HUMAN VACCINES & IMMUNOTHERAPEUTICS
2021, VOL. 17, NO. 5, 1496-1519
https://doi.org/10.1080/21645515.2020.1819742

Taylor & Francis
Taylor &Francis Group

REVIEW

8 OPEN ACCESS ’ W) Check for updates

Hepatitis A vaccination and its immunological and epidemiological long-term
effects - a review of the evidence

Christian Herzog®®, Koen Van Herck<¢, and Pierre Van Damme¢

2Department of Medicine, Swiss Tropical and Public Health Institute, Basel, Switzerland; ® University of Basel, Basel, Switzerland; ¢ Centre for the
Evaluation of Vaccination, Vaccine and Infectious Disease Institute, University of Antwerp, Antwerp, Belgium; ¢ Department of Public Health, Ghent
University, Ghent, Belgium

ARTICLE HISTORY
Received 3 June 2020
Revised 16 August 2020
Accepted 1 September 2020

ABSTRACT

Hepatitis A virus (HAV) infections continue to represent a significant disease burden causing approxi-
mately 200 million infections, 30 million symptomatic illnesses and 30,000 deaths each year. Effective and
safe hepatitis A vaccines have been available since the early 1990s. Initially developed for individual
prophylaxis, HAV vaccines are now increasingly used to control hepatitis A in endemic areas. The human
enteral HAV is eradicable in principle, however, HAV eradication is currently not being pursued.
Inactivated HAV vaccines are safe and, after two doses, elicit seroprotection in healthy children, adoles-
cents, and young adults for an estimated 30-40 years, if not lifelong, with no need for a later second
booster. The long-term effects of the single-dose live-attenuated HAV vaccines are less well documented
but available data suggest they are safe and provide long-lasting immunity and protection. A universal
mass vaccination strategy (UMV) based on two doses of inactivated vaccine is commonly implemented in
endemic countries and eliminates clinical hepatitis A disease in toddlers within a few years. Consequently,
older age groups also benefit due to the herd protection effects. Single-dose UMV programs have shown
promising outcomes but need to be monitored for many more years in order to document an effective
immune memory persistence. In non-endemic countries, prevention efforts need to focus on ‘new’ risk
groups, such as men having sex with men, prisoners, the homeless, and families visiting friends and
relatives in endemic countries. This narrative review presents the current evidence regarding the immu-
nological and epidemiological long-term effects of the hepatitis A vaccination and finally discusses
emerging issues and areas for research.
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1. Introduction portal vein. Damage to the hepatocytes is caused by the reac-

tion of the immune system and not by the virus itself which is
not cytopathic. HAV is mainly transmitted by the fecal-oral
route, thus contaminated food and water, person-to-person
contact and men having sex with men (MSM), can all transmit
this virus. Very rarely infection occurs parenterally via blood
products.

Hepatitis A virus (HAV) infections continue to represent
a significant disease burden worldwide causing approximately
200 million infections, 30 million symptomatic illnesses and
30,000 deaths per year."* Effective and safe hepatitis A vaccines
have been available since the early 1990s. Initially developed for
individual prophylaxis, these vaccines are now increasingly used to

control hepatitis A in endemic areas in the hope to eliminate HAV
in the long run. Following brief summaries on the main features
and epidemiology of hepatitis A, as well as on the characteristics of
the available HAV vaccines, this narrative review presents the
immunological and epidemiological long-term effects of the hepa-
titis A vaccination, mainly based on publications reporting on well-
established long-term data, i.e. with follow-up periods of 5-10 years
or more. Finally, emerging trends in the epidemiology of hepatitis
A and areas in need of more research will be discussed.

1.1. Hepatitis A disease®*

Hepatitis A is an enteral virus infection caused by the HAV,
a single-stranded RNA-virus of the Picornaviridae family. The
virus enters through gut cells and arrives to the liver by the

The incubation period ranges from 14 up to 50 days. The first
unspecific symptoms are malaise, fatigue, anorexia, vomiting,
abdominal discomfort and diarrhea. In the case of a more pro-
nounced symptomatic illness — which significantly increases with
age (<10%, 50-75%, and 285% symptomatic illness at age <5
years, 10-15 years and >18 years, respectively)’ — dark urine,
pale stool, and jaundice can be observed. Disease severity and
case-fatality are strongly correlated with age,” the latter ranging
from 0.1% in children <15 years of age to 0.3% at 15-39 years of
age and rising to 1.8-5.4% above the age of 50 years. The majority
of deaths are caused by fulminant hepatic failure (overall inci-
dence of 0.015-0.5%), usually necessitating liver transplantation,
which has a fatality rate of 230% with and >60% without trans-
plantation. There exists only one serotype of the HAV, but the
pathogenicity might differ between HAV genotypes or nucleotide
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sequence variants’ and/or might differ due to genetic host
factors,® both topics, however, are still not fully elucidated.

Infection-induced immunity persists for life. The humoral
immune response is mainly directed against the capsid proteins
of the non-enveloped 27 nm virus. At first, anti-HAV IgM
antibodies appear 5-10 days before the onset of symptoms;
their presence is diagnostic for an acute HAV infection and
they only persist for 4 to 6 months. Anti-HAV IgG antibodies
start rising sharply only during the first weeks of illness and can
reach several 100,000 mIU/mL° with 10-20 mIU/ml being the
cutoff for seroprotection.'” The IgG antibodies possess virus
neutralizing activity and protect from re-infection. The acute
cell-mediated immune response (CMI) is responsible for the
pathogenesis of hepatitis A. Whether cytolytic T-Cells (CD8+)
and/or other mechanisms of the CMI are eventually causing
the hepatocyte injury and necrosis, is still debated.""

1.2. Hepatitis A epidemiology>*'?

As a human enteral virus infection, typically associated with poor
hygiene and lack of access to clean water,'” hepatitis A is — similar
to poliomyelitis — theoretically eradicable. Hepatitis A continues to
represent a significant worldwide health issue. It was estimated to
have caused in 2005 - apart from approximately 200 million
subclinical and oligo-symptomatic hepatitis A virus (HAV)
infections' — 33 million cases of symptomatic illness* and 35,000
deaths.! The Global Burden of Disease (GBD) project estimates
a much lower figure of 14,900 deaths in 2013, a 40% reduction
since 1990.'* These global evaluations are, however, not directly
comparable, as they are based on different data sets and are using
different evaluation methods.

In high-endemicity countries, 100% anti-HAV IgG ser-
oprevalence is reached before adulthood, with the majority
of children being infected by the age of 5 years. While
infants are protected by maternal anti-HAV antibodies,"
children up to 5 years of age are the main source of
infection. Levels of hepatitis A endemicity are defined on
the basis of seroprevalence: “high (290% by age 10 years);
intermediate (=50% by age 15 years, with <90% by age
10 years); low (=50% by age 30 years, with <50% by age
15); and very low (<50% by age 30 years).”"'°
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Whereas hepatitis A already started to disappear from
Northern European and other industrialized countries after
the second world war due to high hygiene standards, endemicity
levels only started to decrease around the world over the last three
decades."” Access to clean water and better sanitary conditions are
the main reasons for this worldwide ‘spontaneous’ decline.'®'®
Simultaneously, the disease burden has paradoxically increased
in many places: the improvements in hygiene and access to clean
water shifted the first HAV contact to older age groups. This trend
toward intermediate endemicity means that, although many chil-
dren are still being infected and are spreading the HAV, many
adults remain susceptible and consequently more severe cases can
then be observed and hepatitis A infections often occur as
outbreaks.

Contrary to the postulated role of natural boosting in main-
taining long-term immunity for certain vaccine-preventable
infections,'” there is no proven natural booster phenomenon
for hepatitis A in a given population once anti-HAV immunity
has been established after natural infection® (section 3.4.1).

2. Hepatitis A vaccines’>*

Hepatitis A vaccines have been available since the early 1990s. All
based on the single serotype of the HAV, they are either formalin-
inactivated or live attenuated. The currently available inactivated
HAYV vaccines (Table 1) are all adjuvanted with aluminum hydro-
xide. The inactivated vaccines developed in Europe and in the US
were launched internationally in the early 1990s. The Chinese
inactivated vaccines were licensed in the early 2000s and are now
mainly used in Asia. Live-attenuated HAV vaccines (Table 1) were
developed in the early 1990s in China,”** only in recent years
were they licensed in a few other countries (Bangladesh,
Guatemala, India, Philippines, Thailand).>*

Initially developed for individual prophylaxis, HAV vac-
cines are now increasingly used to control hepatitis A in ende-
mic areas, in the hope to eliminate it in the long run. The
indications for use are: (1) Individual prophylaxis for at-risk
populations, such as travelers, children in day care, health care
and laboratory workers, and MSM; (2) Outbreak control in the
case of an emerging epidemic; (3) Population prophylaxis,
either as regional mass or targeted vaccination for pediatric

Table 1. Monovalent and hepatitis A antigen containing HAV vaccines brands reported on in the publications reviewed (Tables 2-5).

