initiative (GPEI) was officially
launched in 1988 with the goal of eradicating poliomyelitis
worldwide. Since the launch of this initiative, the number of
poliomyelitis cases caused by wild poliovirus (WPV) infection
has decreased by more than 99%. The last case of WPV type 2
(WPV2) infection was reported in India in 1999; no further cases
of WPV2 infection had been reported since that time, and the
eradication of WPV2 was announced by the GPEI in
September 2015." Wild poliovirus type 3 (WPV3) has not been
circulating globally since 2012, and after several years of addi-
tional follow-up, was officially declared eradicated by the World
Health Organization (WHO) on World Polio Day 2019.>

Oral poliovirus vaccines (OPVs) and inactivated poliovirus
vaccines (IPVs) are used worldwide to prevent the transmis-
sion of polio and have high effectiveness. In comparison with
IPVs, OPVs are more convenient to use, have lower production
costs, elicit better oral and intestinal mucosal immunity, and
are more efficacious in preventing transmission of WPVs.” In

comparison with OPVs, IPVs induce stronger humoral immu-
nity and prevent invasion of the central nervous system by
polioviruses. However, intestinal mucosal immunity induced
by IPVs is weaker because of the inability of these vaccines to
replicate in the intestine.* In addition, OPVs incur potential
risks of vaccine-associated paralytic poliomyelitis (VAPP) in
rare cases. Moreover, the live attenuated polioviruses in OPVs
may re-acquire transmissibility and neurovirulence through
prolonged replication, leading to outbreaks of circulating vac-
cine-derived poliovirus (cVDPV). Following the eradication of
WPV2 and to ultimately eradicate poliovirus, the GPEI con-
verted the trivalent OPV (tOPV) to a bivalent type 1 + 2 OPV
(bOPV) globally in April 2016.” The IPV was introduced into
routine immunization programs to diminish the risk of
reduced resistance to type 2 polioviruses because of the with-
drawal of OPV2 from immunization programs.® There are two
main types of IPVs in use: cIPV prepared from wild polio
strains and sIPV prepared from attenuated polio strains. The
Salk strain of poliovirus used to prepare cIPV is more virulent;
the viral components are obtained from African green monkey
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kidney (Vero) cells or human diploid cells, which are inacti-
vated with formaldehyde so that the viruses are not biologically
active but maintain antigenicity. The production of cIPV is
complicated by biosafety issues associated with mass produc-
tion. The attenuated Sabin strain has better safety, immuno-
genicity, and induces stronger cross-neutralization than the
Salk strain while avoiding potential hazards during prepara-
tion. Thus, the WHO recommends use of the attenuated Sabin
strain for IPV production.”

Prior to 2014, China used a full tOPV immunization pro-
gram for polio; subsequently, IPV was gradually introduced
into the national immunization program. With the successful
marketing and launch of a sIPV developed by the Institute of
Medical Biology, Chinese Academy of Medical Sciences in
2015, China’s domestic IPV production and supply capacity
has been increased; sIPV will gradually be incorporated into
the national immunization program instead of cIPV. On
May 1, 2016, China and 155 other countries simultaneously
switched their polio immunization programs to implement
sequential immunization with one dose of IPV followed by
three doses of bOPV. On January 1, 2020, the previous polio
immunization program in China was officially replaced by the
2IPV+2bOPV program. In China, primary polio immuniza-
tion is conducted at 2, 3, and 4 months of age, with a booster
immunization at 4 years of age.® During this period, the hepa-
titis B (HepB) and hepatitis A (HepA) vaccines are also admi-
nistered. China has included HepB in the national
immunization program since 1992. Infants must be vaccinated
against HepB within 24 hours of birth, at 1 month of age, and at
6 months of age.® Vaccination against HepB elicits protective
antibodies against hepatitis B surface antibody (HBsAb), and
quantitation of HBsAb levels can be used to analyze the impact
of HepB immunization. Currently, the HepA vaccines used
worldwide include inactivated vaccines (HepA-I) and live atte-
nuated vaccines (HepA-L).” Both HepA-I and HepA-L were
introduced into the Expanded Program of Immunization (EPI)
of China starting in 2008.">'! Two doses of HepA-I are admi-
nistered at 18 and 24 months of age, while only a single dose of
HepA-L is administered at 18 months of age.®

