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Abstract

:

Over 1.5 million preventable new hepatitis B infections continue to occur each year and there are an estimated 296 million people living with chronic hepatitis B infection worldwide, resulting in more than 820,000 deaths annually due to liver cirrhosis and hepatocellular carcinoma (HCC). Hepatitis B vaccination remains the cornerstone of public health policy to prevent HCC and a vital component of the global hepatitis B elimination response. The WHO has set a 90% vaccination target to achieve hepatitis B elimination by 2030; however, there is wide variability in reported birth dose coverage, with global coverage at only 42%. In this review, we outline the global trends in hepatitis B vaccination coverage and the impact of hepatitis B vaccination on HCC incidence and discuss the challenges and enabling factors for achieving WHO 2030 hepatitis B vaccination coverage targets.
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1. Introduction


Hepatitis B and its sequelae of liver cirrhosis and hepatocellular carcinoma (HCC) are preventable by vaccination, yet the global burden of hepatitis-B-related morbidity and mortality remains unacceptably high. As of 2019, over 1.5 million preventable new infections continue to occur each year and there are an estimated 296 million people living with chronic hepatitis B infection, resulting in more than 820,000 deaths annually due to liver cirrhosis and hepatocellular carcinoma (HCC) [1]. HCC is one of the fastest increasing causes of cancer death and hepatitis B is the cause of a third of all liver cancer deaths worldwide [2,3,4]. Importantly, hepatitis-B-related HCC disproportionately affects low resource countries, accounting for two thirds of primary liver cancer cases, compared with a quarter of HCC cases in more developed countries. In light of the availability of direct acting antiviral (DAA) therapies and the global reduction in hepatitis-C-related HCC incidence and mortality [5,6], the proportion of HCC due to hepatitis B will increase.



Hepatitis B is a class I carcinogen and chronic infection carries a 10–25% lifetime risk of developing HCC, directly through integration of hepatitis B covalently closed DNA (cccDNA) into the host hepatocyte genome and activation of genes that promote cancer development; and indirectly through immune activation, leading to inflammatory hepatocellular injury, fibrogenesis and hepatocyte regeneration [7]. HCC risk is associated with persistent infection and there is typically a lag time of thirty to forty years between infection onset and HCC development [7,8,9].



Children infected by hepatitis B are more likely to develop chronic infection, with risk of chronicity determined by age at infection. The vast majority of children infected within the first 12 months of life (80–90%) develop chronic hepatitis B, compared with 20–30% when infected during early childhood and 5% in adulthood [10,11]. The timing of hepatitis B transmission also determines the risk of HCC development: mother to child (vertical) transmission is associated with an increased risk of HCC compared with transmission between children and family members early in childhood (horizontal transmission) [12]. Compared with first-order children born to mothers with higher levels of viremia, the odds of developing HCC were between 48 and 86% lower in subsequent-order children born to the same HBsAg positive mothers with lower levels of viremia [13]. In this way, early vaccination against hepatitis B from the time of birth is vital for reducing transmission and subsequent persisting infection that results in oncogenesis.



First developed in the 1970s, the HBV vaccine is highly effective at preventing vertical hepatitis B transmission when the full three or four dose vaccination schedule is given at birth and in early infancy; this in turn prevents onward transmission, liver cirrhosis and HCC [10]. The hepatitis B vaccine is therefore the first cancer-preventing vaccine [12,14]. Hepatitis B vaccination remains the cornerstone of public health policy to prevent HCC and a vital component of the global hepatitis B elimination response. The WHO has set a 90% vaccination target to achieve hepatitis B elimination by 2030.



In this review, we outline the global trends in hepatitis B vaccination coverage and the current and projected impact of hepatitis B vaccination on HCC incidence. We present real-world data on HCC incidence reduction in high endemicity areas that were early adopters of universal hepatitis B vaccination programs. We also discuss the challenges and enabling factors for vaccination coverage to achieve the WHO 2030 hepatitis B elimination targets.




2. The Impact of Hepatitis B Vaccination on HCC Incidence: Real-World Data


Globally, there has been a decrease in hepatitis-B-related primary liver cancers, attributed to hepatitis B vaccination [15]. Although the impact of universal vaccination programs on HCC prevention may take some time to quantify due to the long latency of HCC development, several longitudinal studies from Asia, The Gambia and within specific hepatitis B endemic populations have already demonstrated the positive impact of universal hepatitis B vaccination on hepatitis-B-related childhood HCC incidence (Table 1, Supplementary Table S1).



2.1. Taiwan


Within Taiwan, legislation for vaccination was developed in 1984. From 1984 to 1986, hepatitis B vaccination was provided to infants born to hepatitis B surface Ag positive mothers. After 1986, universal hepatitis B vaccination was scaled up to all infants, initially with the plasma-based vaccine from 1986 to 1992, then the recombinant Hepatitis B vaccine after July 1992 [16]. Early analysis of primary liver cancer incidence and mortality data from the Taiwan National Cancer registry and National Mortality registry from 1981 to 1994 conducted by Chang et al. [16] noted a significant decrease in the incidence of HCC in children aged 6 to 14 years, with an age-adjusted RR of 0.33 for HCC development and RR of HCC-related death of 0.51 after 1990 (p < 0.001) [16].



Assessment of Taiwan’s HCC-related mortality data between 1974 and 1999, as a surrogate for incidence, was conducted by Lee et al. [17]. They observed a significant decrease in mortality in the 0–14 year age group, with 70% and 62% reduction in male and female mortality, respectively, in 1996–1999 compared with 1980–1983 [17]. The incidence rates of HCC development in all age groups born in 1984–1998 following the universal vaccination program had significant decreases in incidence rates (per 100,000 person-years) ranging 0.15–0.19 compared with 0.49–0.60 in the same age groups in 1973–1979 [18]. Follow up of these cohorts into the early 2000s continued to show significant reductions in hepatitis-B-related HCC incidence rates, and the relative risk of HCC development in the vaccinated cohort compared with the unvaccinated cohort ranged from 0.31 to 0.38 across the age groups of 6–9 years, 10–14 years and 15–19 years (p < 0.001) (Figure 1) [19].



Follow up of 3,836,988 vaccinees in the year 2000 identified 49 incident HCC cases. Moreover, one of the key risks for HCC was incomplete vaccination, defined as less than three vaccination doses received since the program’s implementation; this had a hazard ratio of 2.52 (95% CI 1.25–5.05; p = 0.0094) after adjusting for male sex and maternal HBeAg serostatus [21].



As of 2013, vaccination coverage of infants in Taiwan was very high at 98% [20], and during the period of 2003–2011, there was a significantly decrease in the proportion of HCC due to hepatitis B diagnosed in children and young adults under 29 years to less than 1%, with the majority of hepatitis-B-related HCC cases now occurring in middle-aged adults and elderly people born before the introduction of universal infant hepatitis B vaccination [20]. Notably, over the same time period between 2003–2011 (almost thirty years after the introduction of the universal Hepatitis B vaccination program in Taiwan), there has been a significant annual percentage decrease (p < 0.05) in HCC incidence rates from all causes to 16.6%, 7.9% and 2% in the age groups 0–14 years, 15–29 years, and 30–64 years, respectively [20]. More recent follow-up data to 2017 have demonstrated that the cohort aged 30 years and under, who received universal infant hepatitis B vaccination, had a 35.9% reduction in incidence of HCC compared with before the program’s implementation [22].



Collectively, these data suggest that although other factors have likely contributed to reductions in HCC incidence in Taiwan over time, hepatitis B vaccination coverage is a key driver of reduced HCC incidence and mortality.




2.2. China


In China, routine immunization of all infants was introduced early in 1992, with the first dose administered within 24 h of birth; however, the roll out of the program was not consistent through the country, with some counties not partaking until the 2000s [23,24]. The mortality from HCC was evaluated in two similar counties [28]: BinYang and LongAn, both rural counties in the Guangxi province. LongAn was host to one of the clinical trials where all newborn infants born between 1986 and 1996 were vaccinated. In contrast, BinYang, a neighboring industrial and affluent county, did not adopt universal vaccination of infants until 2002 and served as an appropriate comparison non-vaccinated group.



HCC-related mortality data from both regions were obtained from the national mortality surveillance system in 2017–2018: LongAn had a significantly higher age-adjusted rate of HCC related mortality of 53.3 per 100,000 py compared with 45.3 per 100,000 py in BinYang between 2017 and 2018 (p = 0.005). When childhood mortality within LongAn was assessed before and after the vaccination clinical trial was commenced, HCC mortality in the 20–29 year age group in 2004 among individuals who were not vaccinated at birth had a significantly higher HCC-related mortality death rate (per 100,000) of 7.9 compared with 1.4 in 2017–2018 (p = 0.018). This study highlights the decline in HCC associated with the universal immunization of newborns [23].