HAV antigen Dose/Volume (mL) per Injection

Trade name HAV strain Adjuvant Pediatric Adult Manufacturer (Country)
Inactivated vaccines

Avaxim GBM Aluminum hydroxide 80 U/0.5 160 U/0.5 Sanofi Pasteur (France)

Epaxal® RG-SB Virosomes 12 1U/0.25 24 1U/0.5 Crucell/Janssen® (Switzerland)
Havrix HM-175 Aluminum hydroxide 720 EU/0.5 1440 EU/1.0 GSK (Belgium)

Healive TZ84 Aluminum hydroxide 250 U/0.5 500 U/1.0 Sinovac Biotech (China)

Twinrix (+HBsAg) HM-175 Aluminum hydroxide 360 EU/0.5 720 EU/1.0 GSK (Belgium)

VAQTA CR-326 Aluminum hydroxide 25 U/0.5 50 U/1.0 MSD (USA)

Live-attenuated vaccines

Biovac-A H2 None 6.5log TCID5(/0.5 mL 6.5 log TCID50/1.0 mL Zhejiang Pukang Biotech (China)
HAVAC LA-1 None 6.5log TCID50/0.5 mL 6.5 log TCIDso/1.0 mL Changchun Inst. of Biologic Products (China)

Contents of this table adapted/taken from WHO (2019),> Lemon et al. (2018),” and Cui et al. (2014);%° ®For economic reasons not on the market anymore; bFormerly

‘Berna Biotech’ (Swiss Serum & Vaccine Institute)

Abbreviations: HAV: hepatitis A virus; [U: international units; EU: ELISA units; U: antigen units; HBsAg: hepatitis B virus surface antigen; TCID: tissue culture infecting dose
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or adolescent populations at risk or as universal mass vaccina-
tion (UMYV) of children in their second year of life.

2.1. Inactivated vaccines™>*

All inactivated HAV vaccines are licensed with an intramus-
cular two-dose schedule (0/6-12(—18) months) which induces
in healthy children and young adults (<40-50 years of age)
seroconversion (220 mIU/mL) in 295% after the first (prim-
ing) dose and in virtually 100% after the second (booster) dose,
with maximum responses of 5,000 to 10,000 mIU/mL. Anti-
HAYV IgG antibody concentrations of 210mIU/mL are consid-
ered seroprotective (= correlate of protection'®**), although
>20mIU/mL is the cutoff most widely used for licensing and in
clinical studies. The antibodies produced during the first few
weeks include a low level of anti-HAV IgM antibodies** which
contribute, however, significantly to the early immune
response. It is, therefore, important to note that the clinical
development of HAV vaccines was done using total antibody
(IgM + IgG) enzyme immunoassays (EIAs). When using anti-
HAV IgG only assays, the early immune response 1 month
following the priming dose can be missed, especially in
immune-compromised subjects.*® Similar to the natural infec-
tion, the vaccine-induced immunity comprises, already after
the priming dose, a CMI response which establishes immune
memory.”’

Apart from age which can in subjects aged >40-50 years
lower the priming response (first dose) to only 60--70%
seroconversion,”>?’ there are other host factors which can
rise or blunt the humoral immune response:** Female gender
increases, and high BMI, HIV infections, or maternal antibo-
dies blunt the response (section 3.3).

No- or low-response to two doses of inactivated HAV
vaccines is very rare. Clinical breakthrough infections have
been reported in adult travelers (some elderly or HIV positive)
after the priming dose (see references 28-34 in Mayorga et al.
2016°") or after two doses in two subjects, immunocompro-
mised through HIV infection® and acute myeloid leukemia,*
respectively.

Protective efficacies of 95-100% have, for three of the inac-
tivated HAV vaccines, been proven in placebo-controlled trials
in epidemic®* or endemic®*° settings. Herd immunity was
documented early on as an important secondary effect within
the scope of UMYV, as recorded in Israel’’ (section 4.2).

During more than 20 years of use and a cumulative experi-
ence of several hundred million doses, the safety of inactivated
HAYV vaccines has never been an issue. Although there is some
short-term reactogenicity, vaccine-related serious adverse
events have been extremely rare. The combined hepatitis A &
B vaccines (Table 1) are, regarding safety and anti-HAV immu-
nogenicity, very similar to the monovalent HAV vaccines.

2.2. Live-attenuated vaccines'>%29-23

The information on live-attenuated HAV vaccines is rather
limited, partly due to the Chinese language barrier. These
vaccines are administered subcutaneously and are used in
a single-dose schedule. Whereas vaccinees rarely present with
systemic adverse events, such as fever, rash and elevated liver

transaminases, it has been reported that over half of subjects,
who were apparently infected orally by excreted vaccine
viruses, presented with a mild ‘HAV infection.””® However,
no serious adverse events and no reversion to virulence have
been reported. Following vaccination, antibody levels of only
a few hundred mIU/mL’s are reached and seroconversion is
10-20% lower and protective efficacy at 90-95% is somewhat
inferior compared to inactivated HAV vaccines. Although live-
attenuated HAV vaccines seem to prevent asymptomatic HAV
infections even less effectively than overt hepatitis A,® the use
in UMV programs in China has shown these vaccines to be
efficacious in eliminating hepatitis A, to a large extent due to
herd immunity effects.”” During the first month after vaccina-
tion, a quarter of vaccinees excrete HAV in the stool;*>40 the
isolated HAV strains were genetically stable.*” The vaccine
efficacy was in a large population study shown to persist at
95% during several years, despite seroconversion rates falling
to 80% within a couple of years.”'

3. Immunological long-term effects of vaccination

A systematic review on the long-term protective effects of
hepatitis A vaccines concluded in 2012 that both inactivated
and live-attenuated vaccines are able to provide real-time ser-
oprotection for up to 15 years; however, in future follow-up
studies any co-variables potentially affecting long-term protec-
tion should also be assessed.*! Meanwhile, more data have been
published on the duration of the seroprotection, the immune
memory persistence, the influence of vaccine-independent co-
variables, such as maternal antibodies, sex, age, BMI, and HIV
infection, and the assumed ‘natural boosting’ phenomenon
through circulating HAV.

3.1 Persistence of humoral immune response

Only data from long-term studies with >10 years of follow-up
for 2- or 3-dose immunization regimens, including long-term
studies reporting mathematical modeling estimations and data
of >5-year follow-up single-dose studies, are presented here.
Furthermore, only the newest publication data are used from
long-term projects with multiple consecutive publications.

3.1.1. Two (or three) doses of inactivated HAV vaccines

Real-time seroprotection following immunization with two
doses (or three doses with lower antigen content than currently
licensed) of inactivated monovalent HAV vaccines, or of a HAV
antigen containing combined hepatitis A + B vaccine, has been
investigated over > 10 years in children (incl. infants &
toddlers),*?™* adolescents®**> and adults®**° (Table 2). These
studies show quite consistently that healthy adults, as well as
children and adolescents, will, following standard immunization
schedules (0/6-12 months), be real-time seroprotected for up to
15-20 years in 95-100% of vaccinees, while mathematical mod-
eling estimations extend this period up to 30-40 years in 84-97%
of subjects.”*"*>°%°*%%% Of note is the observation by Chappuis
et al.*®: the validation of the modeling estimates, based on the 15-
year real-time data with the 20-year follow-up results, revealed
antibody levels higher than predicted, i.e. between the 15 and 20-
year visits a further slowing of the antibody decline was
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observed, especially when compared to the earlier analysis
(9-11-year visit) of the same study population.®® This trend
should be further observed and confirmed with the few follow-
up studies still underway. From the data currently available one
can now conclude that healthy children, adolescents, and young
adults are, after a complete vaccination course, most likely pro-
tected for life and do not need a late second booster.®”

A range of mainly pediatric studies with shorter follow-up
periods of 5 to <10 years document in the majority 100%
seroprotection during their real-time follow-up,”**"® while
some report slightly lower rates of 96-99%.°®7° Three pub-
lications provide, in addition, model-based predictions: using
linear-mixed models long-term seroprotection was calculated
to last for two different vaccine doses a median 25.1 and 28.3
years in 1-17-year-old Belgian children (=10 mIU/mL, 5.5 year
FU),*” a median 18.7-19.1 years in Israeli and Beduin toddlers
12-15 months of age (=10 mIU/mL, 7.5 year FU)*® and 13.1
and 9.7 years in 85% and 89% of 1-8-year-old Chinese children
(220 mIU/mL, 5 year FU) vaccinated with Healive and Havrix
Junior, respectively.”® According to 6.5-year follow-up data in
1.5-6.5-year-old Nicaraguan children vaccinated at 0/
15 months*® seroprotection (210 mIU/mL) was estimated to
last in >95% of vaccinees for 16.2 years.®® A fifth, older study
reports for 1-7-year-old Taiwanese children (220 mIU/mL,
5 year FU) a considerably longer seroprotection of 24.5 years,
calculated, however, for geometric mean concentration (GMC)
changes over time and using a rather crude linear regression
model.”

The limited response in the toddlers from Israel™ might
have been caused in part by inhibiting maternal antibodies
which were still detected at low levels (11-151 mIU/mL) in
10% of them at enrollment.”" Interestingly, the finding by Van
Herck et al., assessing the antibody persistence in 1 to 17-year-
old Belgian children after 5.5 years, was that the younger
children (<8 years) achieved lower GMC’s and that their anti-
body levels declined faster.®” Longer follow-ups of these pedia-
tric studies are needed. The dynamics of the antibody decline
changes over time and seem to continuously slowdown further
or nearly stabilize, as shown in children (originally aged 3-6
years) between 10 and 17 years post-vaccination’” and in
young adults between 15 and 20 years after vaccination.”

168

3.1.2. Single dose of inactivated HAV vaccines

Pediatric studies investigating prospectively the efficacy of sin-
gle-dose immunization with inactivated HAV vaccines were
started in the early-mid 2000s.”> One was aware that already
the first dose of HAV vaccine establishes in adults a stimulable
memory immune response.m"76 Argentina was the first coun-
try to introduce single-dose UMV in toddlers in 2005.”
Immunogenicity data for inactivated HAV vaccines (all in
young children) have currently reached 10 years of follow-up
evaluations in a first study,”’ and the single-dose results are
looking promising, with seroprotection rates of 100% (10 year
follow-up),” 95.2% (7.5 years),”' 97.4% (6.3-9.2 years),”®
92.9% (4 years),79 and 85.9% (5 years)80 (Table 3). Statistical
modeling with 10 years of follow-up data resulted in a 30-year
seroprotection (=3 mIU/mL) for 89% of children after single-
dose vaccination.*’ Successful boosting after loss of measurable
antibodies has been documented?"**#%#! (Table 3).