In this study, we investigated whether different sequential
polio immunization programs affected the effectiveness of
HepA and HepB vaccines. We tested serum antibodies against
HepA virus (anti-HAV) and HBsADb in a total of 968 infants
categorized into six groups of polio immunization program:
IsIPV+2bOPV, 2sIPV+1bOPV, 2sIPV+1tOPV, 1cIPV
+2bOPV, 2cIPV+1bOPV, and 2cIPV+1tOPV (sIPV: Sabin
inactivated poliovirus vaccine; cIPV: Salk inactivated polio-
virus vaccine), and performed statistical analysis on the test
results.

2. Materials and methods
2.1. Study design and participants

This was a randomized, double-blind, single-center, parallel
arm trial conducted in Guangxi Province, China, in 2015.
A total of 1200 healthy infants aged 2 months were enrolled
in the study. The inclusion criteria for the study were as
follows: written informed consent from guardians; full-term

Table 1. Group information of each immunization program.

sIPV/OPV cIPV/OPV

sequential No. of No. Of sequential No. of No. Of
immunization  enrolled analyzed immunization enrolled analyzed
programs subject  subject programs subject  subject
1sIPV+2bOPV 200 167 1cIPV+2bOPV 200 164
2sIPV+1bOPV 200 162 2cIPV+1bOPV 200 154
2sIPV+1tOPV 200 159 2cIPV+1tOPV 200 162

sIPV: Sabin inactivated poliovirus vaccine; cIPV: Salk inactivated poliovirus vaccine;
bOPV: bivalent type 1 + 2 oral poliovirus vaccine; tOPV: trivalent oral poliovirus
vaccine.

birth (37 to 42 weeks gestation); birth weight more than
2500 g; normal axillary temperature; no history of immuniza-
tion (except HepB vaccine) after birth; no history of other live
vaccines 28 days before the start of the trial; and no history of
inactivated vaccines 14 days before the start of the trial.
Infants with any factors that could potentially interfere with
assessment of the postvaccination immune response or with
a history of allergies to vaccine components were excluded.
Other eligibility criteria were consistent with those typically
used in clinical studies of vaccines. The 1200 infants were
randomly divided into six groups (N = 200 per group; group-
ing information is shown in Table 1). Blood samples were
collected before the first dose of polio vaccine, 28 days after
primary polio immunization, and at 24 months of age.
Because of the long study duration, some participants were
lost to follow up, and the actual number of participants
included in the final analysis was 968. The efficacy of HepA
immunization was assessed via levels of anti-HAV antibodies.
According to previous studies,>”'* the threshold value of
anti-HAV antibody associated with protection is 20 interna-
tional units (IU/L). The efficacy of HepB immunization was
assessed via levels of HBsAb. Levels of more than 10 IU/L of
HBsAb are effective in preventing HepB virus (HBV)
infection.

2.2. Randomization and blinding

The study had a randomized, double-blind, parallel design. The
original label of each vaccine was covered with a study-specific
sequential number. Participants were randomized by drawing
scratch cards containing individual study numbers; each study
number reflected three vaccine numbers from each group to be
administered to each participant. The investigator was respon-
sible for recording the study number and vaccine number on
the Original Notebook and Vaccination Card; vaccination
group staff were responsible for administering vaccines accord-
ing to these numbers. A new Vaccination Card was used for
each vaccination. Used Vaccination Cards were kept by vacci-
nation group staff so that they were unavailable to other
investigators.