The Qidong Hepatitis B Intervention Study, a cluster randomized controlled trial of vaccination versus no vaccination (placebo) in 41 rural towns in the Qidong province conducted between 1985–1990 and followed up to 2013, also demonstrated a protective effect of universal hepatitis B vaccination on the development of primary liver cancer, with a hazard ratio of 0.16 in the vaccinated cohort (95% CI 0.01, 0.77, p = 0.0224) [24].




2.3. The Gambia


Similarly, the Gambian Hepatitis Intervention Study was designed as a randomized controlled step-wedge trial of infant hepatitis B vaccination to determine the impact of their national immunization program in 1986 on chronic hepatitis B prevalence. This study showed a high degree of protection against primary infection and chronic carriage rate [25,29,30,31,32]. The effect of the program on HCC prevention is expected to show statistically significant differences in HCC development from the year 2017 [26,31,33]. The outcomes are yet to be reported.




2.4. Alaska


The impact of hepatitis B vaccination on hepatitis-B-related HCC incidence has also been demonstrated in key high-risk populations within low endemicity countries. For example, an Alaskan cohort study in individuals aged less than 20 years in 2010, who received infant vaccination, showed a decline in incidence of childhood HCC to 0 cases per 100,000 population since 1999, from a peak incidence rate of 3 per 100,000 in 1984–1988, indicating the elimination of childhood HCC associated with hepatitis B by vaccination [27].





3. The Impact of Hepatitis B Vaccination on HCC Incidence-Modelling Data


The long latency period from infection in childhood to development of hepatitis-B-related HCC later in life means evidence for the impact of vaccination on HCC incidence is only now emerging. In this setting, mathematical modelling is a useful tool to provide estimates of future impact and cost-effectiveness of an intervention such as hepatitis B vaccination on HCC incidence. Early models of the impact of hepatitis B vaccination on HCC incidence in The Gambia Hepatitis Trial estimated a 91% reduction in HCC in a fully vaccinated cohort compared with those unvaccinated, under the assumption that hepatitis B accounted for 90% of attributable risk to HCC development [25]. In Japan, where the vaccination program for newborns with HBsAg-positive and HBeAg-positive mothers was implemented in 1985, modelling projected an observed decrease of 1600 HCC cases in males and 500 HCC cases in females from 2030 to 2050 [34]. Later models utilizing chronic hepatitis B prevalence and HCC incidence data from high endemicity areas (Alaska, China, The Gambia and Taiwan) in the year 2000 estimated that 90% global coverage of the primary series of three vaccination doses would prevent 84% of global hepatitis-B-related deaths from cirrhosis and hepatocellular carcinoma, and 100% vaccination coverage would prevent 95% of hepatitis-B-related deaths [35].



More recently, a global model of hepatitis B elimination conducted by Nayagam et al. [36] estimated that without a change in the status quo of vaccination programs worldwide, 25 million new cases of chronic hepatitis B infection would occur between 2015 and 2030. In contrast, scale-up of infant vaccination global coverage to 90% would avoid 4.3 million incident chronic hepatitis B infections during the same time frame and would prevent 1.1 million hepatitis-B-related deaths by 2030. Additionally, scaling up efforts to improve coverage of primary series vaccination to 90% in combination with birth dose vaccination coverage of 80% is estimated to prevent 1.5 million deaths due to liver cancer by 2030 [36].




4. Hepatitis B Vaccination: Current Recommendations and Global Coverage


4.1. Hepatitis B Vaccination Preparations and Usage


Hepatitis B vaccines are available as either recombinant monovalent formulations, or pentavalent formulations in combination with diphtheria, tetanus, pertussis, haemophilus influenzae type b and inactivated polio vaccines. The pentavalent formulations are most commonly used for the infant vaccination schedule, whereas the monovalent vaccine is used for birth doses or for adults at risk [10]. The current recommended schedule is for all infants to receive the hepatitis B vaccine within the first 24 h of life, regardless of maternal hepatitis B status or community prevalence levels, with two to three subsequent doses each given 4 weeks apart, including booster doses recommended for people who have not received the three-dose series [1].



As of 2020, WHO recommendations have extended to include the commencement of antiviral prophylaxis in the third trimester of pregnancy to reduce rates of mother-to-child transmission, in pregnant women with elevated hepatitis B DNA levels ≥ 200,000 IU/mL (≥5.3 log10 IU/mL) and the administration of hepatitis B immunoglobulin (HBIG) at birth, where available, to infants born to mothers with hepatitis B surface antigen positivity [37]. These recommendations acknowledge issues of availability and cost, and place emphasis on the importance of three-dose hepatitis B vaccination [37].



The WHO Global Health Sector Strategy on Viral Hepatitis has set the target of achieving 90% hepatitis B vaccination coverage, including birth dose, by 2030 [38]. The WHO have recommended universal childhood immunization for hepatitis B since 1991, with the Expanded Program on Immunization (EPI) supporting administration of the ‘primary series’ of three vaccinations to be delivered at 6, 10 and 14 weeks following birth [39]. The addition of the ‘birth dose’ hepatitis B vaccine to be administered within 24 h of birth was later recommended in 2004 to further reduce the risk of perinatal transmission of hepatitis B [40]. In 2012, Gavi supported the distribution of the hepatitis B pentavalent vaccine to assist in improving the coverage of the primary series of infant vaccination [41], with subsequent support for the additional monovalent hepatitis B vaccine from early 2021 [42].



Universal vaccination strategies are considered to be more effective due to the high risk of hepatitis B transmission vertically and also horizontally between children less than five years old, as targeted vaccination would not reduce transmission risk for this group [43]. This is of particular concern in high endemic regions including East Asia, the Pacific Islands and Territories, and sub-Saharan Africa, and intermediate endemicity regions such as Eastern Europe and the Mediterranean [3,44]. Moreover, assessing maternal seropositivity can be an additional challenge to timely birth dose delivery that is overcome by a universal vaccination approach [45]. Transmission in low endemicity regions, such as North America and Western Europe, occurs predominantly via sexual and percutaneous means during early adulthood [46,47] and vaccination is still effective at preventing transmission in adulthood. However, with increasing migration from high to low prevalence areas, adoption of universal hepatitis B vaccination is a logical public health measure [48,49,50].




4.2. Global Hepatitis B Vaccination Coverage


There has been a tremendous global effort to achieve high hepatitis B vaccination coverage over the last two decades. Uptake of universal Hepatitis B infant vaccination has been adopted by the 190 WHO Member States as of the end of 2020, with an estimated global coverage of 83% for the three-dose hepatitis B vaccination schedule (Figure 2), and 113 WHO Member States have implemented birth dose vaccination within the first 24 h of life [44,51].



There is wide variability in reported birth dose coverage, from as high as 84% coverage in the Western Pacific Regions to as low as 6% in the African region, and global coverage is only 42% [51] (Figure 3).



In 2015, the South-East Asian Region (SEARO) had an overall increase in three-dose hepatitis B vaccination coverage, up from 56% in 2011 to 87%. As of 2015, the majority of the SEARO countries had achieved the WHO 2030 hepatitis B vaccination target with coverage rates of >90%, with the lowest coverage reported in Myanmar and Timor-Lest (75% and 76%, respectively) [52].



The Western Pacific (WPRO) region has also achieved great success increasing hepatitis B vaccination coverage through early investment in hepatitis B vaccination by several key member states: by 2020, China had an estimated three-dose vaccination coverage of 99%, Mongolia 96% and Vietnam 94% [53]. Early data from Taiwan demonstrated a reduction in prevalence from 9.8% at the time of program implementation in 1984 to 1.3% over its first ten years [54]. Within the Pacific Region Islands and Territories, vaccination coverage in the Cook islands, Fiji, Kiribati, Samoa, Tokelau, Tonga, Tuvalu and Vanuatu has shown major improvements over time with the support of the Control of Hepatitis B Infection in the Pacific Island Countries Project for project supplies and technical support from 1994 to 1998 [55]. Coverage across the region is now greater than 85%, with only Vanuatu and the Solomon Islands achieving 75% and 73% respectively at the completion of the program [55]. However, the proportion of newborns receiving their first dose varies greatly between countries. For example, the majority of newborns in Tonga (92%) received their first dose within 48 h of birth, compared with 42.6% in Kirabati [55]. Low endemicity countries Australia and New Zealand report high rates of infant vaccination coverage (95% and 92% coverage respectively) [53]. However, there are communities within these countries with higher than background hepatitis B prevalence, such as First Nations Peoples [56,57]. The presence of these high-prevalence groups in low endemicity countries emphasizes the importance of maintaining high rates of vaccination coverage.