Table 3. Long-term immunogenicity after single dose of inactivated HAV vaccine in children: 4-10 years real-time follow-up and booster effect.

Seropro-
tection

Author

Seropro-tection
cutoff

Booster effect

Booster dose

GMC (mIU/mL)

rate

N Subjects® (age: months)® Vaccine Follow-up period

(Publication Year)
Espul (2020)%

Booster given to 6 non-responders at year 1 and

Individual cases

122.5

99.7%

10 mlU/mL

5 years

Avaxim 80

318 (11-23)

to n = 1/1/1 children (<10mlIU/mL) at years

3,4,5: all with strong booster responsed.
Modeling estimate: At 30 years 89% with

>3mlU/mL

100% 78.2

95.2%

3 mIU/mL®

Boosting elicited 29.7-fold increase of anti-HAV

For all at 7.5 years

81.0

10 mlU/mL

10 years
7.5 years

190 (11-23)

Epaxal

104 (31-65)

Mayorga (2016)°

levels, incl. 4 children with <10mIU/mL
Children with <10mIU/mL at end of FU offered

Individual cases

170.5

97.4%

1088 (11-18) Various HAV vaccines® 7.7 years 10 mlU/mL

Uruefia (2016)7°

booster, no post-booster anti-HAV antibodies

measured
Children with <10mIU/mL at end of FU offered

(6.3-9.2)

Individual cases

97.9

92.9%

4 years 10 mIU/mL

1139 (13-22) Various HAV vaccines®

Vizzotti (2015)”°

booster, no post-booster anti-HAV antibodies

measured
12 children received a 2" dose between year 1

Individual cases

763

85.9%

20 mlU/mL

5 years

Healive

85 (18-60)

Zhang (201 7)%0

and 5: GMC 45.8 — 911.4 mlU/mL

N = number of subjects at end of follow-up; ® Age at vaccination; ¢ Change of test system and cutoff for >5 — 10 year follow-up; “Espul (2017);5" € HAV vaccines used for UMV in Argentina: Avaxim 80, Virohep A Junior (Epaxal

Junior), Havrix 720

Abbreviations: GMC: geometric mean concentrations; FU: Follow-up; HAV: hepatitis A virus; UMV: universal mass vaccination.



3.1.3. Live-attenuated HAV vaccines

Up to 17 years of follow-up data have been published for
single-dose live-attenuated HAV vaccines with somewhat
lower seroprotection rates compared to inactivated HAV vac-
cines: 87.6% (10 years follow—up),82 62.0% (17 years),83 97.3%
(5 years),84 71.8% (8 years),85 90.7% (5 years)80 and 80.2/81.3%
(10/15 years)sﬁ’87 (Table 4). Although live-attenuated HAV
vaccines show a somewhat ‘weaker’ immunogenicity compared
to inactivated vaccines, their single-dose humoral immune
response can be boosted easily at 1 year,* as well as, in cases
of loss of measurable antibodies, after 17 years of follow-up.*’
For the live-attenuated single-dose vaccines no mathematical
long-term seroprotection estimates have, to our knowledge,
been published so far.

3.2. Immune memory persistence

It has recently been shown that a single dose of inactivated HAV
vaccine promotes HAV-specific cellular memory immune
responses similar to natural infection, and that the HAV-
specific T-cell immunity induced by the primary vaccination
persists independently of the circulating antibody levels
achieved.”” Thus, the antibody memory recall responses do not
only reflect residual B-cell and plasma cell response capacity®®
but also indicate that the first vaccine dose elicits an efficient
priming of the immune system via an early proliferative T-cell
response. Hence, after the first (priming) dose of a two-dose
inactivated HAV vaccine, the second (booster) dose always uses
this cell-mediated immune memory to produce in all age groups
within 10-14 days a rapid humoral antibody booster response,
with an at least 20-30-fold increase of antibody levels.”*™ This
response applies after booster intervals of 6, 12, or 18 months, as
licensed for each particular vaccine."”* The terms ‘anamnestic
response’ and ‘immune memory persistence’, for which to our
knowledge no practically relevant criteria have been defined, are
generally used when the booster interval exceeds 2-3 years. By
then some of the primed vaccinees start to lack measurable anti-
HAYV antibodies. Following the second (booster) dose, antibo-
dies will increase >20-fold or reappear and rise quickly to high
levels (usually >1000 mIU/mL), even after many years.”>

Immune memory following HAV vaccination was initially
documented in the early 2000s among adult travelers receiving
their booster (second dose) 4-8 years too late.”*””® Such intact
humoral immune memory responses, even in the case of loss of
any measurable anti-HAV antibodies, have in the meantime
been documented for young healthy children after 1 to
5 years®' and after 7.5 years,”' as well as in 20 to 73 years old
healthy adult travelers after an interval of up to nearly
11 years.”® Strong immune memory responses have also been
reported for healthy young adults who had lost measurable
antibodies 20 years following a two-dose immunization with
either a monovalent HAV®>® or a combined HAV + HBV
vaccine.*’ Furthermore, 12 years after a two-dose vaccination
with an inactivated HAV vaccine, a rapid and strong anamnes-
tic antibody response after vaccine re-exposure was documen-
ted in 30 of 31 adults as indirect evidence of immune
memory.”"

Humoral and cell-mediated immune memory responses
have also been shown 17 years after a single dose of live-
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attenuated vaccine in study participants (healthy children)
who had lost measurable antibodies: upon a booster dose 11
of 13 (84.6%) vaccinees seroconverted and the reactivation
elicited robust memory B- and T-cell responses in all subjects
(Table 4).%

For the elderly (250-60 years of age) very little long-term
data have been published regarding immune memory. In the
study investigating the memory response following booster
intervals of up to 10.7 years in 130 adult travelers aged
20-73 years, pre-booster seroprotection rates were lower in
the older (=250) than in the younger (<50) age group (47%
versus 63% at =10 mIU/ml). Nevertheless, both age groups
achieved 100% post-booster seroprotection, there were no sig-
nificant differences in post-booster anti-HAV GMCs and the
booster intervals did not influence the memory response in
either of the two age groups.”® Furthermore, in adults aged
over 40 years (mean 59.0) immune memory was documented 4
years after two doses of a combined hepatitis A and B vaccine
in seronegative subjects upon an additional booster dose.”?

For immunocompromised patients, long-term immune
memory data exist only for HIV-infected patients. During
a large outbreak intervention in an HIV-positive population
of MSM, it was shown that re-vaccination with an inactivated
HAV vaccine in 75 subjects whose anti-HAV antibodies had
waned completely after a median interval of 6.2 years resulted
in 88% of subjects in seroconversion 4 weeks after the first
revaccination dose and in 98.7% following a second dose.” In
another study, 6 of 29 HIV-positive children had lost HAV
seropositivity 7 years after vaccination with an inactivated
HAV vaccine; upon revaccination (2 doses), 83.3% (5/6) ser-
oconverted after the first dose.”

3.3. Vaccine-independent co-variables and persistence of
immunity

Numerous co-variables can enhance or diminish the immune
response of vaccines, as reported in a recent literature review
on host intrinsic, perinatal, extrinsic, behavioral, nutritional,
environmental, vaccine-related and administration-related
factors.”® Long-term data exist for few of these over 40 factors.
In the case of hepatitis A vaccination, to our knowledge, only
maternal antibodies, sex, age, BMI, and HIV infection have
been investigated regarding long-term effects.

3.3.1. Maternal antibodies
Impairment of vaccine immunogenicity by maternal antibo-
dies has been documented in neonates and infants for live
vaccines, subunit vaccines, and inactivated vaccines, whereby
the maternal antibodies seem to inhibit the B-cell responses
through a cross-link between the B-cell receptor with the anti-
body Fcg RIIB receptor by a vaccine-antibody complex.”
Routine vaccination of young children is an effective strat-
egy to control hepatitis A." Timing is critical, as high levels of
passively acquired maternal HAV antibodies, which protect the
child in an endemic setting during most of the first year of
live,'”” may strongly impede the anti-HAV antibody response
when the two-dose®”**”” or three-dose””” immunization is
started before the age of 12 months. Maternal HAV antibodies
have a serum half-life of ~40 days'> and, as longitudinal studies



L.
TA
HERZOG E
C.

1502 @)