2.3. Vaccination

Subjects received the first, second, and third polio vaccines at
2, 3, and 4 months of age according to the predefined polio
immunization programs (sIPV-bOPV-bOPV, sIPV-sIPV-
bOPV, sIPV-sIPV-tOPV, cIPV-bOPV-bOPV, cIPV-cIPV-
bOPV, or cIPV-cIPV-tOPV; polio vaccines information can
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Figure 1. Vaccination procedures used in this study. PV: polio vaccine; HepB: hepatitis B vaccine; HepA-L: live attenuated hepatitis A vaccine.

be found in Table S1). HepB vaccines were administered at 0,
1, and 6 months of age and HepA-L vaccine was administered
at 18 months of age according to the Chinese EPI. The
vaccination programs used in this study are illustrated in
Figure 1.

The vaccines used in this study were approved for routine
use by Chinese national regulatory authorities and were admi-
nistered via injection the deltoid muscle by a qualified nurse
according to the package insert of each individual vaccine.

2.4. Detection methods

Both HBsAD and anti-HAV were quantitated using electroche-
miluminescence kits from Roche Diagnostics GmbH
(Mannheim, Germany). The lot number for Anti-HBSH
assay kit was 47336501 and the lot numbers for the Anti-
HAYV assay kits were 47932801 and 46607001. Antibody levels
were determined using a Roche Diagnostics Cobas e411 auto-
matic electrochemiluminescence analyzer and expressed in
IU/L.

2.5. Statistical analysis

Following study completion, the database was locked and data
analysis was performed. Based on prior studies, anti-HAV
antibody levels > 20 IU/L and HBsAb levels >10IU/L are
regarded as positive results of HAV and HBV vaccination,
respectively. The Kruskal-Wallis H test was used to compare
height, weight, and antibody levels between groups. P values
were corrected using the Bonferroni method. Pearson’s chi-
square test was used to assess differences between groups in
sex, race, and antibody positivity rates. Two-sided values of
p < 0.05 were considered statistically significant. All data were
analyzed using IBM SPSS Statistics 21 (IBM, Armonk, NY,
USA). All figures were prepared using GraphPad Prism 8.0
(GraphPad, San Diego, CA, USA).

Table 2. Demographic characteristics of participants.

3. Results
3.1. Baseline participant characteristics

In 2016, 1200 healthy infants were enrolled in the study at
2 months of age in Liuzhou city, Guangxi Province, China after
assessing eligibility. Participants were immunized with polio,
HepA, and HepB vaccines according to the study protocol.
A total of 232 participants were lost to follow up by the time
the third blood sample was obtained at 24 months of age. Thus,
968 serially obtained sets of blood samples were analyzed.
There were no significant differences among groups in terms
of sex, race, height, and weight (Table 2).

3.2. Impact of polio immunization programs on HepA
vaccine efficacy

Based on the Chinese EPI, a single dose of HepA-L is adminis-
tered at 18 months of age and two dose of HepA-I are adminis-
tered at 18 and 24 months of age. Participants in this study were
inoculated with HepA-L at 18 months of age. Anti-HAV anti-
body titers in infants are shown in Table 3 and Figure S1. The
mean anti-HAV antibody level before polio vaccination
(2 months of age) was 1863.01 IU/L, with a mean positivity
rate of 76.47%. At 2 months of age, there were no significant
differences in antibody positivity rates (p = 0.834) and antibody
levels(p = 0.412) among the six groups. Twenty-eight days after
completing primary polio immunization (5 months of age), anti-
HAYV antibody levels had decreased to a mean of 450.97 IU/L
with a positivity rate of 74.63%. At 5 months of age, there were
no significant differences in antibody positivity rates (p = 0.612)
and antibody levels among the six groups (p = 0.676). After
completion of HepA vaccination at 24 months of age, the
mean anti-HAV antibody level was 591.65 IU/L, with
a positivity rate of 99.47%. At 24 months of age, there were no
significant differences in antibody positivity rates (p = 0.134) and
antibody levels among the six groups (p = 0.556).

