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Despite the high coverage of pertussis vaccines in high-income countries, pertussis resurgence has been reported in recent years, and has stimulated interest in the effects of vaccines and vaccination strategies. Immunoglobulin G (IgG) antibodies against pertussis toxoid (PT), filamentous hemagglutinin (FHA), and pertactin (PRN) after immunization with four doses of co-purified or component vaccines were determined by enzyme-linked immunosorbent assay (ELISA). Serological data of PT-IgG geometric mean concentrations (GMCs) over time since vaccination were used to fit the mathematical models. A total of 953 children were included in this study; 590 participants received four doses of the component acellular vaccine and 363 participants received four doses of the co-purified acellular vaccine. The GMCs and the seropositivity rate of pertussis IgG were significantly influenced by the production methods, and the immunogenicity of the component acellular vaccine was superior to that of the co-purified acellular vaccine. The fitted mathematical models for the component acellular vaccine and the co-purified acellular vaccine were Y=91.20e-0.039x and Y=37.71x-0.493, respectively. The initial GMCs of the component acellular vaccine was higher than that of the co-purified acellular vaccine, but both were similar at 72 months after immunization. Pertussis IgG levels waned over time after four doses of acellular pertussis vaccine, regardless of whether component or co-purified vaccine was used. The development and promotion of component acellular pertussis vaccines should be accelerated in China, and booster doses of pertussis vaccine in adolescents, adults, and pregnant women should be employed.




Keywords: pertussis IgG, Acellular pertussis vaccine, healthy children, purification methods, mathematic model



Introduction

Pertussis (whooping cough) is a highly contagious respiratory infection that is caused by Bordetella pertussis (1). Although individuals in all age groups are susceptible, pertussis can be very serious and even fatal in infants. In the pre-vaccine era, pertussis epidemics peaked every 2 to 5 years, and up to 90% of household contacts and 50–80% of schoolroom contacts would be infected on exposure (2). Historical pertussis-related data in Quzhou indicates that, from 1957 to 1973, the average annual incidence was 138.69 per 100000 (40,983 pertussis cases) and the documented average annual mortality rate was 0.25 per 100000 (74 deaths) were recorded before the administration of pertussis vaccination. As pertussis is a vaccine-preventable infection, the introduction and widespread administration of the pertussis vaccine has dramatically decreased the incidence of pertussis. In China, the diphtheria–tetanus–pertussis combined vaccine (DTP), which comprised diphtheria and tetanus toxoids combined with a whole-cell pertussis vaccine (DTwP), was included in the Expanded Program of Immunization (EPI) in 1978. Subsequently, the average annual incidence decreased to 1.05 per 100000 and no death case was reported. As DTwP was produced by formalin inactivation of whole-cell pertussis organisms, a marked immune reaction was elicited and many children developed fever and 0.43% of vaccinees had febrile seizures (3). In 2008, the diphtheria, tetanus, and acellular pertussis combined vaccine (DTaP) was recommended to replace DTwP in Chinese children. The primary immunization program comprised vaccination at 3, 4, and 5 months of age, and a booster was administered at 18 months. However, no booster vaccination was available for susceptible populations including preschool children, adolescents, and pregnant women. The reported number of pertussis cases increased from 6658 in 2015 to 30,027 in 2019, and the actual number of cases was estimated to be 16.22 times higher in China (4), which has generated great concern from many experts. In England, a pertussis outbreak occurred in a junior school (ages 7–11 years) in March 2019 wherein the children had been offered a pertussis-containing booster vaccine at 40 months of age (5). In the past few years, countries with a high DTaP coverage have experienced a “pertussis resurgence” in the form of pertussis epidemics and/or local outbreaks (6, 7). This pertussis resurgence was attributed to the introduction of DTaP, which improved vaccination safety compared with DTwP (8). However, the waning of protection with DTaP appears similar to that of DTwP vaccines (9), and the main difference between DTaP and DTwP was in the pertussis component.