s
nth
to 12 moanti-
. tuP i-HAV €
rsis t-HA hav
en pe ge an tudies hil-
f childr e avera ost s old ch S
ird o n the a n. M nth-ol die
hir . (o) tio -mo tibo
illinat nding opula 2-15-m Van ood
n w%o 101 depeternalpt andll nti-HA nse a %1056
15,100, s a 0
show 15, . mater fan na resp d r
haffbeyondin own that al cof ke primary Ir_secon booster
1 e k p he S an
an levels hown senc eax | t mne 4,
d SS S re € W : 1ng ana 2, at
o bo Z’rthele d in the p ing th recel"er' An at age . dosehat
g o prime d follow Whenths96 lat ination booste ded ¢ be
3 en ate se n acc tra en t
. 52 dr nstr on 2 mo ic v ex omm no
2 c5 mo 1»eSP2 rl bas an rec bly
£5 EE de ibody 297102 o early d upon's now refefﬁ3 ies
™ = E 2% anti hS eI‘Y nte iti ld p e. 'bodl
g %‘_ E {(3 6 mont after Vd cume facts’ S Shouh Of ag V anti there
5] o " == se s do hese rea nths HA d,
2 = g 2D spon wa of t ic a mo al nte rm
] = a e S . m 2 rn € -te
’_ET % g t 2 % 2 mon;[gl In Vlewi n el'ldebefol’e 1he mateell doc‘ﬁe lOngted at
o =73 : 1 :
% o I o 8% 1 year. Childre?nst HA\gffect Ofonse 1S dwon PostsS VaCClnzponSe
ZuU 5 a ive Sp ishe infan re le
& 8 EY ze oung d ag ativ ere lish infa ter ab
¥ t 33 I y inate nega mune pub itive ic boos easur d
2 ; = e £ acc ile the im dies 0S1 estic st m an
< S R - g v hile -term stu AV p mn dlo 2, 4, d
g ® 2 == w hort three ti-H ana o ha at 2, s ha
2 = S 3 he s en 3 an dan wh inated ther s
3 R St 23 ont ly be , 4 howe ildren itive mo tion
o g8 S5 g2 e only Turkey ths s 0 chi ly vac itive entra 4
] £ (< I 3 > =5 hav In on sel . inaly V pos conc ) Only
5 iy g = N < ffects. d6m tho orig i-HA . OdY hers’ till
12 LT % 7] O — e an ven ts, nt1 tib ot re S
£S5 -5.3 S < S < 2,4, rs, e infan to a r an ive m we -
5| - =8 g e e ea S i n we at1V.1>. ero
g 5 o g g gﬁ g g atgage 4-Ys.103 U and b,orantly 10AV neg spective zestlc shose
exga E DTPO Sa s é g\; antibodlllz of ag?}l Sigmﬁ; al'lti-IEI68%)> rean anarﬁlildren ;v]) 104
o = S 83 c3 a nt sti n 1 er, Il c 00%]). -
% 3 3 =2, =T mo ars bor f3 evi ta 1 15
Egé%é t e 5% 6 r 6 ye ildren 210L);h0WaImOS 50f5[inga se
g8 g2 N o ¢ 8 afte the Chl) ersus IU/m ed in ersus d follow o-do
m:z‘au <2 S %) v m urr ] v te tw ¢
s O 5 S < g S - than 24% >33 CC 7% or th a fag
cC.-w-o S S g ( (= ing o (6 ep wi hs o
23 %8 g S & L E 17 ted sting f6 so re ted nt ears
< g 3‘§ § ] g g g ; Osroproteijon bozned (4t§ Weretzlvacclnaor 15 rI(;Ofor 10 }(’;e of
sﬁam? 53 wE s se u dw ffec fan 12, iste sence
5- 8% &= T 2 spon ies ha m e n in t 6, ersist I pre dif-
Sk is- = |38 Zn‘iibod‘elong'tei e arting isitivitif ears showed o
5fec 0% ive 0 s )
. g _§ 1 ; = . E '5 Nega;l‘{low_l;p egimen>eas Sero(ﬁess oftt 15 yea}fzd decretahs and
o 8= = I 5 o r T r a n -
L= [s} © N r hs he a L) (0] ec
= S 8 oy ea nt W reg -up m 6 m Sp
z T = RS 52 z,o/6 e L2, 3)d 10%%;1e foﬂogo mIU/ start ?'Itjodies’ rebjects
8 % g o -g ; -g g g (Groups 90% andies)4 tction (chinatloglv ant1 sitive SuThOSe
3 2208 3 8= en ibo tecti va iH -po s. i-
] 88 £ £ -z twe nti ro ith ti- AV-p th nti
2 5 S5 2 s be al a : serop SW 1 an i-H on la
&1 2/8: matef;ictufin subli‘:;atef‘;amal o 1 filnate;??
5l 8 £z HE g+ feren 61% it ate s 1 ithou 0T ests
2 = © o S S o e d T W g m ge wit d. ugg >
= .—O.N“"— S 2 % an ut o mon at a € cte ivity s ilent
-1 s T - 28 bo ac o % ser kin w
7 2,\0.0$ \°°\'cm ly, an d v 15 m 100 of da lers, S.
g 2 8o S8 8 ® =R tive Y itiate or 1> ed case ot s ha odd nth
g U E|S \oo\l\.oauc ini t12 ain deCr. die d t mo 1
n & S & 3 S P ho da ies rem ed tibo an 3) izable
g E ]R8 g B E?E‘ waCcinatetibOdles ronouncternalgnr infagt; (gr()ulI; had Sllf/lc’s
. TIE 2= v an dp ma lde n p G
~ y A~ L~ VvV an to o )a rou L ; Gr
|8 5o N oo B 202 = HA late sed in the p2 ts (g IU/m 7);
wn S ~ EE EE & cted expo n in (grou infants ( em 5-22. of
8/$% S55¢ 33| pe ing eve 12 Id i selin (15. ates a
‘1’m"‘ _.:—\D—Cm be ct ing at o ba 7 r -
g 2 E t e hs ( . 18. L) ti
5 i , E = CE> % 3 sl2 § tha ing eff starting mont leVelS_ Gr2: 1 IU/m nal an .
5 8 22kE z 3 Scss 52 blunt tions ly the 6 tibody 473); (10 mtmater low th
= g E 53 SRS EEN © ccina on V an 184— ivity (= tha s be hat
TE|E £ . . . t
2l 3 |5 2B & 8| g va seline i-HA 5.0 ( sitiv ems ation ize
gl e “|EEE R - £85 t ba anti 1: 29 roposith It se entr thes the
- R] R ma8.9%*5 A nal Gr l: dse.1- onc hypo late
> b ~ v v Q9 53 ter r an vely tc Yy u he
> * v 5 5 § ;‘,’_’ g q>_._§ m;% CI) fg 16.3) 1’eSpeCi{iibitOrS ae could dOwnre%Ct to tdi'
@ 88 N 3 E ~ -0— %, i n s in
£ 588 o5 : 15%, ill e r ies m, I'mo in
5| 2 -8 $z 2 %, sti ithe ibodi ste tica ist for
3 =2 © = 21 e 94 ies are el. E anti ne sy ma €rs ars
2 = = u € €
b 2 3133 & £ bodletion le‘;i-HAV tal immns- 1\/Iaths}1(’uld]IS)—16 zollow-l]l)p
E T3L3 3 S ven fe antige ity s he 20-year L) su
= T I3 HE 2ac mater Lore t HAV e e the 20 1U/m after
g 5% 8882 2R3 natal, ins v oS‘oAt 20 m ars
3 U I N @ S0 o eo aga i-HA rop 5 = €
P % g g g - Ef £ nsponse tgantl Hstiu Sed dose. otectedb(y 42y
g 5123 ST o. =N o el Ftion of seropr 50%
@ ~EE T 0 = = © € .
5 T << o < £3 & @ ong aafter th ortion OdrOP ©
g 35s 3 535 3 &g 30 yeurs PR
z TR 8% 3 %5 30 b 2) thetimated
S " 2. = = = N u— 2 S
5‘55&5_@ &8805 (Ta as e
g z= 3 5 &< 2|3 g2
£ = 3 c 8 ER-3- L 23
= 3 3 = &8 2 22 F =
1 s 2 £f B2
poi 218 = E =
o B2l c
(= o] v () =
o 5 0 > =
—: o e o] ()
< €3 @
@ <
)
(]
=



the second dose for group 1, 26.9 years for group 2, and
23.8 years for group 3, irrespective of the maternal antibody
status.”

Vaccine-derived maternal HAV antibodies present during
the first year of life should be no problem: the long-term
follow-up of the Alaskan children showed that the immune
response in infants vaccinated at the age of 6 months and born
to mothers with vaccine-induced immunity did, during the 15-
year follow-up, not differ from those infants born to anti-HAV
negative mothers.**>°

The effect of maternal antibodies on CMI responses to HAV
vaccines has to our knowledge not been investigated. The few
existing human studies on measles, mumps, and tetanus show
that, despite humoral blunting by the passively acquired mater-
nal antibodies, the vaccine-induced cellular responses are lar-
gely not affected and that a robust CMI response persists.'*”

We found no published data on the short- or long-term
influence of maternal antibodies on the immune response of
live attenuated HAV vaccines.

3.3.2. Sex, age, and BMI

Sex. Upon immunization with inactivated HAV vaccines,
females respond with up to 2-3x higher anti-HAV antibody
levels than males after the priming and after the booster dose.
This applies to young adults,”*”*'%%'%” the elderly,”>*>'%1%?
and also to children (1-7 years)>>*>®® and adolescents
(11-17 years).”” This sex difference persists throughout real-
time follow-up for up to 10-11 years*>®' or even 20 years*® in
young healthy adults. Even up to 11 years after a first priming
dose, females still had 3x higher pre-booster antibody levels
than males with a 74% versus 41% higher residual seroprotec-
tion rate.”” When looking at predicted durations of seroprotec-
tion in adults, the sex difference begins to disappear after some
10 years, because the originally much lower antibodies in males
are declining slower than in females.®" Based on 10- and 20-
year real-time data of the same study population, both sexes are
estimated to perform equally well with predicted median ser-
oprotection (210 mIU/mL) durations of 51-52 years (females)
versus 54-55 years (males)°' and 77.5 years versus 73.7 years,”®
respectively. In female infants and toddlers, aged 6-15 months
at the time of vaccination, higher GMCs persisted in two
prospective studies for 7.5 years®® and 15 years,” respectively.
Young girls aged 1 to 7 years had higher GMCs than boys
during 5 years of follow-up.®> Higher antibody levels were
found in 11-17 year old females throughout a 5.5 year follow-
up and approximately 25-40% lower median predicted sero-
protection durations in male as compared to female
adolescents.®’”

Age. As for the majority of vaccines, young age (infants and
children <8 years)®””* and older age (=50 years)****!9%!1%are
associated with lower anti-HAV antibody responses following
immunization with inactivated HAV vaccines. In two studies
on long-term effects, an age of =61 years and an age of
=50 years correlated with a lower antibody response after 4
years’” and 10 years,”® respectively. In a booster interval study
in travelers, pre-booster seroprotection (=10 mIU/ml) rates
were after 9-128 months 47% for the =50 year and 63% for
the < 50 year old subjects.”® There exists no data on predicted
long-term seroprotection in the elderly. To our knowledge, the
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only pediatric study investigating the long-term effect of age,
shows that GMCs were generally lower in the 1-7 years than in
those between 8 and 17 years old and antibodies decreased
more rapidly in the younger than in the older children.®”

BMI. The serologic anti-HAV response correlates in adults
positively with lower weight and lower BML'"" Data on dura-
tion of anti-HAV seroprotection is scanty: being overweight
(BMI > 25-30 kg/m?) at primary vaccination correlated in one
study after 4 years with a trend for lower seropositivity’” and
was in another study a significant risk for seronegativity (<10
mIU/mL) at the 10-year follow-up.”®

Apart from one Indian study of a live-attenuated HAV
vaccine in 18 to 60 months old children, where the young-
est age group (18-24 months) responded with higher anti-
body levels than the older children,''? we found no other
published data on the short- or long-term influence of age,
sex, or BMI on the immune response of live-attenuated
HAYV vaccines.