1sIPV+2bOPV 2sIPV+1bOPV 2sIPV+1tOPV 1cIPV+2bOPV 2clPV+1bOPV 2cIPV+1tOPV
(n=167) (n=162) (n =159) (n =164) (n =154) (n=162) P value
Sex, n (%) Male 94(56.29%) 88(54.32%) 81(50.94%) 80(48.78%) 89(57.79%) 83(51.23%) 0.567%
Female 73(43.71%) 74(45.68%) 78(49.06%) 84(51.22%) 65(42.21%) 79(48.77%)
Race, n (%) Han 58(34.73%) 40(24.69%) 45 (28.30%) 51(31.10%) 53(34.42%) 55(33.95%) 0.297%
Minorities 109(65.27%) 122(75.31%) 114(71.70%) 113(68.90%) 101(65.58%) 107(66.05%)
Height, cm Average 59.66(59.32-60.01) 59.59(59.27-59.92) 59.79(59.46-60.11) 59.43(59.12-59.75) 59.60(59.26-59.94) 59.47(59.12-59.82) 0.583"
(95%Cl)
Weight, kg Average 5.81(5.70-5.93) 5.73(5.63-5.82) 5.76(5.64-5.89) 5.68(5.59-5.79) 5.72(5.62-5.83) 565(5.55-5.76)  0.483°
(95%CI)

a. Statistics using Pearson’s chi-square test.
b. Statistics using Kruskal-Wallis H test.
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Table 3. Immunization effect of hepatitis A vaccine.

1sIPV+2bOPV 2sIPV+1bOPV 2sIPV+1tOPV 1clPV+2bOPV 2cIPV+1bOPV 2cIPV+1tOPV
(n =167) (n=162) (n =159) (n = 164) (n =154) (n=162) P value
Before polio vaccination (2 months of age)
Positive rate (%) 76.65% 74.69% 75.47% 78.05% 79.87% 74.07% 0.834°
Mean value (1U/L) 1971.72 1944.02 1517.44 1910.46 1941.59 1886.39 0.412°
28 days after primary polio vaccination (5 months of age)
Positive rate (%) 73.65% 75.93% 76.73% 71.34% 78.57% 71.60% 0.612°
Mean value (1U/L) 506.90 471.14 402.11 43237 468.34 42339 0.676°
24 months of age
Positive rate (%) 100% 100% 99.37% 98.78% 98.05% 100% 0.134°
Mean value (IU/L) 577.75 565.86 608.75 666.94 564.45 564.61 0.556°
a. Antibody positive rate using Pearson’s chi-square test.
b. Antibody concentration using Kruskal-Wallis H test.
Table 4. Immunization effect of hepatitis B vaccine.
1sIPV+2bOPV 2sIPV+1bOPV 2sIPV+1tOPV 1cIPV+2bOPV 2cIPV+1bOPV 2cIPV+1tOPV
(n=167) (n=162) (n =159) (n =164) (n =154) (n=162) P value
Before polio vaccination (2 months of age)
Positive rate (%) 97.01% 97.53% 96.23% 93.90% 96.75% 97.53% 0.484°
Mean value (IU/L) 822.88 1072.51 949.53 1016.19 807.91 754.46 0.178°
28 days after primary polio vaccination (5 months of age)
Positive rate (%) 100% 99.38% 99.37% 100% 98.70% 100% 0.378°
Mean value (IU/L) 1255.78 1684.97 1510.83 1574.95 1160.94 1405.83 0.048°
24 months of age
Positive rate (%) 87.43% 86.42% 84.28% 85.98% 88.31% 86.42% 0.938°
Mean value (IU/L) 642.95 618.34 613.05 771.81 990.13 624.18 0.987°

a. Antibody positive rate using Pearson’s chi-square test.
b. Antibody concentration using Kruskal-Wallis H test.