Owing to the pertussis resurgence, vaccine scientists are focusing on the pertussis infection and immunization, and is trying to develop more effective next-generation vaccines and vaccination strategies. Depending on the methods used for the production of acellular pertussis vaccine, the common DTaP vaccines that are used in China can be divided into two types: co-purified vaccines and component vaccines (10). Domestic manufacturers have primarily produced co-purified vaccines. As there was no separate purification of different antigen components during production, the proportion of antigens in the original solution varied according to the manufacturers and the production batches. A study (11) indicated that the co-purified pertussis vaccines that are produced in China contain not only the main antigen of purified pertussis toxoid (PT), but also include filamentous hemagglutinin (FHA), pertactin (PRN), fimbriae (FIM) 2 and 3, and other minor protein antigens. According to the Chinese pharmacopoeia, the dose of domestic co-purified pertussis vaccine was 0.5 ml per person and the titer of acellular pertussis antigens should not be less than 4.0 International Units (IU). For component vaccines, PT, FHA, PRN, and other antigens are extracted separately by column chromatography and then mixed in a precise proportion to ensure consistent quality between batches and to confer higher purity. However, the component vaccine technology is used in the production of only some imported DTaP vaccines (12). The component pertussis vaccine that is used in China comprises the diphtheria and tetanus toxoids and adsorbed acellular pertussis, inactivated poliovirus, and the Haemophilus b conjugate (tetanus toxoid conjugate) vaccine (DTaP-IPV/Hib) produced by Sanofi Pasteur, named as PENTAXIM, which comprises a 2-component acellular pertussis vaccine that contains 25 μg each of PT and FHA per 0.5 ml, and the immunization procedure is consistent with that of domestic DTaP (Table 1). Imported DTaP-IPV/Hib was used in Quzhou since 2011 although its use is limited by the high cost of the vaccine.


Table 1 | Components and properties of DTaP-IPV/Hib and DTaP in each 0.5 mL dose.



Currently, China undertakes only passive surveillance for pertussis. Therefore, it is necessary to improve surveillance to determine the disease burden and to justify vaccination policies and recommendations, such as essential vaccination, boosters, and vaccination during pregnancy (13). Immunoglobulin G (IgG) antibodies against pertussis are indicators of the effectiveness of DTP vaccines in the vaccinated population. In this study, we compared anti-pertussis IgG levels between the co-purified vaccine (domestic DTaP) and the component vaccine (DTaP-IPV/Hib) by simulating the mathematical models of waning PT antibody following inoculation with an acellular pertussis vaccine in healthy children in Quzhou city, China. This study aimed to explore the attenuation regularity of serum antibodies against pertussis, this will promote the development of new vaccines, and provide a reference as a basis for adjusting immunization strategies to control pertussis transmission.



Materials and methods


Study design and participants

Quzhou is a prefecture-level city in the Zhejiang Province in eastern China that includes two districts and four counties. This cross-sectional study was conducted at two sites (Kecheng District and Jiangshan County) between September and December 2020 in Quzhou. Children who were vaccinated with four doses of DTaP-IPV/Hib vaccine in the Kecheng district and those vaccinated with four doses of domestic DTaP vaccine in Jiangshan county were recruited when their parents took them to the health centers for regular physical examination. All participants had no history of cough in the previous year and received DTP immunization information via the Zhejiang Provincial Immunization Information System (ZJIIS). Children with any of the following conditions were excluded: paroxysmal, spastic coughing sustained for more than 2 weeks within the last year, febrile disease, respiratory disease, immunodeficiency disorder, thrombocytopenia, or any other bleeding disorder.

Eligible participants were divided into seven age groups: <2, 2, 3, 4, 5, 6, and 7–9 years. The sample size for each group was based on the following formula: n=Zα2P(1-P)/d2, where d is the tolerance error, P is the seropositivity rate of pertussis IgG, α=0.05, d=9%. The seropositivity rate after four doses of the acellular pertussis vaccine was estimated as 92%, and the minimum sample size of each group was 36, the recruitment for each age group ranged from 60 to 80. A total of 420 children in the DTaP group were recruited, and 55 of whom received only three doses of domestic DTaP vaccine, 2 of whom had no history of domestic DTaP vaccine. And 596 children in the DTaP-IPV/Hib group were recruited, 6 of whom received only three doses of DTaP-IPV/Hib vaccine. Finally, 590 eligible children in the DTaP-IPV/Hib group and 363 in the domestic DTaP group were included in this study.



Specimen collection and laboratory testing

Blood samples (2 mL venous blood) were collected from each participant, and the serum was separated and placed in a centrifuge tube with a screw cap. The serum was placed in a cryopreservation box and stored at −80°C in a freezer. IgG antibodies against pertussis were measured quantitatively using an in-house enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well ELISA plates were coated with purified PT, FHA, or PRN, and blocked with skim milk solution. WHO Human International Standard for Pertussis Antiserum (NIBSC 06/140) was used for this assay. The antibody concentration was generated using a standard curve obtained from point-to-point plotting (linear/linear) of the optical density values. The ELISA kit that used in our study is an in-house kit developed by Whuan Institute of Biological Products CO., LTD which provide reference to China National Institute for Food and Drug Control (14). Test results for pertussis antibodies (anti-PT, anti-FHA, or anti-PRN) were considered positive if their antibody concentration was ≥20 International Units per mL (IU/mL); otherwise, the test result was considered negative. Pertussis IgG antibody positivity indicates past pertussis infection, successful vaccination, or immunoglobulin-recipient status.