Similarly, in the Region of the Americas (AMR), reported hepatitis B vaccination coverage is 91% in the United States of America [53]; however, prevalence is higher among key communities including Alaskan First Nations people. In the native Alaskan population, universal infant vaccination was commenced in 1982 and birth dose from 1984 [27]; this program has achieved 93% coverage [58]. Within Latin America, hepatitis B endemicity is low to intermediate and variable between regions, with the highest prevalence in the Amazon Basin region of Brazil. Brazil introduced universal hepatitis B vaccination with birth dose in 1998; however, latest data showed a suboptimal three-dose vaccination coverage of 77% [59,60]. Colombia, similarly, introduced universal vaccination including birth dose in 1992; however, in 2016, estimates of coverage of timely birth dose were only 31% and the timing of doses were not as per the recommended schedule [61].



Within the European Region (EUR), figures from 2017 estimated 91% of infants had received three doses of the hepatitis B vaccine within 24 months of birth, an increase from 81.9% in 2009. As of 2018, hepatitis B vaccination was mandatory in ten European union nations: France, Hungary, Slovakia, Slovenia, Poland, Latvia, Italy, Bulgaria, Croatia and the Czech Republic; and recommended in the remaining countries [62]. In the United Kingdom, latest data shows 93% three-dose vaccine coverage of infants. The universal vaccination schedule was updated to include hepatitis B in 2017 [63]; however, birth dose is only offered to infants born to mothers identified to have chronic hepatitis B through the antenatal screening program, which may not identify all those at risk, presenting an ongoing public health challenge for universal coverage [64].



The Eastern Mediterranean region (EMRO), which comprises 22 countries from North Africa, the Middle East, Eastern Europe and Central Asia, also received support from Gavi for the introduction the three infant doses of vaccination, and by 2008, all but one country had implemented universal vaccination, with the final country on board in 2013. The implementation of universal birth dose was staggered in the region and was implemented in 14/22 countries by 2015. Countries with universal birth dose policies had higher numbers and proportions of health institution births, facilitating timely birth dose delivery [65].



Within the African Region (AFRO), the implementation of universal hepatitis B vaccination in sub-Saharan Africa through the EPI was from as early as 1990 in The Gambia to 2007 in Democratic Republic of Congo and Ethiopia, leading to a decrease in prevalence of hepatitis B among children and adolescents [66]. In 2020, median coverage of vaccination in sub-Saharan Africa was 82.5% [53,67]. With the EPI, most sub-Saharan African countries have implemented universal vaccination; however, only nine countries in the African region had introduced the birth dose universally by 2017. This is due to multiple barriers to delivery of birth dose in low-resource settings, including lack of funding for the monovalent birth dose by the GAVI Alliance, who initially only financially supported pentavalent doses administered later in a child’s first year [68]. In a meta-analysis evaluating the coverage of birth dose vaccination of hepatitis B in Sub-saharan Africa, there was a pooled birth dose vaccination rate of rate of 60.8%; however, this was delivered within four weeks of birth, not within 24 h [69]. Data from individual countries shows significant variation in overall dosing and timeliness. Universal vaccination in the Ivory Coast was implemented in 2000 with 80% coverage of birth dose and only 63% of the third dose; however, only 64% of the birth dose and 45% of the third dose were given within recommended timeframes [70]. In Ghana, there was no access to the birth dose, but three doses were given at 6, 10 and 14 weeks. Complete coverage of three hepatitis B vaccine doses <12 months of birth is greater than 95%; however, delays in timely vaccine delivery were reported up to a median of 4 weeks [71].





5. Cost-Effectiveness of Hepatitis B Vaccination for Prevention of HCC


Hepatitis B vaccination has also been shown to be highly cost-effective for reducing HCC incidence and deaths. Early cost-effectiveness modelling of universal hepatitis B vaccination in Israel estimated a US$690,000 health services benefit related to HCC-related costs over 45 years (1990–2035) [72]. In China, the cost-utility model of the universal vaccination program in 2016 determined a saving of US$3779.16 per quality-adjusted life years (QALY) with universal vaccination compared with non-vaccination and prevented 18,322.25 QALY due to hepatitis B-related complications. This resulted in an estimated saving of US$347,962,414.43 over the lifespan of the target cohort [73]. Using Taiwanese data, Markov modelling demonstrated that universal vaccination led to societal cost savings of NT$55,201 per year and healthcare-associated cost savings of NT$23,830 per year by reducing long term complications associated with chronic hepatitis B, including HCC [74].



Cost-effective strategies aimed at increasing birth dose vaccination coverage in low-resource settings include off-label, controlled temperature chain (CTC) storage strategies, with vaccinations able to be stored in temperatures of 40 degrees Celsius for up to 4 weeks, as well as the utilization of prefilled delivery devices. This strategy appears cost-effective, with estimated savings up to USD$1920 (1540–2140) in sub-Saharan Africa and 167 (95% CI 136–198) DALYs per 1000 births avoided [75,76,77]. CTC improved coverage of birth doses in areas requiring outreach services for their delivery, with 88% coverage of timely birth dose in a pilot study conducted in the Laos regions. However, there were issues with sustaining these practices with almost half of the facilities depleting stocks of vaccines three months after the pilot study concluded [78]. Such options could also be utilized in areas impacted by conflict, using lay health workers where trained health care workers are inaccessible [65,79]. CTC cost-effectiveness is sensitive to the costs of outreach service delivery and population prevalence: with low levels of HBsAg prevalence, the cost was $79.71 per DALY averted, whereas in central Asia and eastern Europe, the cost was $0.15 per DALY averted [80].



Prefilled, single-use syringes (Uniject) were initially developed to reduce needle stick injuries due to reusable syringes incompletely sterilized prior to repeated use. Uniject vaccination was administered by village midwives who were trained by the Indonesian Health Department to provide community-based maternal and neonatal care. This option was well received by staff and mothers as it was feasible and acceptable. Uniject devices were also cheaper than standard disposable syringes at the health center (US$6.57 compared with US$7.19 per child immunized) and reduced wastage [81,82].




6. Challenges Facing Hepatitis B Vaccination Programs


The World Health Organization’s Immunization Agenda for 2030 aims to reduce the incidence of chronic viral hepatitis B infections by 95% and the number of hepatitis-B-related deaths by 65% by 2030, through improved coverage of primary series and birth dose vaccinations [38]. However, several challenges to achieving these elimination targets must be addressed. The inadequacy of current birth dose vaccination coverage of only 42% [36,53,83] remains a major global public health challenge which is greatly impacted by many factors, including geography [84,85], socioeconomic status, parental education level [86,87], gaps in communication and cultural sensitivities [52,88], health care worker awareness [89], health facility birth rates, antenatal care uptake, lack of health service availability outside of business hours, lack of cold chain infrastructure for vaccine storage [90] and clear institutional guidelines about timing and safety of birth dose vaccination [79,91,92]. Beyond cost-effectiveness, affordability remains a key barrier to birth dose vaccination delivery in many countries and is not covered by the initial Gavi program [77].



Vaccine failure must also be considered, although the rate of vaccine non-response in children is low (<2%), supporting early administration of vaccination at birth and infancy [32,70,93,94]. Administration of a fourth vaccination dose improved efficacy in non-responders to three doses [24,93]. Even within the Taiwanese population, with impressive hepatitis B vaccination coverage rates, approximately 10% of children born to HBeAg-seropositive mothers subsequently became HBsAg carriers, emphasizing the ongoing risk of prenatal intrauterine transmission in mothers with high viral loads and the importance of both active and passive immunization at birth with birth dose and HBIg, the delivery of which has also been challenging [52,93,95,96]. Within African nations with high endemicity of HIV, coinfection has also impacted upon vaccination success [28]. Data for direct impact of hepatitis B vaccination failure is limited; however, the risk for HCC development is similar to that of non-vaccinated people [19,24].



Cultural factors impact on access to health care services in the post-partum, particularly when hepatitis B has not been made a health priority and opportunities for antenatal counselling are missed. A recognized contributing factor to general vaccination uptake is the changing perception of vaccine importance due to increased misinformation and anti-vaccination movements leading to vaccine hesitancy in more recent years [62,90,95]. Here, COVID-19 represents an opportunity for non-siloed approaches to vaccination through coupling catch-up hepatitis B vaccination with COVID-19 vaccination delivery programs and general-population-level education strategies to improve general knowledge and acceptability of vaccination.