3.3.3. HIV infection

Hepatitis A vaccination of HIV-infected subjects results in
lower, delayed, and often failing humoral immune responses,
largely depending on the CD4 T helper cell count and the viral
load at the time of vaccination; seroconversion rates ranging
from 48.5% to 93.9% are reported in the literature.''>'"*
Primary vaccination failures are, therefore, to be
expected.”>!">"'® Interestingly, there has recently a HAV
breakthrough infection been reported in a 29-year-old HIV
patient, 7 years after full HAV vaccination which he had
received 3 years prior to HIV infection,''® however, it is not
known whether he was originally a vaccine responder. In the
few prospective studies on HIV-infected subjects successfully
vaccinated (all with inactivated HAV vaccine) the seroprotec-
tion persisted for 7 years in 79% of 29 adolescents,” for
6-10 years in 85% of 116 adults,'"” for 3.7 years in 85% of 52
adults,''® and for 5 years in 75.5% of 49 adults."'” Comparing
three-dose (0-1-6 month) and two-dose (0-6 month) sche-
dules of HAV vaccination, a slightly higher seroprotection rate
of 94% versus 88% was found after 5 years in 155 and 95 adults,
respectively.'*” Higher post-vaccination antibody levels,”*''®
low HIV RNA levels''”''® or CD4-counts of >200 cells/uL at
baseline,''® a long duration of the HIV infection,''® and one
additional dose of HAV vaccine'”® were the main factors
associated  with antibody waning after HAV
immunization.

slower

3.4. Natural boosting through circulating HAV?

Do circulating HAV particles (i.e., enveloped virus - eHAV)
boost preexisting immunity and, thus, are in an endemic set-
ting responsible for the persistence of antibodies or prolong the
protective efficacy of vaccines?”” Although this might be true
for certain vaccine preventable infections,'® the situation is not
so clear for hepatitis A.

3.4.1. Infection-induced immunity

Reactivation of infection-induced immune memory upon
HAV encounters was in 1982 reported from Costa Rica, to
our knowledge the only published data of this kind: during
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a prospective hepatitis A surveillance of households, exposed
adults - who had lost measurable antibodies - seroconverted,
but only 1 of the 36 (3%) exposed presented with an anti-HAV
IgM positive infection.'*" This could be interpreted as immune
memory reactivation in the other 35 subjects. However, the
anti-HAV test used all along in this prospective study was
a rather insensitive, qualitative immune adherence hemagglu-
tination assay'*? which might have missed pre-exposure anti-
body levels. With the current, much more specific and more
sensitive anti-HAV antibody test systems, no serological “nat-
ural booster” phenomenons have been detected for hepatitis
A. Otherwise, constantly high anti-HAV IgG antibody levels
would be observed in endemic settings due to the continuous
HAYV exposure during the people’s lifetimes. On the contrary,
a constant fall in antibody levels has been documented, as, e.g.,
in an age-stratified, cross-sectional serosurvey in Nicaragua
from 12 to 16 years of age onwards.” Infection-induced immu-
nity is not boostable in healthy, immunocompetent subjects:
during hepatitis A infection (silent or acute) not only high
levels of humoral antibody are generated (up to several
100,000 mIU/mL),’ but also a CMI response with HAV-
specific memory lymphocyte (CD45RO+) is elicited.”” One
can suppose that a cell and antibody-mediated local gut immu-
nity, together with the high systemic anti-HAV IgG barrier,
will thus inhibit ‘natural boosting’ upon further wild HAV
encounters. In vaccine studies, it has been shown that preexist-
ing high anti-HAV levels (=5,000-10,000 mIU/mL) from past
HAV infection are not boostable (see documented break-
through infection [subject ID 237] in Mayorga et al. 2016°"
and Berna Biotech, unpublished data on file), indicating that
infection-induced immunity effectively neutralizes even par-
enterally administered HAV antigen.

3.4.2. Inactivated vaccine-induced immunity

It is debatable if the immunity induced with inactivated HAV
vaccines can ‘silently’ be boosted through circulating HAV,
prolonging this way the persistence or raising the level of anti-
HAYV antibodies. Investigations of the CMI, in single-dose-
vaccinated young adults, suggest that central memory cells
are activated by the HAV antigen and that these cells activate
effector cells in vivo and would thus prevent infection upon
subsequent HAV exposure; furthermore, the cellular response
observed in vaccinated subjects was similar to the CMI activa-
tion observed in patients with acute infection.””

Although frequently quoted, the so-called ‘natural boosting’
of vaccine-induced immunity is certainly not a common phe-
nomenon, if it exists at all. Suggestive data in the literature
have, in our opinion, been presented in four publications for
only a few cases in studies carried out in Nicaragua, Alaska and
the US:

(1) During a placebo-controlled field trial in Nicaragua 10
of 124 children enrolled into the vaccine group showed,
during 15 months of follow-up after the first dose,
substantial rises in total anti-HAV antibodies, labeled
as ‘natural booster’ reactions.’® Two children were vac-
cinated in the incubation period and at the beginning of
clinical illness, respectively; the eight other children,
after having responded normally to the priming dose

(70-405 mIU/mL), presented between months 3 and 15
with an on average 20.2-fold rise (range: 2.1-75.8) of
antibody levels (all consecutive 3-monthly sera tested in
parallel) without any clinical symptoms, liver enzyme
elevations or rises in anti-HAV IgM antibodies (Berna
Biotech, unpublished data on file).

(2) A probable silent breakthrough infection - rather than
a ‘natural booster’ reaction - was reported from
Nicaragua in an 11-year-old low-responder girl participat-
ing in a longitudinal single-dose HAV vaccine effective-
ness study. After a low primary response (27 mIU/mL) the
child lost measurable anti-HAV antibodies during year 1
and eventually seroconverted ‘silently’ between year 5 and
7 of the serological follow-up (<10 — 7106 mIU/mL, anti-
HAV IgM negative).”! Any diagnostic rise in anti-HAV
IgM (lasting 3-6 months only) was most likely missed in
the 2-year gap between the last two follow-up visits.

(3) In a long-term immunogenicity study performed in
Alaska, two of 197 infants and young children had four-
fold or higher anti-HAV increases between subsequent
time points that might be attributed to natural boosting;
the authors concluded that there was no evidence that
natural boosting contributed to the persistence of ser-
oprotective GMCs among study participants during the
10 years of follow-up.*®

(4) In a US hepatitis A vaccine field trial three cases with
considerable antibody increases were noted (peaks ran-
ging from 2050 to 29,931 mIU/mL) following a case
contact of 6 to 74 days after the 1st dose, suggesting -
according to the authors — a booster effect after contact
with the wild virus.'** With the relatively short interval
from the 1st dose it is, however, more likely that this
was — at least in the ‘day 6 case’ — due to vaccination into
the incubation period, resulting in a mitigated infec-
tion-induced immune response, as it was also seen in
a Nicaragua field trial®® in 6 of 50 children closely
followed-up serologically.'**

The above

>31,36,48,123

described, rare subclinical ‘breakthrough
boosters and the immune response of subjects vacci-
nated during the incubation period'*>'** are quite different from
the three published and widely quoted accounts of antibody
increases labeled “natural boosters.” In the first study, the anti-
body level in 1 of 93 children barely doubled in the second year of
a 5-year follow-up.** In the second study, clinically insignificant
1.4-fold to moderate 3.4-fold rises in antibody levels were reported
between some of the yearly visits in 17 of 142 children during
a 3-year post-booster follow-up and were interpreted as “natural
boosting”;'** the follow-up serum samples were not tested in
parallel at the end of the study (R. Dagan, personal communica-
tion). In the third study,*'**'*” natural boosters were reported
with yearly varying rates in up to one-third of Argentinian chil-
dren during the 3-year,'*® during the 3- to 5-year'*” and finally at
the 10-year follow-up,* in single- and 2-dose vaccinated children.
The antibodies rose in the subjects concerned by only 80%-100%
and the consecutive serum samples were not tested in parallel (C.
Espul, personal communication). The level of positive variations
(>25% increases) tended to decrease from Year 2 to Year 10, and
there was no trend toward a relationship with hepatitis A cases in



household members.*®> Likewise, it was in another study from
Argentina reported that one-third of children from a long-term
immunogenicity study had documented close contact (household,
school, neighbors) with acute HA cases after immunization, but
no significant difference was found between anti-HAV antibody
levels in children reporting exposure and those reporting no
contact with HA patients during 10 years.'*®

All these reported “natural booster” cases are in our opinion
wrongly labeled, as the very modest changes were most likely
not genuine. In our experience, when testing consecutive
serum samples not in parallel, i.e. not using the same enzyme
immunoassay test kit lot in the same test run, this can easily
result in up to 50%-100% variations in anti-HAV antibody
levels (Berna Biotech, unpublished data on file). Overall, true
booster events through HAV exposure must be very rare in
healthy, successfully vaccinated subjects and may - if not well
documented - wrongly be labeled so.