Curve fitting

Basic principle (15): The decay trend of vaccine antibodies mostly presents an exponential curve or power curve, in the General Model Ŷ=k+a×exp(bX) or Ŷ=k+aXb, respectively. The exponential curve occurs when the independent variable Xi changes according to the series of equal differences, and the strain Yi changes according to the series of equal differences. The power curve occurs when the independent variable Xi changes in an equal series, and Yi also changes in an equal series. Accordingly, it is possible to choose whether the fitted model is an exponential or a power curve, and the mathematical model of the measured data is obtained.

Fitting process: The time-independent variables Xi (1, 12, 24, 36, 48, 60, and 72 months) and the PT-IgG-dependent variable Yi were established using SPSS for Windows (version 16.0, SPSS Inc., USA). After selecting “Analysis”→”Regression”→”Curve estimation,” we selected Yi and Xi into the list of dependent and independent variables, respectively, and selected “Exponential,” “Power”, and remove “Linear” commands in the models. Next, we selected the “Display ANOVA table” at the bottom and clicked OK. On comparing the R value and the determining coefficient R2 of the “Exponential” model and the “Power” model, a bigger R2 indicated better model fitting.



Statistical analysis

Data were collected using Microsoft Office Excel (version 2007). The geometric mean concentration (GMC), 95% confidence interval (95% CI), and seropositivity rate (SPR) were calculated. The comparison of GMC was performed using two independent variable t-tests, and the rates was compared using the chi-square test. Statistical analyses were performed using SPSS for Windows (version 16.0; SPSS Inc., USA) and GraphPad Prism 5 statistical packages. Statistical significance was set at a two-sided p-value <0.05.




Results


Sociodemographic characteristics

A total of 953 children (512 boys and 411 girls) were included in the study, and 590 participants received with four doses of DTaP-IPV/Hib were assigned to the DTaP-IPV/Hib group whereas 363 participants received with four doses of domestic DTaP were assigned to the DTaP group. According to the difference between the sampling time and the time of the fourth dose, the 953 participants were stratified into seven age groups: 1, 12, 24, 36, 48, 60, and 72−96 months. The sample sizes among 7 various age groups were 36, 84, 121, 112, 135, 53, and 49 in the DTaP-IPV/Hib group and 45, 64, 58, 49, 72, 29, and 46, respectively, in the DTaP group. The sex ratio and mean age among 7 various age groups did not differ significantly between the DTaP-IPV/Hib and DTaP groups (p > 0.05; Table 2).


Table 2 | Comparison of basic characteristics between the two study groups.





GMCs of pertussis IgG

The GMCs of PT-IgG at 1, 12, 24, 36, 48, 60, and 72-96 months after four doses of DTaP-IPV/Hib were 98.91, 63.13, 45.46, 13.91, 10.38, 8.88, and 8.17 IU/mL, respectively, which were all higher than those quantified at the same time after four doses of domestic DTaP. The GMCs of PT-IgG after immunization in the two groups waned over time; however, the GMCs at 72–96 months after the fourth dose in the DTaP group showed a slight increase. Furthermore, the study showed that the GMCs of FHA-IgG among the seven age groups in the DTaP-IPV/Hib group were higher than those in the DTaP group. The GMCs of FHA-IgG after 12 months in the DTaP-IPV/Hib group decreased slowly, but in the DTaP group, the tendency was consistent with that of PT-IgG, which waned after immunization but increased at 72–96 months. The GMCs of PRN-IgG in the DTaP-IPV/Hib group ranged from 2.49 to 3.70 IU/mL, which showed irregularity among the seven age groups. The lowest GMCs of PRN-IgG was 15.19 IU/mL in the 24 months group whereas the highest was 49.77 IU/mL in the 1 month group, which showed a “U” trend of initial decline and subsequent increase in the DTaP group (Table 3).


Table 3 | The GMCs of pertussis IgG between the two groups.





Seropositivity rate of pertussis IgG

The seropositivity rates of anti-PT IgG at 1, 12, 24, 36, 48, 60, and 72–96 months in the DTaP-IPV/Hib group were 91.67% (33/36), 91.67% (77/84), 87.60% (106/121), 31.25% (35/112), 20% (27/135), 7.55% (4/53), and 10.20% (5/49), respectively, which initially declined slowly and then rapidly before plateauing at 60 months after immunization. The seropositivity rate of anti-PT IgG in the DTaP group was 73.33% (33/45), 37.50% (24/64), 22.41% (13/58), 8.16% (4/49), 4.17% (3/72), 6.90% (2/29), and 8.70% (4/46), which were lower in the 60 months following immunization than those at the same time in the DTaP-IPV/Hib group; thereafter, the seropositivity rate was similar in the two groups. The seropositivity rate of anti-FHA IgG after four doses of DTaP-IPV/Hib ranged from 77.55% (38/49) in the 72–96 months group to 94.44% (34/36) in the 1 month group, which showed a slow downward trend. However, in the DTaP group, the rate of anti-FHA IgG ranged from 22.22% (16/72) in the 48-months group to 82.22% (37/45) in the 1 month group, which was considerably lower than that in the DTaP-IPV/Hib group. The seropositivity rate of anti-PRN IgG ranged from 37.50% (27/72) to 80.00% (36/45) in the DTaP group, and the rates among the seven age groups were close to 0 in the DTaP-IPV/Hib group (Figure 1).