7. Future Directions


The global Investment Framework for hepatitis B recommends building on national health systems to enable scaling up of hepatitis B elimination activities including preventive vaccination, with a focus on investing in community engagement and education of healthcare workers and the public; stakeholder engagement and ongoing scale-up of vaccination coverage, including working with pre-existing maternal health services to optimize resources for birth dose delivery [68,79,83,84,97]; reducing vaccine hesitancy [96,97]; and utilization of mobile phones to improve communication with community workers regarding home births and need for vaccination administration [68,98,99].



Support from Gavi phase three over 2021–2025 for expanding the reach of birth dose vaccination will be an exciting step toward improved affordability and access to birth dose vaccination worldwide. Utilizing some of the strategies outlined above to improve affordability and delivery effectiveness of birth dose vaccination would markedly improve birth dose vaccine access and coverage and thereby reduce chronic hepatitis B prevalence and related HCC incidence and mortality [42,77].



The adoption of and further development of cost-effective strategies, such as with CTC, prefilled uniject devices and other novel devices as they become available (e.g., Microarray patches) will be essential to increase cost-effectiveness and coverage in low resource settings [76,100].




8. Conclusions


Universal hepatitis B vaccination has now been shown to reduce HCC incidence in children and young adults. However, optimizing its global uptake and coverage remains a major challenge. Ongoing efforts spearheaded by the World Health Organization and regional special interest groups are vital to achieve 2030 WHO hepatitis B elimination targets and the hepatitis B Immunization Agenda for 2030, with the substantial impact of these successes on hepatitis-B-related HCC prevention in adults to emerge in the coming years.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vaccines10050793/s1, Table S1. Summary of studies assessing the impact of the hepatitis B vaccination schedule on HCC related outcomes.





Author Contributions


Conceptualization, J.E.F. and J.H.; writing—original draft preparation, J.E.F.; writing—review and editing, A.J.T., M.R. and J.H.; supervision, J.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organisation. Hepatitis B Fact Sheet 2021 [Updated 27 July 2021]. Available online: https://www.who.int/en/news-room/fact-sheets/detail/hepatitis-b (accessed on 16 September 2021).

	



Global Burden of Disease Liver Cancer Collaboration; Akinyemiju, T.; Abera, S.; Ahmed, M.; Alam, N.; Alemayohu, M.A.; Allen, C.; Al-Raddadi, R.; Alvis-Guzman, N.; Amoako, Y.; et al. The Burden of Primary Liver Cancer and Underlying Etiologies From 1990 to 2015 at the Global, Regional, and National Level: Results from the Global Burden of Disease Study 2015. JAMA Oncol. 2017, 3, 1683–1691. [Google Scholar] [PubMed]

	



Chang, M.H. Prevention of hepatitis B virus infection and liver cancer. In Viruses and Human Cancer; Recent Results in Cancer Research; Springer: Berlin/Heidelberg, Germany, 2014; Volume 193, pp. 75–95. [Google Scholar]

	



MacLachlan, J.H.; Cowie, B.C. Liver cancer is the fastest increasing cause of cancer death in Australians. Med. J. Aust. 2012, 197, 492–493. [Google Scholar] [CrossRef] [PubMed]

	



Maucort-Boulch, D.; de Martel, C.; Franceschi, S.; Plummer, M. Fraction and incidence of liver cancer attributable to hepatitis B and C viruses worldwide. Int. J. Cancer 2018, 142, 2471–2477. [Google Scholar] [CrossRef]

	



Lin, W.C.; Lin, Y.S.; Chang, C.W.; Chang, C.W.; Wang, T.E.; Wang, H.Y.; Chen, M.J. Impact of direct-acting antiviral therapy for hepatitis C-related hepatocellular carcinoma. PLoS ONE 2020, 15, e0233212. [Google Scholar] [CrossRef]

	



Levrero, M.; Zucman-Rossi, J. Mechanisms of HBV-induced hepatocellular carcinoma. J. Hepatol. 2016, 64 (Suppl. S1), S84–S101. [Google Scholar] [CrossRef]

	



McGlynn, K.A.; Petrick, J.L.; London, W.T. Global epidemiology of hepatocellular carcinoma: An emphasis on demographic and regional variability. Clin. Liver Dis. 2015, 19, 223–238. [Google Scholar] [CrossRef]

	



Kim, M.N.; Han, K.H.; Ahn, S.H. Prevention of hepatocellular carcinoma: Beyond hepatitis B vaccination. Semin. Oncol. 2015, 42, 316–328. [Google Scholar] [CrossRef]

	



World Health Organisation. Hepatitis B vaccines: WHO position paper–July 2017. Wkly. Epidemiol. Rec. 2017, 92, 369–392. [Google Scholar]

	



Hyams, K.C. Risks of chronicity following acute hepatitis B virus infection: A review. Clin. Infect. Dis. 1995, 20, 992–1000. [Google Scholar] [CrossRef]

	



Leroy, V.; Asselah, T. Universal hepatitis B vaccination: The only way to eliminate hepatocellular carcinoma? J. Hepatol. 2015, 63, 1303–1305. [Google Scholar] [CrossRef]

	



Shimakawa, Y.; Lemoine, M.; Bottomley, C.; Njai, H.F.; Ndow, G.; Jatta, A.; Tamba, S.; Bojang, L.; Taal, M.; Nyan, O.; et al. Birth order and risk of hepatocellular carcinoma in chronic carriers of hepatitis B virus: A case-control study in The Gambia. Liver Int. 2015, 35, 2318–2326. [Google Scholar] [CrossRef] [PubMed]

	



Anugwom, C.M.; Allaire, M.; Akbar, S.M.F.; Sultan, A.; Bollipo, S.; Mattos, A.Z.; Debes, J.D. Hepatitis B-related hepatocellular carcinoma: Surveillance strategy directed by immune-epidemiology. Hepatoma Res. 2021, 7, 23. [Google Scholar] [CrossRef] [PubMed]

	



Dasgupta, P.; Henshaw, C.; Youlden, D.R.; Clark, P.J.; Aitken, J.F.; Baade, P.D. Global Trends in Incidence Rates of Primary Adult Liver Cancers: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 171. [Google Scholar] [CrossRef] [PubMed]

	



Chang, M.H.; Chen, C.J.; Lai, M.S.; Hsu, H.M.; Wu, T.C.; Kong, M.S.; Liang, D.C.; Shau, W.Y.; Chen, D.S.; Taiwan Childhood Hepatoma Study Group. Universal hepatitis B vaccination in Taiwan and the incidence of hepatocellular carcinoma in children. N. Engl. J. Med. 1997, 336, 1855–1859. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.L.; Hsieh, K.S.; Ko, Y.C. Trends in the incidence of hepatocellular carcinoma in boys and girls in Taiwan after large-scale hepatitis B vaccination. Cancer Epidemiol. Biomark. Prev. 2003, 12, 57–59. [Google Scholar]

	



Chang, M.H.; You, S.L.; Chen, C.J.; Liu, C.J.; Lee, C.M.; Lin, S.M.; Chu, H.C.; Wu, T.C.; Yang, S.S.; Kuo, H.S.; et al. Decreased incidence of hepatocellular carcinoma in hepatitis B vaccinees: A 20-year follow-up study. J. Natl. Cancer Inst. 2009, 101, 1348–1355. [Google Scholar] [CrossRef] [PubMed]

	



Chang, M.H.; You, S.L.; Chen, C.J.; Liu, C.J.; Lai, M.W.; Wu, T.C.; Wu, S.F.; Lee, C.M.; Yang, S.S.; Chu, H.C.; et al. Long-term Effects of Hepatitis B Immunization of Infants in Preventing Liver Cancer. Gastroenterology 2016, 151, 472–480.e1. [Google Scholar] [CrossRef]

	



Hung, G.Y.; Horng, J.L.; Yen, H.J.; Lee, C.Y.; Lin, L.Y. Changing incidence patterns of hepatocellular carcinoma among age groups in Taiwan. J. Hepatol. 2015, 63, 1390–1396. [Google Scholar] [CrossRef]

	



Chien, Y.C.; Jan, C.F.; Chiang, C.J.; Kuo, H.S.; You, S.L.; Chen, C.J. Incomplete hepatitis B immunization, maternal carrier status, and increased risk of liver diseases: A 20-year cohort study of 3.8 million vaccinees. Hepatology 2014, 60, 125–132. [Google Scholar] [CrossRef]