In a different context “natural boosting” was recently reported
from Taiwan in a large prospective immunogenicity trial with
inactivated HAV vaccines in HIV-infected young adults (all
MSM). Of the 295 primary responders, 26 met the criteria for
a silent HAV infection during the 5-year study period. This was
based on >2-fold and for 6 months sustained secondary asympto-
matic antibody rises."*® Three of these subjects had slight rises in
bilirubin and/or liver enzymes; as anti-HAV IgM was not mea-
sured, it is not possible to say whether these 3 or more of the 26
“natural boosters” were in fact secondary vaccine failures.

3.4.3. Live-attenuated vaccine-induced immunity

For both Chinese live-attenuated HAV vaccine strains, H2 and
LA-1, it is known that they provide a durable ~95% protective
efficacy, even so, the vaccine-induced measurable seroprotec-
tion rate declines to 80% or less in a couple of years.”’ During
large field trials in the late 1990s with both the H2 and LA-1
vaccine strains, it was observed that vaccinees had rates of anti-
HAYV IgM positive subclinical infections on similar scales to
the unvaccinated control groups (2.3-3.1% vs 3.6-4.2% in an
endemic'”” and 4.1% vs 6.7% in an outbreak™® setting), while
the protection against clinical hepatitis A was 95%.
Furthermore, the LA-1 strain only provided a low level of
protection and the H2 strain none whatsoever against subse-
quent subclinical infections.*"'** The Chinese investigators
postulate that these subclinical infections serve as natural boos-
ters for the vaccinees and could explain the sustained protec-
tive efficacy despite the relatively rapid waning anti-HAV
antibodies.”’ In an immunogenicity study with a live attenu-
ated vaccine, silent anti-HAV IgG antibody increases above
10,000 mIU/mL (all anti-HAV IgM negative) were noted dur-
ing 1 to 8 years of follow-up in 14/102 (13.7%) single-dose and
in 1/53 (1.9%) two-dose (0/12 months) vaccinated, 1-12-year-
old children, a finding which was labeled “natural boosting.”®>

4. Long-term effects of vaccination on HAV
epidemiology

The endemicity of hepatitis A correlates with the socio-
economic level and hygiene standard in a given
population.”” Alone with improving living conditions,
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clinical hepatitis A - then still called infectious jaundice -
started to decline after the second world war in most
industrialized countries/areas in Europe and North
America.”’”"*! Only with the isolation of the HAV in the
1970s and the availability of anti-HAV antibody tests in the
early 1980s, this trend could be documented in
serosurveys.” In today’s 31 countries of the European
Union and European Economic Area, HAV circulation
has during the past 40 years as a whole been decreasing
steadily toward very low endemicity, although differences
still exist at national and subnational levels.'** Prior to any
widespread use of HAV vaccines, transitions from high
toward intermediate or low endemicity have in the last
20-25 years also been observed from some Asia Pacific,'*?
Latin American,'®"?* and Middle East & North African
countries'* and seem to start in some West African coun-
tries as well.'*® In large countries like India,'*> China,*
Brazil,'*” and Mexico'®® important differences in endemi-
city levels still exist between regions within the country
itself.

This epidemiological transition to lower endemicity with
ensuing higher disease burden® led some endemic countries
to implement UMV with two doses of inactivated HAV vac-
cine. The first country was Israel in 1999, effectively eliminat-
ing hepatitis A within a few years by targeting young children
(toddlers), the main source of infection, thereby providing
herd immunity protection to older age groups as well.”” The
United States,'* China,®® and other countries (Australia,
Belarus, Italy, Spain) decided in the 1990s to protect, initially,
only specific risk groups (toddlers, older children, and teen-
agers) in certain more affected regions.'*’ After a few years of
successful regional vaccination campaigns, the United States'”
and China® extended their strategies to nationwide UMV of
toddlers in the mid-2000s, many other countries subsequently
followed suit (section 4.1).

These UMV programs were in almost all settings within a few
years successful. There were sharp declines of hepatitis
A incidences, even in non-vaccinated age groups, indicating
herd immunity effects, while maintaining susceptibility in
older age groups.'*' High vaccine costs, however, impeded for
many years a larger-scale implementation of a two-dose HAV
vaccine strategy in most endemic countries in need."”>'** In
2005 Argentina, therefore, being the first country worldwide,
implemented a single-dose UMV strategy trusting that protec-
tion from 1 dose would last for at least 5-10 years, this being
enough time to eliminate HAV circulation.””

Real-time long-term effects of UMVs, with monovalent
HAV or HAV containing vaccines, on disease burden and
different epidemiological parameters of hepatitis A, are pre-
sented for those countries for which findings have been pub-
lished (Table 5).

4.1. Effect of universal mass vaccination (UMV) on
disease burden

According to current WHO data (information taken from the
country profiles, last updated 10 December 2019), there are
today 12 countries (Bahrain, Greece, Israel, Kazakhstan,
Mongolia, Panama, Qatar, South Korea, Saudi Arabia, Turkey,



1506 C. HERZOG ET AL.

(panunuod)

s1eak 0z < abe 4oy 160 «— LT€ -
s1eak 0z-0L 96e 40} 97°0 — 96°L -

s1edh oL > 9be 104 900 — 2ST- (1 %9'86)
Ajuo buileg jo A :9be Aq £10T ~ #00T 22U3pPU| 080 < 1’65 £10C < 0661 1 9%66 < paieAndeul 9sop-om| - syiuow /81 7661 2,(6107) buem
(+ %ET8)
suoibal yday-| suolbai ydaH-| Mo ~ 6'€ 910Z SA ¥00T %9'66 PaleAldRU| 9SOP-OM| syjuow 8|
pue pue _<a_w_._-._ yloq ul 910¢ < 800C (+ %vLL)
ydaH-1 Jo uopienjeAd alesedas WOl UIIS 1033 ANunwiwi pIay buoiig /'l < S/ 9102 SA ¥00T %/'86 ,usne-aAIT asop-a|buls syjuow g| 800¢ 2/(8107) ung
%S¥'0 < ¢0'8 958D (1 %6°56)
Ao uifuerp  snnedsy [eaia e buowe AVH Jo d1ey 710 < 68T 10T sA 000¢ - , UdNe-aAI7] asop-a|6uls qua4pIiyd L00Z 16, (#L0T) Bueyz
(t %001)
(9auinoud bueilayz) 00 < 8§ 200C « 7661 5 L661
> Buerfoerr ‘Ayunod 1sbusys - — 09€-£9¢C SA 0661 > %516 — %0 ; Ua11e-2A17 3s0p-3]6ulg sifsl-L  (0661) 95(5007) Buenyz
(t %00L)
(unoid 00 < 9%¢E G661 < L66L %88 «—
bueifayz) A buifoerr - ~ 9¢€le SA 0661—€861 %07S <~ %00 , UdNe-aAI7] asop-a|6uls SIKGL-L 1661 05,(L661) OB
VNIHD
sieak 09 2 abe 10) } %/'8Y -
Js1eak 660z 9be 4oy + %GE/ -
(WSW Buowe sieak 6L-GL abe Joy t 9%L'g8- (1 %L'8L
Slwaplda) sieak g0z pabe sieak |-G abe 1o) | %8/6 - "} 9%/°G8)
sajew 01 anp Ajulew /10g sieak 6> abe 4o} | %896 - L0 — /107 —
< 910¢ 9sealdul a5uspidu| :abe Aq asealdap duLPPU| /0 — 8T'€ 910C < ¥10C %L6 ~ %09 pajeandeul asop-3|bulS  syuow -S| 710¢ 6,(6107) 0IN0S
T1Zvdg
synpe ul + X 9-f -
siedf y| S sieak y71-01 abe uoy § x €| -
pabe s13(gns sieak 6-9 abe Joj 4 L6l -
10} 9dU3pUI |[BI9AO UI 9bueYd sieak G—| 9be oy 4 xzL- (1 %L¥6)
Ajuo ysui yo A :95B2.29p-P|oj 3dUsPU| €00 < 650 900 < €00T %9'86 psieAildeu| 3sop-om| sik 6-9 £00T ¢5,(8007) BUSSIY
SNYvY13d
ISTSTIIETR
UIYUON ‘elea1sny UI9ISIM
pue yinos ‘pue|jsusand uonejndod snouabipul-uou buowe (4 %6'68) 102-900Z SA (£107) %L/ 950p L
u; 3doad snousbipu 1aya uondatoud piay [enueisqns G810 — '8 $007-000C %09 :S350p T pajeAldeU| BSOP-0M]  YIUOW #7-C| S00C ,»,(£107) uosdwoy
(1 %06)
9|doad pjo Jeak G = pST < ST
9|doad snouabipul snouabipul pue (abe Aue) snousbipul (4 %%'96) €002-0002 SA (0002)
‘Aluo puejsusanDd YuoN  -uou ‘pajabiey Jou ui uondaloid pISH L 0y < OLL 6661-9661 %L/ pa3eAi}dRU| 3SOP-OM] SIK -G 6661 o5, (¥002) UUBH
vIvdLsny
,ASNW 60 < S9 t %L’98 51500 (+ %Y68) 0L0Z—900C sA
'S1S0D uopeZIUNWIW| [EJIPSW-UOU + [EJIpAW PIBRIAVH 468 — T'H8 ¥007-0007 - pajenideu| asop-a|buls syjuow g S00C ,(5107) mozzip
£00T "9 J9ye sased
aIoW ON :AVH 01 anp uonejuejdsuen (4 9%L'g8) LL0Z-900 SA (1102-9002)
-IaAry/sieday ueuiwing 62 < 99 2002-000¢ %896 paieAideu| sop-s|buls syauow 7| 500 ,,(7L07) mozzip
eaje sally souang %Y 10Z-010C sA
‘S9S Pa1IRI3s € wosy eled  — 9%/ 19 AMAIsod AyH :sajdwes Jaay - 9002-500C - pajeanoeu| asop-3|buls syjuow 7| S00T +»,(CL0T) OdUE|g
S95BD dIoW (apmAnunod
S3Mly SousNg  OU 900 “AON J3}e ‘AVH 03 3NP %/ LT 8007—500 SA 8007 — S007)
Ul S133ud dLeipad  woyy ereq ~ %9'S :saun|iey dnjeday jueulwing - S00Z-€661 %866 — t'8L pajeairdeu| asop-3|buls syluow 7| S00C £, (L10T) OIAIR)
VNILNIDYY
JUBWWO) » S2INSE3W 3WO02IN0 IBYIQ (0L 43d) pajebrisanul abeianod adAy supdep (obe) ANN loyiny A1unod
o 2UIPIDUY| /pasedwod sieaj uolleudeA 9|Npayds uofeudIBA uoneindod  jo ueis
ul 3buey) 19b1e|