Figure 1 | Seropositivity rate of pertussis IgG between the two groups.





Mathematical models of waning anti-PT IgG

On comparing the determining coefficient R2, the exponential curve was better than the power curve for anti-PT IgG in the DTaP-IPV/Hib group, conversely, the power curve was superior to the exponential curve for anti-PT IgG in the DTaP group (Table 4). Therefore, the fitted mathematical model of waning anti-PT IgG for the DTaP-IPV/Hib group was Y=91.20e-0.039x (R2 = 0.914, F = 53.32, P = 0.001), and the fitted model for the DTaP group was Y=37.71x-0.493 (R2 = 0.918, F = 56.00, P = 0.001). Figure 2 shows the waning trend of anti-PT IgG in the two groups, the initial GMCs after immunization of the DTaP-IPV/Hib group were higher than those of the DTaP group, whereas the GMCs of the DTaP-IPV/Hib group decreased rapidly, and the GMCs of the two groups were similar at 72 months.


Table 4 | The model summary and parametric estimates of anti-PT IgG for the two groups.






Figure 2 | The curve fit of waning anti-PT IgG for the two groups.






Discussion

Pertussis resurgence has become an international public health concern and has a complex multifactorial causation, including the fact that natural infections produced limited immunity, the definitions of surveillance cases varied country-wise, occurrence of atypical symptoms, limited laboratory diagnostic ability, vaccination coverage, attenuated vaccine protection, and so on. Our study mainly focused on the impact of the vaccine on pertussis resurgence. Despite the DTaP coverage was over 90% in China, the number of reported pertussis cases has steadily increased in recent years. A large pertussis outbreak occurred in a primary school with a high vaccination coverage in Tianjin (16). Therefore, two vaccine-related issues must be considered: the composition of the vaccine and the immunization schedule.

Evidence suggests that a pertussis vaccination confers short-term disease protection, although this protection wanes rapidly with acellular pertussis vaccines (17). Our research showed that the GMCs and the seropositivity rates of PT-IgG and FHA-IgG waned over time even after four doses of DTaP-IPV/Hib, but the levels were all higher than those quantified at the same timepoints in the DTaP group. The main difference of acellular pertussis antigens between DTaP-IPV/Hib and DTaP was the production method; DTaP-IPV/Hib is a component vaccine, whereas DTaP is a co-purified vaccine. The number of bioactive proteins in component acellular pertussis vaccines is generally higher than that in co-purified vaccines (18). Furthermore, co-purified acellular vaccines that are used in China induce lower levels of anti-pertussis toxin IgG than separately purified acellular vaccines (19), and previous studies suggested that separately purified acellular pertussis vaccines were used in the national immunization program. On the other hand, the fact that DTaP-IPV/Hib (PENTAXIM) has two more pathogenic “valencies” (IPV, HIB) cannot be ignored, whether this should affect the antibody levels remains to be further studied. The GMCs and the seropositivity rate of PT-IgG and FHA-IgG increased at 72–96 months after the last dose in the DTaP group, possibly because children born between 2010 and 2012 had natural infection that caused by low immunity; moreover, it is possible that the information system was not established very well before 2012, and some children who vaccinated with DTwP were incorrectly recorded as DTaP. Thus, although the GMCs of PT-IgG and FHA-IgG after immunization with four doses of DTaP-IPV/Hib were higher than those of DTaP under the same conditions, the imported DTaP-IPV/Hib that was used in China was a 2-component acellular pertussis vaccine that contained only PT and FHA, lack of PRN. The GMCs of PRN-IgG in the DTaP group showed up-down-up, which may be related to the unbalance of pertussis components in the co-purified process. PRN is a common acellular vaccine antigen, and the number of PRN-deficient B. pertussis isolates has progressively increased in countries where acellular pertussis vaccines are used, including in France, Italy, Japan, and the United States (20). Moreover, the proportion of PRN-negative B. pertussis that was isolated in any country positively correlated with the time that had elapsed since the transition from whole-cell to acellular pertussis vaccine (21). Vaccine-induced immunity exerts selection pressure on B. pertussis, which leads to antigenic drift and loss of expression of vaccine antigens (22). Thus, PRN-deficient strains would provide useful information to facilitate the current search for new protective antigens and generate broader lessons for the design of improved subunit vaccines (23). Therefore, it is important for China to develop separately purified acellular pertussis vaccines that contain the PT, FHA, and PRN components and to introduce them into the EPI to reduce the prevalence and spread of pertussis.