	



Liao, S.H.; Chen, C.L.; Hsu, C.Y.; Chien, K.L.; Kao, J.H.; Chen, P.J.; Chen, T.H.H.; Chen, C.H. Long-term effectiveness of population-wide multifaceted interventions for hepatocellular carcinoma in Taiwan. J. Hepatol. 2021, 75, 132–141. [Google Scholar] [CrossRef]

	



Wang, X.Y.; Huang, J.M.; Lu, X.M.; Harrison, T.J.; Liu, H.B.; Jia, H.H.; Fang, Z.L. Changing risk factors for hepatocellular carcinoma in hyperendemic regions in the era of universal hepatitis B vaccination. Cancer Epidemiol. 2020, 67, 101775. [Google Scholar] [CrossRef] [PubMed]

	



Qu, C.; Chen, T.; Fan, C.; Zhan, Q.; Wang, Y.; Lu, J.; Lu, L.L.; Ni, Z.; Huang, F.; Yao, H.; et al. Efficacy of neonatal HBV vaccination on liver cancer and other liver diseases over 30-year follow-up of the Qidong hepatitis B intervention study: A cluster randomized controlled trial. PLoS Med. 2014, 11, e1001774. [Google Scholar] [CrossRef] [PubMed]

	



The Gambia Hepatitis Study Group. The Gambia Hepatitis Intervention Study. The Gambia Hepatitis Study Group. Cancer Res. 1987, 47, 5782–5787. [Google Scholar]

	



Viviani, S.; Carrieri, P.; Bah, E.; Hall, A.J.; Kirk, G.D.; Mendy, M.; Montesano, R.; Plymoth, A.; Sam, O.; Van der Sande, M.; et al. 20 years into the Gambia Hepatitis Intervention Study: Assessment of initial hypotheses and prospects for evaluation of protective effectiveness against liver cancer. Cancer Epidemiol. Biomark. Prev. 2008, 17, 3216–3223. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, B.J.; Bulkow, L.R.; Singleton, R.J.; Williams, J.; Snowball, M.; Homan, C.; Parkinson, A.J. Elimination of hepatocellular carcinoma and acute hepatitis B in children 25 years after a hepatitis B newborn and catch-up immunization program. Hepatology 2011, 54, 801–807. [Google Scholar] [CrossRef]

	



Howell, J.; Lemoine, M.; Thursz, M. Prevention of materno-foetal transmission of hepatitis B in sub-Saharan Africa: The evidence, current practice and future challenges. J. Viral Hepat. 2014, 21, 381–396. [Google Scholar] [CrossRef]

	



Montesano, R. Hepatitis B immunization and hepatocellular carcinoma: The Gambia Hepatitis Intervention Study. J. Med. Virol. 2002, 67, 444–446. [Google Scholar] [CrossRef]

	



Montesano, R. Preventing primary liver cancer: The HBV vaccination project in the Gambia (West Africa). Environ. Health 2011, 10 (Suppl. S1), S6. [Google Scholar] [CrossRef]

	



Bah, E.; Carrieri, M.P.; Hainaut, P.; Bah, Y.; Nyan, O.; Taal, M. 20-years of population-based cancer registration in hepatitis B and liver cancer prevention in the Gambia, West Africa. PLoS ONE 2013, 8, e75775. [Google Scholar] [CrossRef]

	



The Gambia Hepatitis Study Group. Hepatitis B vaccine in the expanded programme of immunisation: The Gambian experience. Lancet 1989, 1, 1057–1059. [Google Scholar]

	



Shimakawa, Y.; Lemoine, M.; Mendy, M.; Njai, H.F.; D’alessandro, U.; Hall, A.; Thursz, M.; Njie, R. Population-based interventions to reduce the public health burden related with hepatitis B virus infection in the gambia, west Africa. Trop. Med. Health 2014, 42 (Suppl. S2), 59–64. [Google Scholar] [CrossRef]

	



Morio, S.; Okamoto, N.; Minowa, M.; Mori, H.; Nishioka, K. Preventive effect of HB vaccination against liver cancer: An estimation by simulation. Jpn. J. Cancer Res. 1987, 78, 899–907. [Google Scholar]

	



Goldstein, S.T.; Zhou, F.; Hadler, S.C.; Bell, B.P.; Mast, E.E.; Margolis, H.S. A mathematical model to estimate global hepatitis B disease burden and vaccination impact. Int. J. Epidemiol. 2005, 34, 1329–1339. [Google Scholar] [CrossRef] [PubMed]

	



Nayagam, S.; Thursz, M.; Sicuri, E.; Conteh, L.; Wiktor, S.; Low-Beer, D.; Hallett, T.B. Requirements for global elimination of hepatitis B: A modelling study. Lancet Infect. Dis. 2016, 16, 1399–1408. [Google Scholar] [CrossRef]

	



World Health Organisation. Prevention of Mother-to-Child Transmission of Hepatitis B Virus: Guidelines on Antiviral Prophylaxis in Pregnancy; World Health Organisation: Geneva, Switzerland, 2020. [Google Scholar]

	



World Health Organisation. Immunization Agenda 2030: A Global Strategy to Leave No One Behind; World Health Organisation: Geneva, Switzerland, 2020. [Google Scholar]

	



World Health Organization. Expanded Programme on Immunization: Global Advisory Group—Part II. Wkly. Epidemiol. Record. 1991, 66, 9–12. [Google Scholar]

	



World Health Organisation. Global Hepatitis Report 2017; World Health Organisation: Geneva, Switzerland, 2017. [Google Scholar]

	



Alliance GtV. Pentavalent Vaccine Support 2020 [Updated 19 February 2020; Cited 2021]. Available online: https://www.gavi.org/types-support/vaccine-support/pentavalent (accessed on 24 October 2021).

	



Alliance GtV. Annex C: Hepatitis B Birth Dose Investment Case. In Proceedings of the Vaccine Investment Strategy Programme and Policy Committee Meeting, Geneva, Switzerland, 18–19 October 2018. [Google Scholar]

	



Van Herck, K.; Van Damme, P. Benefits of early hepatitis B immunization programs for newborns and infants. Pediatr. Infect. Dis. J. 2008, 27, 861–869. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.L.; Kao, J.H. Review article: The prevention of hepatitis B-related hepatocellular carcinoma. Aliment Pharm. Ther. 2018, 48, 5–14. [Google Scholar] [CrossRef]

	



Hu, Y.; Zhang, S.; Luo, C.; Liu, Q.; Zhou, Y.H. Gaps in the prevention of perinatal transmission of hepatitis B virus between recommendations and routine practices in a highly endemic region: A provincial population-based study in China. BMC Infect. Dis. 2012, 12, 221. [Google Scholar] [CrossRef]

	



Vryheid, R.E.; Kane, M.A.; Muller, N.; Schatz, G.C.; Bezabeh, S. Infant and adolescent hepatitis B immunization up to 1999: A global overview. Vaccine 2000, 19, 1026–1037. [Google Scholar] [CrossRef]

	



Kao, J.H. Hepatitis B vaccination and prevention of hepatocellular carcinoma. Best Pr. Res. Clin. Gastroenterol. 2015, 29, 907–917. [Google Scholar] [CrossRef]

	



Steffen, G.; Sperle, I.; Harder, T.; Sarma, N.; Beermann, S.; Thamm, R.; Bremer, V.; Zimmermann, R.; Dudareva, S. Hepatitis B vaccination coverage in Germany: Systematic review. BMC Infect. Dis. 2021, 21, 817. [Google Scholar] [CrossRef] [PubMed]

	



Mipatrini, D.; Stefanelli, P.; Severoni, S.; Rezza, G. Vaccinations in migrants and refugees: A challenge for European health systems. A Syst. Rev. Curr. Sci. Evid. Pathog. Glob. Health 2017, 111, 59–68. [Google Scholar] [CrossRef]

	



Marschall, T.; Kretzschmar, M.; Mangen, M.J.; Schalm, S. High impact of migration on the prevalence of chronic hepatitis B in the Netherlands. Eur. J. Gastroenterol. Hepatol. 2008, 20, 1214–1225. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. Immunization Coverage 2021 [Updated 15 July 2021]. Available online: https://www.who.int/news-room/fact-sheets/detail/immunization-coverage (accessed on 13 October 2021).