*S3INSEAW SWO0DINO J3YI0 UO pue Y siuzeday jo aduapl

1 U0 sweiboid (ANN) UOIBUIDIBA SSBW [BSIBAIUN JO 137 °S dqel



HUMAN VACCINES & IMMUNOTHERAPEUTICS 1507

(panupuod)

(1 %EE) 90 — 60 18k oy
(1 %8€) L'S — 78 :s1eak 6e—61
(1 %¥8) L'L — 6'9 :s1eah gL-TL

(1 %8Y) 9L — 9Pl :s1ekzl> (1 %E'86) S00Z-6661 SA (unf xuumy)
Ajuo exep ejuojere) abe Aq abueydp dusppUl bl «— §L'8 8661-7661 o(9002) %16 pajeAideul 9sop-aaiy | siedhzl 866l £0,(6007) OP3IAQ
NIVdS
(LLOT < 6007) 043z 0} (4 %8L6) (01L02) %0
Ho Buijjey s1eak -0 pabe syuaned y GL€/6L 01/60/800C (6002) %99
sineday :Asnns pased-lendsoH  /L°EL < gL'LS SA 9007-000C (8007) %S9 pa1eAildeUl 350P-0M | sieak y—| /00T +0,(5107) pneadisy
VINVYNVYd
%8 :s1edk §9-9¢g
%LTL s1edh G6-9
Asu %L L 15189k Gy—9¢
J13yb1y 1e siouop poojq }npe %1°/9 :sleak Ge—/T
BunoA :1e3s AN 193e S1eak €| 05°GS sieak 9781 (8002) %9°£9 sieaf 7|
‘ejep uolbai eljbng abe 1e (‘6au-01as) Aupiqudadsns = T10Z/110T (8002) %89 Pa1eAlldeul 9SOP-OM|  SYIUOW $Z—ZL 8661 £0,(£107) dUoj|ED
(1 %9'v6) (8007) %89 sieak 71
elep uoibai eyjbng - 80«87l 600¢ SA 8661 (8007) %S9 paleAlldeul 9s0p-oM|  syjuow 81—-GL 8661 NEANSNV euuodiyp
AV
(1eas AN
J3)4e uloq sA Joud uioq) %G|/ SA
05€°GE S} Aley|iw ulog [eiS| Ul 3P pu0) (%88
uels AWN Jaye s1eak g1 Auaisodosss = £10T SA 666> 4P 1) W%06 pajeAndeul 950p-om| squow 8| 6661 15,(0202) J0[eD
CL0Z < 000¢ Wolj paulejuiew (1 %86 <) 107800 sA V_AU E_Nv w288
Paye Ayunwwy piay buons  0'L > < 0§ 8661-£661 3P 1sL) %T6 pajeAndeul asop-om| syuow gL 6661 00:(5107) 3UIAT
%00 < %0°C — £00C—£00C SA
nabaN %z L :(syauow oz-91 pabe) usipjiyd 200Z-100C SA (Ppul) %61L
ul usip|iys> uinpsg wolj eieq pajeudeA-uou Jo A1anisodosss - 8661-1661 3(Pysl) %5°S8 paieAndeul 9sop-omL syiuow g| 6661 65,(6007) 1exieg
pasn 96| ainsodxalsod (1 %L'66) 31(Ppul) %E'LL
eale ASB3N WOl e1e( IO $§e31q-1N0 ‘S3SeD AYH OU 00T DUIS 890 < 9'€/ S00C < €661 V_%:: %198 pa3eAlldeul ssop-om | syjuow gL 6661 mﬁﬁood Jaxew|sg
13vySI
susyly suolssiwpe 000L/8'0C < S0 €10Z-600C sA ,:(9107)
u| [eudsoy duieipad Aleua) A\VH 4o} suonezijendsoH - 8007-6661 - pa1eAIDBUI BSOP-OM]|  SYuow 7| < 8007 nojabueasedeq
(syuelbjwwi g sdnolb Ajpuesyiubis abueyd
ewoy) sd1wapida Buipunojuod) pasealdul sased AyH jo abe uealy  juedyiubis oN €107 — 7861 008 "ed paleAIDRUI 3SOP-OM]  SYIUOW 7|< 800C 0¢,(5102) NOJR
303345
sieaf oL — <~ %E06<806 s1eak yi—0p-
> abe Joj ejep Apigiow %8'95 <98/ 678 :s1eak $7-0C- syjuow /gL
‘s1eak ¢ %1'88 < 0'CS < 0°SS s1eak y—¢- 06> < (¥102) paieAlldeul 9sop-om]
obe o) abeianod uoneundep  :(sdnoib abe pa1ds|es) adusjeAaldoIds 76 < 00L< 10T SA 900C SA 2661 %076 ‘usne-aAl| asop-9|buls syjuow g| 800¢ c,(0207) buem
(t %816) LET — 9/5¥ (8102/8007)
douinoid ueusH :pauodal sased AYH JO ON 9Injosqy - 8102 SA 800C %'86/%C° T8 ‘U9)1e-aAI7 3sop-3|bulsg syjuow g| 800¢ +5,(0207) oN9
s1eak Og < abe 10j adUIBYIP ON -
s1eak 6¢-0¢ 96e %Z'69 « %L'S8 -
s1eah -8 9be %/'99 < %ESE - syiuow /gl
sleak /—G'| abe 9%4G'// <~ %8'0E - pa3leAlldRUl 3SOP-OM |
duirold buopueys :9be Aq sabueyd sdus|jerssdoias - 102 SA 900T #102) %66 < "Usne-aAI| asop-9|buls syjuow g| 8007 ¢5,(6L07) UBA
JUSWWO) » S2INSE3W SW0INO J3Y10 (c0L 43d) pajebisanul abelanod 2dAy supdep (abe) ANN Joyiny A1unodH
o 22U2pDU| /pasedwod sieap uoreudeA 9|NpaydS uofeUIBA uonejndod  jo ueis
ur abuey) 19bie]

“(pAnuNU0D) °§ 3|qeL



1508 (&) C.HERZOG ET AL.

*SNSI9A ISA [UOIIRUIDIRA SSBW |BSIDAIUN (AN “USW YIIM X3S SARY OYM UBW :\SIA ‘palenuslie-a

U1E-IAI| ‘SNUIA i/ siHleday :AYH ‘aseasip 13

d1U0IYD @D iSUoneIAIgqY

"UoIdAYUI AYH YUM SIuspadap
Buowe yreap 1e aby,, ‘pazijendsoy sased y sireday Jo (%) a1ey , ‘96e JO SYIoW G- UIP|IYD 10} , SIBJ|OP SN UON||Il = SNW | ‘S91e1S BulleuddeA Ul syluow Se—4z pabe ualp|iyd , ‘ssres i/ siireday ybiy yum saiels /| ul Buiaj|
ua1p|IY2 A|U0 150076661, {Z00T Ul UI0g UBIp|1yd 13618} JO 350p | 96RI3A0D UOIRUIIRA |, !S358D PRIRIDOSSe-)eIqIN0 A|UO 4 ‘s1eak gL~z | dnoib abe o) 3duspidul ueaW , ‘Z00Z- 1007 36.I2A0D UOIRUIIBA |, {0L0Z-£007 36eI2A0D
UONRUIIRA |, ‘SIIPOCIUR AYH-IUE [RUIBJRW [BNPISAI = TW/N|W 001> ‘Uondajul woly Ajl| = w/niw 001 < ANANISOd0I3S | }9S0P BUIDIBA |, PUB 1, “BO0T U! |d3 O3u! weiboid uoneudIeA AYH JO uonelbalul Buimo|jod (‘sauldeA
AVH pajeandeul = ydaH-| ‘pajenuslie-anl| = ydaH-7, (3sauty) ur uonedijgnd) pajesipu abe oN 4 “T661 Ul PaLIe]S UOIBUIDRA SSBIN 4 ¢ [3S3UIYD Ul uonesiiqnd] (107) bueyz ,,(8L07) uns :pajedipul Jou utens ,.[(500z) buenyz
051'(£661) OB :UIRNIS-ZH | /90T «— 1O 35ea1d3p e suosiad snouabipul-uou ; suosiad snoudbipul , ‘siieday payadsun + v snieday 4 JUSWWIOD, JSPUN SSIMIBYI0 Payads ssajun ‘elep apIMAIUNOD skem|y , 13103004