Undervaccination with the pertussis vaccine leads to a higher risk of pertussis. Short delays in vaccine administration were considered less important if an age-appropriate number of doses was administered; however, delayed vaccination was not recommended. Even if there is some delay, it is important for children to receive all doses of the pertussis vaccine (24). In China, the current vaccination schedule of acellular pertussis vaccine includes three primary doses at a minimum starting age of 3, 4, and 5 months and a booster dose at a minimum starting age of 18 months, which is consistent with the schedule of acellular pertussis vaccination in France. Paireau and colleagues (25) compared the subsequent effect of the old and new French schedules, which includes two primary doses at 2 and 4 months of age and the first booster at 11 months of age and has only been implemented from April to May 2013; the authors reported that the new schedule increased the risk for pertussis and decreased anti-pertussis toxin IgG levels. Therefore, it is important to access enough doses. The mathematical models of waning anti-PT IgG showed that the initial GMCs after immunization of the DTaP-IPV/Hib group were higher than those of the DTaP group; however, the GMCs of the two groups were basically the same at 72 months after immunization. Our data suggest that the current schedule offour doses of acellular pertussis vaccine is inadequate in China, and it would be necessity to modify the pertussis vaccination strategy to administer booster doses for preschool children, adolescents, and pregnant women.

The waning immunity among the cohort that received the acellular pertussis vaccine was thought to drive the pertussis resurgence in the United States (26). The effectiveness of administering four doses of the pertussis vaccine during infancy decreases with the time since the fourth dose administration. However, this regimen does not protect school-aged children against pertussis (27). Consistent trends of decreasing pertussis vaccine effectiveness with increasing time since the last vaccination across three Canadian provinces indicated the need for immunization schedules and vaccine development to optimize protection for all individuals, especially adolescents and young adults who carry the greatest risk of infection (28). Students who had received the last dose of pertussis vaccine more than 4 years earlier were three times more likely to become ill than those with a booster dose less than 4 years earlier (16). Adding a booster vaccination at the age of 5–6 years may reduce the incidence and mortality of pertussis in young infants in China. The first dose of vaccination for the child is at 3 months, leading to a longer unprotected window for younger infants. Maternal immunization strategy with adult-formulated tetanus–diphtheria–pertussis vaccine (Tdap) has already been included in some countries. Research in Costa Rica showed that the introduction of booster doses of DTP and Tdap postpartum immunization has a greater effect on decreasing hospitalizations and deaths due to pertussis (29). Research in Quzhou showed that the GMC of PT-IgG antibody in umbilical cord blood was 19.12 IU/ml, and only 32.26% of newborns had a PT-IgG antibody concentration ≥30 IU/mL (30), which showed limited levels of pertussis antibodies in healthy children born from mothers. The current pertussis immunization targets in China do not include pregnant women, which results in infants receiving little pertussis antibody from the mother. Therefore, developing domestic Tdap, introducing imported Tdap, and implementing booster doses for adolescents or pregnant women are important for preventing the transmission of pertussis in China.

Our study had several limitations. First, no uniform pertussis serum antibody detection reagents and criteria can be used in China, which may lead to differences in the seropositivity rates in different studies, and it is impossible to determine recent infection or successful vaccination in individuals with high pertussis IgG antibody levels. Second, the study was cross-sectional, and the conclusions were not as persuasive as those of a cohort study; therefore, cohort research needs to be conducted to validate our findings. The participants were recruited according to their age, which led to different sample sizes after immunization among the various age groups. Third, there are more differences between DTaP-IPV/Hib (PENTAXIM) and domestic DTap except the purification method, the effects of different components on antibody levels need to be further studied.

In conclusion, the GMCs and seropositivity rate of pertussis IgG with DTaP-IPV/Hib (PENTAXIM) vaccine were significantly higher than that of domestic DTaP, which may be influenced by the production methods, and the immunogenicity of the component acellular pertussis vaccine was superior to that of the co-purified acellular vaccine. The pertussis IgG waned over time after four doses of acellular pertussis vaccine, either with a component or co-purified vaccine, and ultimately failed to protect individuals against infection. In China, development and promotion of component acellular pertussis vaccine should be accelerated, and booster doses of the pertussis vaccine in adolescents, adults, and pregnant women should be employed.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This study was approved by the Ethics Committee of Zhejiang Provincial Centers for Disease Control and Prevention (2020014) and the Ethics Committee of Quzhou Centers for Disease Control and Prevention (2019003). All participants were given a brief oral description of the aims of the study, and written informed consent was obtained from the legal guardians of the children before the enrolment.