	



Childs, L.; Roesel, S.; Tohme, R.A. Status and progress of hepatitis B control through vaccination in the South-East Asia Region, 1992–2015. Vaccine 2018, 36, 6–14. [Google Scholar] [CrossRef]

	



World Health Organisation. Hepatitis B (HepB3) Immunization Coverage among 1-Year-Olds (%) 2021. 2021. Available online: https://www.who.int/data/maternal-newborn-child-adolescent-ageing/indicator-explorer-new/mca/hepatitis-b-(hepb3)-immunization-coverage-among-1-year-olds-(-) (accessed on 13 October 2021).

	



Chemin, I. Evaluation of a hepatitis B vaccination program in Taiwan: Impact on hepatocellular carcinoma development. Future Oncol. 2010, 6, 21–23. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, N.; Ruff, T.A.; Rana, B.J.; Leydon, J.; Locarnini, S. The effectiveness of the infant hepatitis B immunisation program in Fiji, Kiribati, Tonga and Vanuatu. Vaccine 2000, 18, 3059–3066. [Google Scholar] [CrossRef]

	



Mann, J.; Roberts, M. Modelling the epidemiology of hepatitis B in New Zealand. J. Theor. Biol. 2011, 269, 266–272. [Google Scholar] [CrossRef] [PubMed]

	



Qama, A.; Allard, N.; Cowie, B.; Davis, J.S.; Davies, J. Hepatitis B in the Northern Territory: Insights into the changing epidemiology of an ancient condition. Intern. Med. J. 2021, 51, 910–922. [Google Scholar] [CrossRef]

	



Harpaz, R.; McMahon, B.J.; Margolis, H.S.; Shapiro, C.N.; Havron, D.; Carpenter, G.; Bulkow, L.R.; Wainwright, R.B. Elimination of new chronic hepatitis B virus infections: Results of the Alaska immunization program. J. Infect. Dis. 2000, 181, 413–418. [Google Scholar] [CrossRef]

	



Ropero, A.M.; Danovaro-Holliday, M.C.; Andrus, J.K. Progress in vaccination against hepatitis B in the Americas. J. Clin. Virol. 2005, 34 (Suppl. S2), S14–S19. [Google Scholar] [CrossRef]

	



Souto, F.J. Distribution of hepatitis B infection in Brazil: The epidemiological situation at the beginning of the 21st century. Rev. Soc. Bras. Med. Trop. 2016, 49, 11–23. [Google Scholar] [CrossRef] [PubMed]

	



Choconta-Piraquive, L.A.; De la Hoz-Restrepo, F.; Sarmiento-Limas, C.A. Compliance with birth dose of Hepatitis B vaccine in high endemic and hard to reach areas in the Colombian amazon: Results from a vaccination survey. BMC Health Serv. Res. 2016, 16, 293. [Google Scholar] [CrossRef] [PubMed]

	



Bechini, A.; Boccalini, S.; Ninci, A.; Zanobini, P.; Sartor, G.; Bonaccorsi, G.; Grazzini, M.; Bonanni, P. Childhood vaccination coverage in Europe: Impact of different public health policies. Expert Rev. Vaccines 2019, 18, 693–701. [Google Scholar] [CrossRef]

	



Mandal, S. Introduction of universal infant hepatitis B immunisation in the UK- paving the way to elimination. Hum. Vaccines Immunother. 2019, 15, 440–443. [Google Scholar] [CrossRef]

	



Public Health England. Guidance on the Hepatitis B Antenatal Screening and Selective Neonatal Immunisation Pathway. 2020. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/967528/PHE_11596_Hep_B_guidance.pdf (accessed on 28 October 2021).

	



Allison, R.D.; Teleb, N.; Al Awaidy, S.; Ashmony, H.; Alexander, J.P.; Patel, M.K. Hepatitis B control among children in the Eastern Mediterranean Region of the World Health Organization. Vaccine 2016, 34, 2403–2409. [Google Scholar] [CrossRef] [PubMed]

	



Amponsah-Dacosta, E. Hepatitis B virus infection and hepatocellular carcinoma in sub-Saharan Africa: Implications for elimination of viral hepatitis by 2030? World J. Gastroenterol. 2021, 27, 6025–6038. [Google Scholar] [CrossRef] [PubMed]

	



Chang, M.S.; Nguyen, M.H. Epidemiology of hepatitis B and the role of vaccination. Best Pr. Res. Clin. Gastroenterol. 2017, 31, 239–247. [Google Scholar] [CrossRef] [PubMed]

	



Spearman, C.W.; Afihene, M.; Ally, R.; Apica, B.; Awuku, Y.; Cunha, L.; Dusheiko, G.; Gogela, N.; Kassianides, C.; Kew, M.; et al. Hepatitis B in sub-Saharan Africa: Strategies to achieve the 2030 elimination targets. Lancet Gastroenterol. Hepatol. 2017, 2, 900–909. [Google Scholar] [CrossRef]

	



Bassoum, O.; Kimura, M.; Tal Dia, A.; Lemoine, M.; Shimakawa, Y. Coverage and Timeliness of Birth Dose Vaccination in Sub-Saharan Africa: A Systematic Review and Meta-Analysis. Vaccines 2020, 8, 301. [Google Scholar] [CrossRef]

	



Magoni, M.; Ekra, K.D.; Aka, L.N.; Sita, K.S.; Kanga, K. Effectiveness of hepatitis-B vaccination in Ivory Coast: The case of the Grand Bassam health district. Ann. Trop. Med. Parasitol. 2009, 103, 519–527. [Google Scholar] [CrossRef]

	



Gram, L.; Soremekun, S.; ten Asbroek, A.; Manu, A.; O’Leary, M.; Hill, Z.; Danso, S.; Amenga-Etego, S.; Owusu-Agyei, S.; Kirkwood, B.R. Socio-economic determinants and inequities in coverage and timeliness of early childhood immunisation in rural Ghana. Trop. Med. Int. Health 2014, 19, 802–811. [Google Scholar] [CrossRef]

	



Ginsberg, G.M.; Shouval, D. Cost-benefit analysis of a nationwide neonatal inoculation programme against hepatitis B in an area of intermediate endemicity. J. Epidemiol. Community Health 1992, 46, 587–594. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Yang, Y.; Bai, Q.; Huang, Z.; Wang, Z.; Cai, D.; Li, S.; Man, X.; Shi, X. Cost-utility analysis of newborn hepatitis B immunization in Beijing. Hum. Vaccines Immunother. 2021, 17, 1196–1204. [Google Scholar] [CrossRef] [PubMed]

	



Hung, H.F.; Chen, T.H. Probabilistic cost-effectiveness analysis of the long-term effect of universal hepatitis B vaccination: An experience from Taiwan with high hepatitis B virus infection and Hepatitis B e Antigen positive prevalence. Vaccine 2009, 27, 6770–6776. [Google Scholar] [CrossRef] [PubMed]

	



Petit, D.; Tevi-Benissan, C.; Woodring, J.; Hennessey, K.; Kahn, A.L. Countries’ interest in a hepatitis B vaccine licensed for the controlled temperature chain; survey results from African and Western Pacific regions. Vaccine 2017, 35 Pt B, 6866–6871. [Google Scholar] [CrossRef]

	



Seaman, C.P.; Morgan, C.; Howell, J.; Xiao, Y.; Spearman, C.W.; Sonderup, M.; Lesi, O.; Andersson, M.I.; Hellard, M.E.; Scott, N. Use of controlled temperature chain and compact prefilled auto-disable devices to reach 2030 hepatitis B birth dose vaccination targets in LMICs: A modelling and cost-optimisation study. Lancet Glob. Health 2020, 8, e931–e941. [Google Scholar] [CrossRef]

	



Patel, M.K.; Kahn, A.-L. Game changing: Hepatitis B vaccine in a controlled temperature chain. Lancet Glob. Health 2018, 6, e596–e597. [Google Scholar] [CrossRef]

	



Kolwaite, A.R.; Xeuatvongsa, A.; Ramirez-Gonzalez, A.; Wannemuehler, K.; Vongxay, V.; Vilayvone, V.; Hennessey, K.; Patel, M.K. Hepatitis B vaccine stored outside the cold chain setting: A pilot study in rural Lao PDR. Vaccine 2016, 34, 3324–3330. [Google Scholar] [CrossRef]

	



Moturi, E.; Tevi-Benissan, C.; Hagan, J.E.; Shendale, S.; Mayenga, D.; Murokora, D.; Patel, M.; Hennessey, K.; Mihigo, R. Implementing a Birth Dose of Hepatitis B Vaccine in Africa: Findings from Assessments in 5 Countries. J. Immunol. Sci. 2018, 5, 31–40. [Google Scholar] [CrossRef]