3.3. Impact of polio immunization programs on HepB
vaccine efficacy

The HepB immunization program in China consists of three
doses at 0, 1, and 6 months of age. HBsAb levels in participants
are presented in Table 4 and Figure S2. Prior to polio vaccine
administration (2 months of age), the mean HBsAb levels was
904.38 TU/L, with a positivity rate of 96.36% (note that two doses
of HepB vaccine had been administered by this time). At
2 months of age, there were no significant differences in antibody
positivity rates (p = 0.484) and antibody levels (p = 0.178) among
the six groups. Twenty-eight days after completing primary polio
immunization at age 5 months, the mean level of HBsAb was
1428.42 TU/L, with a positivity rate of 99.58%. At 5 months of age,
there were no significant differences in antibody positivity rates
(p = 0.378) among the six groups. A borderline significant dif-
ference in antibody levels among the six groups was detected
using the Kruskal-Wallis H-test (p = 0.048); however, following
a post hoc two-by-two paired comparison using the Bonferroni
method to correct the significance level, this difference fell below
the threshold for statistical significance (Table S2). The third dose
of HepB vaccine is completed at 6 months of age; at 24 months of
age, the mean level of HBsAb was 707.84 IU/L, with a positivity
rate of 86.47%. At 24 months of age, there were no significant
differences in antibody positivity rates (p = 0.938) and antibody
levels (p = 0.987) among the six groups.

4. Discussion

In 2016, China switched polio immunization strategies by discon-
tinuing the use of tOPV and introducing bOPV as an alternative,
with a sequential immunization program of 1 dose of IPV + 3

doses of bOPV. The IPV-bOPV sequential immunization pro-
gram and the full tOPV program induced similar antibody posi-
tivity rates, while the IPV-bOPV sequential immunization
program induced higher antibody levels than full tOPV
immunization."”” Compared with the full OPV immunization
program, sequential IPV-OPV program may reduce risks of
VAPPs without affecting vaccination coverage, safety, or humoral
responses.'® Levels of the protective antibodies against type 1 and
type 3 polioviruses produced by sequential immunization pro-
grams are not lower than those induced by the all-IPV
program.'”'® Furthermore, administration of one or two doses
of bOPV after IPV can enhance intestinal immunity against type 2
poliovirus, with a cross-protective effect.'”

Currently, both HepA-I and HepA-L are used in China. The
high efficacy and long-term duration of immunity of both vac-
cines have been demonstrated in previous studies.” The partici-
pants in our study were vaccinated against HepA with HepA-L.
High levels of maternal antibodies against HepA in infants may
result in lower immunogenicity of the vaccine and reduce vac-
cine-associated protection; thus, HepA vaccines must be admi-
nistered after maternal antibody levels have decreased.”® Anti-
HAYV antibody levels and positivity rates are high in newborn
infants because of the existence of maternal antibodies,”' remain
high at 6 months of age, and then decline by 12 months of
consistent with the results of our study. In our study,
anti-HAV antibody levels were maintained at a high level at
2 months of age because of the presence of maternal antibodies.
The levels of anti-HAV antibodies decreased as maternal anti-
body levels waned, while the antibody positivity rate remained
stable around 75%. After completing the full course of HepA
vaccination at 24 months of age, levels of anti-HAV antibodies in



participants had increased and the positivity rate increased to
approximately 99%. A study by Liu et al. showed that antibody
positivity rates could reach more than 96.8% 6 months after
HepA-L vaccination and 98% 6 months after two doses of
HepA-L.** A study by J Luo et al. showed that antibody positivity
could reach more than 98% 28 days after HepA-L or HepA-I
vaccination.” Our results suggested that HepA vaccines may
achieve better results after administration of polio vaccines fol-
lowing different sequential immunization programs. Different
IPV-OPV sequential programs do not appear to impact the
efficacy of HepA vaccines.