Author contributions

ZY conceived and wrote the manuscript. CZ, XG, QF and JL collected and organized the data. TW and SW analyzed the data. ZX revised and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Innovative Talent Support Project of Zhejiang Medical and Health Science and Technology Program(2020RC140), the Clinical Research Application Project of Zhejiang Health Science and Technology program(2022KY1354).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Centers for Disease Control and Prevention. Pertussis (Whooping cough). Available at: https://www.cdc.gov/pertussis/index.html.

2. Decker, MD, and Edwards, KM. Pertussis (whooping cough). J Infect Dis (2021) 224(12 Suppl 2):S310–20. doi: 10.1093/infdis/jiaa469

3. Edwards, KM. Challenges to pertussis control. Pediatrics (2019) 144(1):e20191276. doi: 10.1542/peds.2019-1276

4. Zhang, J, Deng, J, and Yang, Y. Pertussis vaccination in Chinese children with increasing reported pertussis cases. Lancet Infect Dis (2022) 22(1):21–2. doi: 10.1016/S1473-3099(21)00752-0

5. Tessier, E, Campbell, H, Ribeiro, S, Andrews, N, Stowe, J, Nicholls, M, et al. Investigation of a pertussis outbreak and comparison of two acellular booster pertussis vaccines in a junior school in south East England, 2019. Euro Surveillance (2021) 26(12):2000244. doi: 10.2807/1560-7917.ES.2021.26.12.2000244

6. von Koenig, CHW, and Guiso, N. Global burden of pertussis: signs of hope but need for accurate data. Lancet Infect Dis (2017) 17(9):889–90. doi: 10.1016/S1473-3099(17)30357-2

7. Rumik, A, Paradowska-Stankiewicz, I, Rudowska, J, and Wiktor, A. Pertussis in Poland in 2017. Przeglad Epidemiologiczny (2019) 73(3):289–95. doi: 10.32394/pe.73.33

8. da Silva Antunes, R, Soldevila, F, Pomaznoy, M, Babor, M, Bennett, J, Tian, Y, et al. A system-view of bordetella pertussis booster vaccine responses in adults primed with whole-cell versus acellular vaccine in infancy. JCI Insight (2021) 6(7):141023. doi: 10.1172/jci.insight.141023

9. Paradowska-Stankiewicz, I, Rumik, A, Bogusz, J, Zbrzezniak, J, Rastawicki, W, Smietanska, K, et al. Duration of protection against bordetella pertussis infection elicited by whole-cell and acellular vaccine priming in polish children and adolescents. Vaccine (2021) 39(41):6067–73. doi: 10.1016/j.vaccine.2021.08.105

10. Chinese Preventive Medicine Association, Vaccine and Immunology Branch of the Chinese Preventive Medicine Association. Expert consensus on the China pertussis initiative. Zhonghua yu fang yi xue za zhi [Chinese J Prev Medicine] (2021) 55(6):709–19. doi: 10.3760/cma.j.cn112338-20210308-00186

11. Xu, Y, Tan, Y, Asokanathan, C, Zhang, S, Xing, D, and Wang, J. Characterization of co-purified acellular pertussis vaccines. Hum Vaccines Immunotherapeutics (2015) 11(2):421–7. doi: 10.4161/21645515.2014.988549

12. Wu, S, Hu, Q, Yang, C, Zhou, H, Chen, H, Zhang, Y, et al. Molecular epidemiology of bordetella pertussis and analysis of vaccine antigen genes from clinical isolates from shenzhen, China. Ann Clin Microbiol Antimicrobials (2021) 20(1):53. doi: 10.1186/s12941-021-00458-3

13. Jog, P, Memon, IA, Thisyakorn, U, Hozbor, D, Heininger, U, von Konig, CHW, et al. Pertussis in Asia: Recent country-specific data and recommendations. Vaccine (2022) 40(8):1170–9. doi: 10.1016/j.vaccine.2021.12.004

14. Chen, W, Zheng, MT, Hu, Y, Lei, NC, Bai, Y, Li, PS, et al. Detection and analysis of antibodies against pertussis toxin and filamentous hemagglutinin among healthy adults. Chin J Vaccines Immunization (2020) 26(2):169–72. doi: 10.19914/j.cjvi.2020.02.010

15. Chen, WK, and Ding, XJ. Development and application of mathematical models for predicting antibody levels after vaccination. Chin J Vaccines Immunization (2019) 25(3):269–72. doi: 10.19914/j.cjvi.2019.03.007

16. Huang, H, Gao, P, Gao, Z, Wang, L, Hao, B, Liu, Y, et al. A big pertussis outbreak in a primary school with high vaccination coverage in northern China: An evidence of the emerging of the disease in China. Vaccine (2018) 36(52):7950–5. doi: 10.1016/j.vaccine.2018.11.009