	



Scott, N.; Palmer, A.; Morgan, C.; Lesi, O.; Spearman, C.W.; Sonderup, M.; Hellard, M. Cost-effectiveness of the controlled temperature chain for the hepatitis B virus birth dose vaccine in various global settings: A modelling study. Lancet Glob. Health 2018, 6, e659–e667. [Google Scholar] [CrossRef]

	



Sutanto, A.; Suarnawa, I.M.; Nelson, C.M.; Stewart, T.; Soewarso, T.I. Home delivery of heat-stable vaccines in Indonesia: Outreach immunization with a prefilled, single-use injection device. Bull. World Health Organ. 1999, 77, 119–126. [Google Scholar] [PubMed]

	



Levin, C.E.; Nelson, C.M.; Widjaya, A.; Moniaga, V.; Anwar, C. The costs of home delivery of a birth dose of hepatitis B vaccine in a prefilled syringe in Indonesia. Bull. World Health Organ. 2005, 83, 456–461. [Google Scholar] [PubMed]

	



Howell, J.; Pedrana, A.; Schroeder, S.E.; Scott, N.; Aufegger, L.; Atun, R.; Baptista-Leite, R.; Hirnschall, G.; Hutchinson, S.J.; Lazarus, J.V.; et al. A global investment framework for the elimination of hepatitis B. J. Hepatol. 2021, 74, 535–549. [Google Scholar] [CrossRef] [PubMed]

	



Fadnes, L.T.; Jackson, D.; Engebretsen, I.M.; Zembe, W.; Sanders, D.; Sommerfelt, H.; Tylleskär, T. Vaccination coverage and timeliness in three South African areas: A prospective study. BMC Public Health 2011, 11, 404. [Google Scholar] [CrossRef] [PubMed]

	



Okwaraji, Y.B.; Mulholland, K.; Schellenberg, J.R.; Andarge, G.; Admassu, M.; Edmond, K.M. The association between travel time to health facilities and childhood vaccine coverage in rural Ethiopia. A community based cross sectional study. BMC Public Health 2012, 12, 476. [Google Scholar] [CrossRef]

	



Allan, S.; Adetifa, I.M.O.; Abbas, K. Inequities in childhood immunisation coverage associated with socioeconomic, geographic, maternal, child, and place of birth characteristics in Kenya. BMC Infect. Dis. 2021, 21, 553. [Google Scholar] [CrossRef]

	



Raoofi, A.; Hatefnia, E.; Kazemnejad, A. Helping to prevent hepatitis B in family setting, by educating women to vaccinate before marriage. Soc. Work Public Health 2018, 33, 354–365. [Google Scholar] [CrossRef]

	



Summan, A.; Nandi, A.; Deo, S.; Laxminarayan, R. Improving vaccination coverage and timeliness through periodic intensification of routine immunization: Evidence from Mission Indradhanush. Ann. N. Y. Acad. Sci. 2021, 1502, 110–120. [Google Scholar] [CrossRef]

	



Miyahara, R.; Jasseh, M.; Gomez, P.; Shimakawa, Y.; Greenwood, B.; Keita, K.; Ceesay, S.; D’alessandro, U.; Roca, A. Barriers to timely administration of birth dose vaccines in The Gambia, West Africa. Vaccine 2016, 34, 3335–3341. [Google Scholar] [CrossRef]

	



Le, X.T.T.; Ishizumi, A.; Nguyen, H.T.T.; Duong, H.T.; Dang, H.T.T.; Do, C.M.; Pham, Q.T.; Le, H.T.; Iijima, M.; Tohme, R.A.; et al. Social and behavioral determinants of attitudes towards and practices of hepatitis B vaccine birth dose in Vietnam. Vaccine 2020, 38, 8343–8350. [Google Scholar]

	



Hadler, S.C.; Fuqiang, C.; Averhoff, F.; Taylor, T.; Fuzhen, W.; Li, L.; Xiaofeng, L.; Weizhong, Y. The impact of hepatitis B vaccine in China and in the China GAVI Project. Vaccine 2013, 31 (Suppl. S9), J66–J72. [Google Scholar] [CrossRef] [PubMed]

	



Dionne-Odom, J.; Njei, B.; Tita, A.T.N. Elimination of Vertical Transmission of Hepatitis B in Africa: A Review of Available Tools and New Opportunities. Clin. Ther. 2018, 40, 1255–1267. [Google Scholar] [CrossRef] [PubMed]

	



Doi, H.; Kanto, T. Factors influencing the durability of hepatitis B vaccine responses. Vaccine 2021, 39, 5224–5230. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, F.E., Jr.; Guess, H.A.; Roets, J.M.; Mohr, F.E.; Coleman, P.J.; Mandel, E.J.; Roehm, R.R., Jr.; Talley, W.S.; Hadler, S.C. Effect of anatomic injection site, age and smoking on the immune response to hepatitis B vaccination. Vaccine 1989, 7, 425–430. [Google Scholar] [CrossRef]

	



Chang, M.H. Cancer prevention by vaccination against hepatitis B. Recent Results Cancer Res. 2009, 181, 85–94. [Google Scholar]

	



Liu, Y.C.; Yeh, C.T.; Lin, K.H. Cancer Stem Cell Functions in Hepatocellular Carcinoma and Comprehensive Therapeutic Strategies. Cells 2020, 9, 1331. [Google Scholar] [CrossRef]

	



Breakwell, L.; Tevi-Benissan, C.; Childs, L.; Mihigo, R.; Tohme, R. The status of hepatitis B control in the African region. Pan Afr. Med. J. 2017, 27 (Suppl. S3), 17. [Google Scholar] [CrossRef]

	



Mwamba, G.N.; Yoloyolo, N.; Masembe, Y.; Nsambu, M.N.; Nzuzi, C.; Tshekoya, P.; Dah, B.; Kaya, G. Vaccination coverage and factors influencing routine vaccination status in 12 high risk health zones in the Province of Kinshasa City, Democratic Republic of Congo (DRC), 2015. Pan Afr. Med. J. 2017, 27 (Suppl. S3), 7. [Google Scholar] [CrossRef]

	



Xeuatvongsa, A.; Datta, S.S.; Moturi, E.; Wannemuehler, K.; Philakong, P.; Vongxay, V.; Vilayvone, V.; Patel, M.K. Improving hepatitis B birth dose in rural Lao People’s Democratic Republic through the use of mobile phones to facilitate communication. Vaccine 2016, 34, 5777–5784. [Google Scholar] [CrossRef]

	



Seaman, C.; Mvundara, M.; Frivold, C.; Morgan, C.; Jarrahian, C.; Howell, J.; Hellard, M.E.; Scott, N. Evaluating the potential cost-effectiveness of microarray patches to expand access to hepatitis B birth dose vaccination in low-and middle-income countries: A modelling study. PLoS Glob. Public Health 2022, accepted. [Google Scholar]








[image: Vaccines 10 00793 g001 550] 





Figure 1. Comparison of HCC incidence rate ratios (95% CI) by age group cohorts born before and after the commencement of the universal hepatitis B vaccination program in Taiwan. Reprinted from Gastroenterology, Vol 151 (3), Chang et al., Long-term Effects of Hepatitis B Immunization of Infants in Preventing Liver Cancer, Pages 472–480.e1, Copyright (2016), with permission from Professor Chang and Elsevier. 






Figure 1. Comparison of HCC incidence rate ratios (95% CI) by age group cohorts born before and after the commencement of the universal hepatitis B vaccination program in Taiwan. Reprinted from Gastroenterology, Vol 151 (3), Chang et al., Long-term Effects of Hepatitis B Immunization of Infants in Preventing Liver Cancer, Pages 472–480.e1, Copyright (2016), with permission from Professor Chang and Elsevier.



[image: Vaccines 10 00793 g001]







[image: Vaccines 10 00793 g002 550] 





Figure 2. Coverage of three-dose Hepatitis B vaccination among 12-month-olds. Reprinted from Hepatitis B (HepB3) immunization coverage among 1-year-olds (%), Year: Latest data, Copyright WHO (2022). URL: https://www.who.int/data/maternal-newborn-child-adolescent-ageing/indicator-explorer-new/mca/hepatitis-b-(hepb3)-immunization-coverage-among-1-year-olds-(-) [date accessed 15 March 2022]. Reproduced with permission. 
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Figure 3. Coverage of first dose Hepatitis B vaccination given within 24 h of birth (%). Reprinted from Hepatitis B first dose vaccine given within 24 h after birth (%), Year: Latest data, Copyright WHO (2022). URL: https://www.who.int/data/maternal-newborn-child-adolescent-ageing/indicator-explorer-new/mca/hepatitis-b-first-dose-vaccine-given-within-24-h-after-birth-(-) [date accessed: 15 March 2022]. Reproduced with permission. 
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Table 1. Summary of studies assessing the change of incidence, incidence rates and relative risk (RR) related to hepatitis B vaccination programs.