In our study, we found that infants had the highest HBsAb
antibody levels and antibody positivity rates 28 days after the
completion of primary polio immunization, when two doses
of HepB vaccine had already been administered. This result
demonstrates the efficacy HepB vaccination. At 24 months of
age, one and a half years following completion of whole-
course HepB vaccination, the HBsAb positivity rate and
HBsAD levels dropped to 86.47% and 707.84 IU /L, respec-
tively, consistent with the findings of Wang et al.*® This study
also showed that high levels of maternal HBsAb in infants did
not suppress the long-term immunogenicity of HepB vaccine.
Studies have also shown that even though HBsAb antibodies
decrease over time after infants have been vaccinated with the
HepB vaccine, protection can last until adolescence.”®?’
According to recently published data, China still has the
highest numbers of HBV infections in the world.*® To effec-
tively prevent HepB, adolescents and adults need to be immu-
nized with a booster vaccine to ensure that there are sufficient
levels of circulating protective antibodies against HepB. No
significant differences in HBsAD levels were observed among
the six groups 28 days after primary polio immunization in
this study. The lower mean HBsAb levels in the 2cIPV
+1bOPV group may have been caused by low levels of anti-
bodies produced by a few participants. Thus, we conclude
that different IPV-OPV sequential immunization programs
did not affect the efficacy of HepB vaccines; irrespective of the
polio immunization program, HepB vaccination induced
a strong and protective immune response, with antibody
positivity rates of about 99%.

Because of the higher antibody protective rates and lower
likelihood of VAPP associated with two doses of IPV compared
with a single dose of IPV, China officially replaced its polio
immunization strategy with a 2IPV+2bOPV program on
January 1, 2020. In our study, we assessed whether 2IPV
+1bOPV impacted HepA and HepB vaccine efficacy compared
with other polio immunization programs. We found no sig-
nificant differences in HepA and HepB vaccine efficacy
between participants receiving 2IPV+1bOPV and other polio
immunization programs, suggesting that the switch to 2IPV+
1bOPV in the Chinese polio immunization strategy is unlikely
to affect HepA and HepB vaccine efficacy.

Our study had several limitations. First, all participants
included in the trial were selected from Liuzhou city, China,
and thus the results may not be representative of the country as
a whole. Second, we lacked a tOPV full immunization group as
a control to assess whether the IPV-OPV sequential immuni-
zation program would have impacted the efficacy of HepA and
HepB vaccines compared with full tOPV vaccination. Third,
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HepA and HepB vaccines administered to all participants were
provided by the national immunization program; however,
vaccines produced by different manufacturers may show dif-
ferent results. Because the participants we enrolled were con-
centrated in Liuzhou city, Guangxi Province, HepA and HepB
vaccines came from one or two manufacturers. In addition,
serum collection at 2, 5, and 24 months were designed to
monitor polio immunization efficacy according to previous
studies; our study was a follow-up to the work of Ting Zhao
et al.” These serum collection points were not the optimal time
points (1 month after immunization) to monitor HepB and
HepA vaccination efficacy. In subsequent studies, the sample
size should be expanded, and populations from different
regions should be selected for comparative analyses to assess
whether regional differences would produce different results.
In addition, studies of the impact of different polio vaccination
programs on the efficacy of vaccines administered within
a short period of polio vaccines, such as the measles-rubella
vaccine, and Japanese B encephalitis vaccine, should be
conducted.

In conclusion, our study showed that sequential IPV-OPV
immunization (1IPV+2bOPV, 2IPV+1bOPV, and 2IPV
+1tOPV) and sIPV/cIPV immunization did not impact the
efficacy of HepA and HepB vaccine. Our results may be helpful
for the preparation of combined polio and HepA or HepB
vaccination strategies. Considering the urgent need to com-
plete poliovirus eradication and the biosafety issues involved in
the manufacturing of cIPV, switching of polio vaccination
programs should be implemented gradually according to
WHO recommendations.
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