17. Wilkinson, K, Righolt, CH, Elliott, LJ, Fanella, S, and Mahmud, SM. Pertussis vaccine effectiveness and duration of protection - a systematic review and meta-analysis. Vaccine (2021) 39(23):3120–30. doi: 10.1016/j.vaccine.2021.04.032

18. Long, Z, Wei, C, Zhan, Z, Ma, X, Li, X, Li, Y, et al. Quantitative determination of bioactive proteins in diphtheria tetanus acellular pertussis (DTaP) vaccine by liquid chromatography tandem mass spectrometry. J Pharm Biomed Anal (2019) 169:30–40. doi: 10.1016/j.jpba.2019.02.029

19. Zhang, Z, Pan, J, Chen, M, Zhang, T, Li, J, and Lu, L. Seroepidemiology of pertussis in China: A population-based, cross-sectional study. Vaccine (2021) 39(12):1687–92. doi: 10.1016/j.vaccine.2021.02.032

20. Barkoff, AM, and He, Q. Molecular epidemiology of bordetella pertussis. Adv Exp Med Biol (2019) 1183:19–33. doi: 10.1007/5584_2019_402

21. Barkoff, AM, Mertsola, J, Pierard, D, Dalby, T, Hoegh, SV, Guillot, S, et al. Pertactin-deficient bordetella pertussis isolates: evidence of increased circulation in Europe, 1998 to 2015. Euro Surveillance (2019) 24(7):1700832. doi: 10.2807/1560-7917.ES.2019.24.7.1700832

22. Bouchez, V, Guillot, S, Landier, A, Armatys, N, and Matczak, S. Evolution of bordetella pertussis over a 23-year period in France, 1996 to 2018. Euro Surveillance (2021) 26(37):2001213. doi: 10.2807/1560-7917.ES.2021.26.37.2001213

23. Ma, L, Caulfield, A, Dewan, KK, and Harvill, ET. Pertactin-deficient bordetella pertussis, vaccine-driven evolution, and reemergence of pertussis. Emerging Infect Dis (2021) 27(6):1561–6. doi: 10.3201/eid2706.203850

24. Rane, MS, Rohani, P, and Halloran, ME. Association of diphtheria-tetanus-acellular pertussis vaccine timeliness and number of doses with age-specific pertussis risk in infants and young children. JAMA network Open (2021) 4(8):e2119118. doi: 10.1001/jamanetworkopen.2021.19118

25. Paireau, J, Guillot, S, Aït El Belghiti, F, Matczak, S, Trombert-Paolantoni, S, Jacomo, V, et al. Effect of change in vaccine schedule on pertussis epidemiology in France: a modelling and serological study. Lancet Infect Dis (2022) 22(2):265–73. doi: 10.1016/S1473-3099(21)00267-X

26. Winter, K, Klein, NP, Ackley, S, and Cherry, JD. Comment on "The impact of past vaccination coverage and immunity on pertussis resurgence". Sci Trans Med (2018) 10(472):eaau0548. doi: 10.1126/scitranslmed.aau0548

27. Ohfuji, S, Okada, K, Mouri, Y, Mihara, Y, Ishii, S, Miyata, A, et al. Effectiveness of four doses of pertussis vaccine during infancy diminished in elementary school age: A test-negative case-control study in Japan. Vaccine (2021) 39(1):11–7. doi: 10.1016/j.vaccine.2020.11.035

28. Savage, RD, Bell, CA, Righolt, CH, Wilkinson, K, Schwartz, KL, Chen, C, et al. A multisite study of pertussis vaccine effectiveness by time since last vaccine dose from three Canadian provinces: A Canadian immunization research network study. Vaccine (2021) 39(20):2772–9. doi: 10.1016/j.vaccine.2021.03.031

29. Avila-Agüero, ML, Camacho-Badilla, K, Ulloa-Gutierrez, R, Espinal-Tejada, C, Morice-Trejos, A, and Cherry, JD. Epidemiology of pertussis in Costa Rica and the impact of vaccination: A 58-year experience (1961-2018). Vaccine (2022) 40(2):223–8. doi: 10.1016/j.vaccine.2021.11.078

30. Yin, ZY, Zheng, CJ, Fang, CF, Gong, XY, Fang, QJ, Li, JJ, et al. A mathematical model of waning pertussis toxin antibody fit to serological data following vaccination with diphtheria, tetanus and acellular pertussis combined vaccine of healthy children in quzhou city, zhejiang province. Chin J Vaccines Immunization (2021) 27:523–7. doi: 10.19914/j.CJVI.2021091