Table 1. Summary of studies assessing the change of incidence, incidence rates and relative risk (RR) related to hepatitis B vaccination programs.











	Author
	Year
	Country/

Region
	HCC-Related Outcomes





	Chang et al. [16]
	1997
	Taiwan
	
	
Average incidence (/100,000) of HCC declined (trend p < 0.01):




	○

	
1981–1986: 0.7 (range 0.65–0.78)




	○

	
1986–1990: 0.57 (range 0.48–0.62)




	○

	
1990–1994: 0.36 (range 0.23–0.48)









	
Incidence rate ratio 1986–1990/1981–1986: 0.63



	
Age-adjusted RR of HCC after July 1990 compared with before: 0.33 (p < 0.001)



	
Age-adjusted risk of death after July 1990 compared with before: 0.51 (p < 0.001)








	Lee et al. [17]
	2003
	Taiwan
	
	
In age group 0–14 years born in 1996–1999 compared with 1980–1983:




	○

	
Male mortality decreased by 70%




	○

	
Female mortality decreased by 62%














	Chang et al. [18]
	2009
	Taiwan
	Comparing HCC incidence from July 1983 to June 2004:

	
Overall RR 0.31 of HCC development in vaccinated group compared with unvaccinated group



	
Incidence rates of HCC in unvaccinated age groups (/100,000py):




	○

	
6–9 years: 0.49




	○

	
10–14 years: 0.56




	○

	
15–19 years: 0.60




	○

	
20–24 years: 1.07




	○

	
25–29 years: 2.28









	
Incidence rates of HCC in vaccinated age groups (/100,000):




	○

	
6–9 years: 0.15




	○

	
10–14 years: 0.19




	○

	
15–19 years: 0.16









	
Rate ratios of HCC development in vaccinated age groups compared with unvaccinated age groups (all p < 0.001)




	○

	
6–9 years: 0.3 (95% CI 0.18–0.42)




	○

	
10–14 years: 0.32 (95% CI 0.21–0.49)




	○

	
15–19 years: 0.30 (95% CI 0.16–0.58)









	
Incomplete vaccination associated with OR 4.32 for HCC development compared with complete vaccination (95% CI 2.34–7.91, p < 0.001)








	Chang et al. [19]
	2016
	Taiwan
	HCC incidence rates between June 1983 and June 2011 in age group 6–26 years (vaccinated vs. unvaccinated):

	
Overall RR 0.24



	
Overall incidence rate (/100,000 py): 0.92 vs. 0.23



	
Incidence rate ratios for vaccinated/unvaccinated age groups (all p < 0.0001)




	○

	
6–9 years: 0.26 (95% CI 0.17–0.40)




	○

	
10–14 years: 0.34 (95% CI 0.25–0.48)




	○

	
15–19 years: 0.36 (95% CI 0.25–0.51)




	○

	
20–26 years: 0.42 (95% CI 0.32–0.56)














	Hung et al. [20]
	2015
	Taiwan
	Annual percentage change in age-standardized incidence rates for age groups from 2003 to 2011 (all p < 0.05):

	○

	
Children: −16.6% (95% CI −29.7, −1.0,)




	○

	
Adolescents and young adults: −7.9% (95% CI −10.0, −5.7)




	○

	
Middle aged: −2.0% (95% CI −2.8, −1.1)




	○

	
Elderly: 1.3% (95% CI 0.6, 1.9)









	Chien et al. [21]
	2014
	Taiwan
	
	
Incidence rate of HCC development (per 100,000 y) according to maternal HBsAg/HBeAg status:




	○

	
HBsAg (−)/HBeAg(−): 0.027




	○

	
HBsAg (+)/HBeAg(−): 0.162




	○

	
HBsAg (+)/HBeAg(+): 0.786









	
Incidence rate of HCC development (per 100,000 y) in mothers HBsAg (−)/HBeAg(−)




	○

	
Vaccination complete: 0.099




	○

	
Vaccination incomplete: 0.444









	
Incidence rate of HCC development (per 100,000 y) in mothers HBsAg (+)/HBeAg(+)




	○

	
Ig administered: 0.578




	○

	
Ig not administered: 1.39









	
Gender-adjusted HR (95% CI) compared with complete vaccination in HBsAg (−)/HBeAg(−) mothers




	○

	
Vaccination incomplete: 4.4 (1.42–13.65 p = 0.0103)




	○

	
Ig administered: 5.51 (2.51–12.080 p < 0.0001)




	○

	
Ig not administered: 12.71 (5.6–28.81) p < 0.0001)














	Liao et al. [22]
	2021
	Taiwan
	
	
HCC incidence RR in individuals aged <30 across the periods compared with period 1 (pre-vaccination):




	○

	
Period 2 (post universal vaccination): 1.15 (95% CI 1.00–1.33)




	○

	
Period 3 (post universal healthcare and screening ultrasounds): 1.4 (95% CI 1.2–1.62)




	○

	
Period 4 (post national viral hepatitis treatment and surveillance program introduced): 0.9 (95% CI 0.76–1.05)









	
HCC incidence RR in period 2 compared with period 1 in individuals aged 10–29 years: 1.49 (95% CI 1.31–1.7, p < 0.0001)








	Wang et al. [23]
	2020
	Guangxi, China
	HCC-related mortality in 2017–2018:

	
Age-adjusted mortality rate (/100,000) (Χ2 = 7.9462, p = 0.005)




	○

	
LongAn: 53.3




	○

	
BinYang: 45.3









	
Mortality rate (per 100,000) in males ages 20–29 (Χ2 = 0.174, p = 0.667)




	○

	
LongAn: 2.7 (range 2.5–2.8)




	○

	
BinYang: 4.7 (range 4.6–4.8)




	○

	
RR 1.7









	
Mortality rate (per 100,000) in males ages ≥ 30 years (Χ2 = 1.609, p = 0.032)




	○

	
LongAn: 133.5 (range 132.2–134.8)




	○

	
BinYang: 116 (range 115.4–117)




	○

	
RR 0.9









	
Mortality rate (/100,000) in LongAn in age group 20–29 (Χ2 = 5.554, p = 0.018)




	○

	
2004: 7.9 (range 4.4–11.4)




	○

	
2017–2018: 1.4 (range 0.4–2.4)









	
Mortality rate (per 100,000) in LongAn in age group ≥ 30 (Χ2 = 0.0412, p = 0.839)




	○

	
2004: 97 (range 90.6–104.5)




	○

	
2017–2018: 95.9 (91.3–100.4)














	Qu et al. [24]
	2014
	Qidong, China
	HCC incidence in children born in 1985–1990 in 41 rural towns across 6 clusters

	
Primary liver cancer incidence rates (per 100,000)




	○

	
Vaccinated towns: 0.21




	○

	
Unvaccinated towns: 1.41




	○

	
HR in vaccinated towns: 0.16 (p = 0.0224)









	
Protective efficacy of vaccination 84%








	The Gambia Hepatitis Study Group

[25]
	1987
	The Gambia, Africa
	For the evaluation of protective effect of vaccination on HCC and CLD of children born during the period of 1986–1990 with stepped wedge design of sequential randomization of EPI teams every three months over four-year period, until all EPI teams administering HBV vaccine with other vaccinations.

Long term follow up through the national cancer registry continues.

Outcomes not available at time of publication.



	Viviani et al. [26]
	2008
	The

Gambia, Africa
	65% subjects available for follow up.

With expected cumulative incidence based on age-specific HCC incidence rates from 1987–2002, final outcome for detecting significant impact of vaccination on HCC development will be measurable between 2017 and 2020 when subjects are approximately 30 years old.

Outcomes not available at time of publication.



	McMahon, et al. [27]
	2011
	Alaska, United States of America
	HCC incidence identified by national cancer institute cancer registry and HCC surveillance program set up by Liver Disease and Hepatitis Program between 1969 and 2008:

	
Incidence of HBV-HCC in 1970s was high with 1/3 HCC cases occurring in <30 years



	
Annual incidence of HCC (/100,000) in children aged < 20 years (p < 0.001 for overall trend)




	○

	
1984–1988 (peak): 3




	○

	
1999: 0
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