Publisher’s note:
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Yin, Zheng, Fang, Wen, Wang, Li, Gong and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparing the pertussis antibody levels of healthy children immunized with four doses of DTap-IPV/Hib (Pentaxim) combination vaccine and DTaP vaccine in Quzhou, China

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study design and participants

          



          		

            Specimen collection and laboratory testing

          



          		

            Curve fitting

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Sociodemographic characteristics

          



          		

            GMCs of pertussis IgG

          



          		

            Seropositivity rate of pertussis IgG

          



          		

            Mathematical models of waning anti-PT IgG

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1055677-g001.jpg
‘Seropositivity rate (%)

-

‘Seropositivity rate (%)

5

Seropositivity rate (%)

H

Anti-PT igG

- DTaP-IPVIHD

= DTeP

3

o
Months after immunization

k3
&

Anti-FHA IgG

B

o
Months after immunization

8
8

Anti-PRN IgG

B

o
[ T g R

2
8





OEBPS/Images/table2.jpg
Sex (male/female) Age (years, 95% Cl)

Time since last dose (months)

DTaP-PV/Hib  DTaP DTaP-PV/Hib DTaP
f s W im0y Qe | 28Qe22) 016 | 08
2 MR 00 09 AUGI052) 3206053 06 051
u sus7 330 035 4B | 4M@042) 12 02
s ast w2 om o NGBS suERse 107 0p
s s a0 195 06 eISEm2)  aE662) | 045 06
@ 258 W10 00 roesn 96Ty 0 0n

7296 25721 w9 oS 045 SIS SWEIS0) 086 03





OEBPS/Images/table4.jpg
Model Summary. Parametric Estimates

Equation
R Square F Constant b1
DTaPPV/HID
Pover o ™y o009 0615
Exponcaial osna s o1 9120 003
orap
Fower oons 0w i -0a3
Exponcnial osn0 s 295 -0027






OEBPS/Images/table3.jpg
DTaP-PV/Hib (n=590) OTa (ne-
Time since last dose P (n=363)

(months) No.ofsub-  GMC(U/mL,95%  No.ofsub-  GMC (IU/mL, 95%.

jects (<) jects (<))

' K 9891 (6825-14330) - S Q9 426 <0001
2 “ 6313 (53857400 C BR0IE17 | 90 <00
2 m 4546 (40.10-5159) s 151005106 | 1043 <0000
36 n2 1391 (197-16.16) K 583 (124-802) 559 <0001
s 15 1038 0041191 » 447 (74530 727 <o00n
@ B » 126 2.63-639) 292 oo
7296 » 6 457 091-622) 295 o001
FHAI9G

' 3% 14930 (10590-210.30) 5 6621 (44719500 | 307 o003
2 s 5832 (1878-69.70) o 869 (1942397) 493 <0001
2 It 5346 (14.45-6128) Bl U8 03072400 | 647 <000
36 n 4843 (39:40-59.52) w 1027 6351660 | 595 <0001
s s 4822 (1093-56.80) » S50(65S10)  16s <000l
@ B 3176 (27.51-4392) » 761 (1761219 s <0001
72-96 . 3230 (26.18-3985) 16 s -1629) | 52 <000
PRN-9G

' 36 319 (256-39%) 5 4977 (32697579 1085 <0001
2 o 336 (297-381) o 2075 (1620-2667) 113 <0001
2 370 (333-413) s 1519 (11.11-2079) 1051 <0001
6 2 308 (268350 9 1701 (10572662 P
8 s 249 24-277) » 1645 (11.30-2395) <0001
@ s 235 (194292 » 246 (1354-37.25) 810 <000
729 9 288 297-350) 3 2016 (13:35-3046) 877 oo

he vl f et cch ae group beoween the DISPIPVIHD oo and the DTSP group.





OEBPS/Images/fimmu.2022.1055677_cover.jpg
’ frontiers | Frontiersin Immunology

Comparing the pertussis
antibody levels of healthy
children immunized with four
doses of DTap-IPV/Hib
(Pentaxim) combination vaccine
and DTaP vaccine in
Quzhou, China





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-1055677-g002.jpg
———

Losadd o

< o





OEBPS/Images/table1.jpg
Compor

Diphthera toxoid

Tetanus tovoid

Acella pertusss antigens

Inacivated polioviruses

Hacmophilus b conjugate (ianus toxoid
conjugate)

Accesories

DTaP-IPV/Hib (PENTAXIM)
23010

2010
2401 (including PT 25 g and FHA 25 ig)

ype 1(40 D-antign nits [DAUI) type 2 (8 DAUY: type 332
DAU)

H. nflucnzac type b (10 g tetanus toxsd 1830 g

A0 etal.

20w
20w

401U Gncluing PT, FHA, PRN, FIM 2
and3)

AOH)S 10-1Smg/mi, Thiomersal < 0191
aal