sieak 79/ — 8 :,1eap 1e aby

buiseadur sased AYH Ul s1edA G — 9F :uolssiwpe 1e aby (1 %¢E€6) eak z-1  900C
Aupigiowod pajeja.ianl| Jo ajoy %S'YT < %E'L ‘,uoissiwpe 'dsoH 40 < 09 LLOT SA 6661 - pajeAndeul asop-om| siedh zl-t 6661 +,(6100) £1
510108} sl Juepoduw s1eak Gy — 9'/¢ :siuaned Jo aby 1eaf z-L 900
A41p1gIOW0 13430 pue JAAI <0L/6T°0 <T/°0 :suonezijendsoy = LLOZ SA 200C = pajeAndeul 3sop-om| siedhzl-¢ 6661 ¢,,(5102) 4311100
%L'9L — %L €T 'sIedk 6—0F
%9°LL <~ %L L1 :s1edk 6£-0€
%L'LT — %8'LL s1edk 67-0C
%965 — %6l SIeA 6L-TL
abe %565 — %P LT s1eak | 1-7 T102-£00T SA sikz-1  900C
19p[0 p1emol Jiys Ajiqrdadsng abe e (531815 ||B) 3dU|eAda1doIds - 90076661 - pa1eAlldeul 9SOP-0M ] sk z1-¢ 6661 2,,(5107) suanapy
9be Jap|0 — IYs usping aseasiqg
%TS ~ % :S35ed pajeosse (4 9%/'€6) £002-900T SA sIkz-L  900C
eUOZIY Jo 3)els [oAeL) [eUONRUIAUI JO DRY 9T — LY S66L-7661 = pajeAndeul 9sop-om| sikzl-t 666l 1,(€107) veysg
U3IpJIY> SN Ul UBY) [nyssaddns ('t %9'86) £002-200T SA n(9007) %659
Bjse|y jo ajels aJow xg-7 weiboid uoneupdep 60 < 0709 S661-7/61 n(£002) %L'TL pajeAildeul 350p-om | sIky1-T 9661 02:(0107) uo1d|buis
yaeap Jo asned 50L/0%-0T — ¥002-000C SA sikz-1 900
bunnquiuod Juepodwi st 1ad (4 %CE) J0L/9T0 — 8E€0 AAUEMOW  ;01/0TL-06~ $661-0661 = pajeAildeul 3S0p-om| sikzl-t 6661l 601(8007) 1607
LASNW €6 < L'6T 51503 [edIP3N
OL/S'L < 6TLsusIA Aorenquiy (uaapiyd)
- 01/97°0 < 180 suonezijeydsoy - ¥00T SA £6/9661 5(¥002) %0°0€ pajeAndeur asop-om| sikz=z 6661 ¢1(£007) noyz
(seae3s Buneudea Jou) 7 < LS (1 %T88) €00 SA (ua1p1yd)
= (5918315 [[B) 9°C < £°0L :dUdPPUl  §T — L'LT £661-0661 5(€007) %08 pajeAndeul asop-om| sikz=z 6661l 50,(5000) A3seM
S31VIS @3LINN
(1 %6'96)
- LT~ /88 0L0T SA 500T %YL pajeAndeul 3sop-oMm]  Sypuow |z-§1L 8007 ,0,(2107) 013Wo0Y
AVNDNYN
pasealdul mucm\_m_EE_ pue
INSW Buowe syeaig-no jo (} %'68) SL0~ 800 (t %0LL) 7102-000T SA (unf xuumj)
9duUapPUI ‘Ajuo elep eluojeIe) (501 19d) 9181 UonezIeNdSOH  4/T'L < €51 866L-1661 - paleAldeul asop-9aiy | siedf z| 8661 00,(G107) ZoulR
usWIwWo) » S2INSe3W BWO0DIN0 I3YiQ (01 43d) paiebisanul abeianod 9dAy supdep (obe) AAN Joyiny Aiuno)
o 92UBPU| /paJedwod siea uolneudeA 9|NPaYdS uolleuDIeA uofie|ndod J0 uels
ur abuey) 19bie]

‘(penunuod) *g 31qeL



United States, Uruguay) using 2-dose UMV and 7 countries
actually using (Argentina, Brazil, Chile, Colombia, Paraguay,
Turkmenistan) or planning to introduce in 2020 (Honduras)
single-dose UMV with inactivated HAV vaccines.'”> China has
implemented UMV mainly using single-dose, live-attenuated
hepatitis A vaccines.”>**'>*> Another 10 countries report cur-
rently vaccinating only certain risk groups in the entire country
(Armenia, Australia, Kuwait, Mexico, Slovenia, Tunesia) or per-
form UMV only in certain affected regions (Canada, Italy,
Russia, Spain).175

Data on real-time long-term effects of UMV have been
published for 12 countries, mainly since the mid-2000s and
spans observation periods of 3 to 23 years (Table 5). Only
one country (Greece) reported no noticeable change in
disease burden. This was a rather unexpected finding and
most likely due to confounding epidemics in Roma and
immigrant groups.'”® From all other countries, nationwide
evaluations indicated pronounced declines in disease inci-
dence  (morbidity = per 100,000  population/year),-
22,77,145,149,155,160,166167-169,174 31, covare  disease, such as

mortality’®  or in

139,145

. . 14 .
acute liver failure,””'*®  in

hospitalizations'>*'>7>1%17>17% and health-care costs.
Similar data were reported for regional UMVs regarding
disease incidence,?®!5%1%*  outbreak frequency,158 and
regarding hospitalizations.'®® Other epidemiological para-
meters indicating nationwide or regional success or
expected effects of UMV were: herd protection of untar-
geted age groups®>'*®!147 149100 (section 4.2), a rise in
seroprotection rates in targeted children/adolescents'> or
young adults,'®" susceptibility (seronegativity) shift toward
older age groups,'®»'”* a disease burden shift toward older
age, 41201717174 international travel becoming
a predominant risk factor for HAV transmission, '’ 172
a decline in the rate of infection-induced high anti-HAV
levels in non-vaccinated toddlers,””” a declining rate of
HAV among all viral hepatitis cases'”' and finally, declining
HAV positivity of river water samples.'**

To sustain HAV elimination, a certain vaccination coverage
of the pediatric target population should be maintained. The
US have defined a two-dose vaccination coverage target of
85%,'7° based on the successful demonstration projects con-
ducted in Alaska among children and young adults in the early
1990s. In these projects, approximately 80% coverage was
sufficient to stop epidemics and to lower morbidity to 0.1/
100'000 by 2004.'° Israel, with coverages of 92% and 88% (1st
and 2nd dose), maintained the morbidity for over 10 years
below 1.0/100'000.'° Even with only 65-75% coverage,
Alaska,'”® Panama,'®* Uruguay'®” and Italy (Puglia region)'®>
achieved >90% declines in disease incidence. The single-dose
programs in Argentina’’ and Brazil'*® lowered, with 96.8% and
97% coverage, their national morbidities within 2-3 years by
88.1% and 85.7%, respectively.

There have only been a few modeling studies published so far
which use well-founded assumptions (derived from real data) to
project the persistence of HAV elimination through UMYV in the
long-run, ie. for more than one generation.'””"'”” Using
a disease transmission dynamic modeling approach, the impact
of universal versus regional vaccination on hepatitis A morbidity
and the cost-effectiveness was projected for up to 100 years for
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the US: universal vaccination was cost-saving compared with
regional vaccination policy; in addition, herd protection effects
of the hepatitis A vaccination programs had a significant impact
on mortality, morbidity, and cost-effectiveness ratios.!”” Based
on Mexican data, the potential impact of HAV vaccine immune
memory on the modeled reduction of hepatitis A disease in
vaccinated subjects was explored for time periods of up to
75 years: the analysis indicated that routine vaccination of tod-
dlers against hepatitis A virus would be cost-effective in Mexico
using a single-dose strategy.'”® With an age-structured hepatitis
A transmission model, incorporating demographic changes and
fitted to seroprevalence and disease notification data, the decline
and future of hepatitis A transmission in Australia was projected
for the following 40-50 years: the results suggest that sustained
endemic transmission in the general Australian population is no
longer possible although risks of sporadic outbreaks remain.'”

For such projections not only vaccination coverage and
long-term immunogenicity has to be taken into account, but
also the vaccine-induced immune memory178 (section 3.2), the
herd protection effect'”””'*® (section 4.2), and the transmission
mode,'”® as well as the shifting of HAV epidemiology, clean
water access and hygiene standards.'> The WHO advises to
regularly assess the impact of hepatitis A UMV’s, using infor-
mation on morbidity and mortality generated by surveillance
and study data; in addition, duration of immune protection by
1- and 2-dose schedules should be monitored.! Endemic coun-
tries should periodically monitor the epidemiology of HAV
infection, e.g. through repeated cross-sectional seroepidemio-
logical surveys™'®' in order to identify epidemiologic transi-
tions and thus to be able to implement UMYV in time.'®* The
interpretation of anti-HAV immunity (infection- or vaccine-
induced) becomes, however, more and more difficult as the use
of HAV vaccines spreads (section 5.3.2).

4.2. Herd immunity through vaccination

Herd immunity plays a vital role in the success story of UMV
in young children,'® leading - with the exception of Greece'>
- in all countries with such programs to noticeable population-
wide declines in disease incidences or other epidemiological
parameters (Table 5). Prospective (=5-10 years) real-time age-
or population-specific details of herd protection ensuing from
the age group of vaccinated, seroprotected young children are
available for Israel'®® and Australia!*” for inactivated, and for
China® for live-attenuated HAV vaccines. The herd protection
effect, which is assumed to account for more than one-third of
the estimated number of cases prevented by vaccination,'®
maintained in Israel for over 10 years in all age groups very
low disease incidences.'® The vaccination of special popula-
tion groups, such as the indigenous toddlers in Australia,
robustly led, in all age groups, to very low disease incidences
in the targeted, as well as in the non-targeted, non-indigenous
population.'*” Although live-attenuated HAV vaccines seem to
prevent asymptomatic HAV infections even less effectively
than overt hepatitis A,”® the use in UMV programs in China
has shown these vaccines to be efficacious in eliminating hepa-
titis A, attributed by the investigators to a large extent to herd
immunity effects.”
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4.3. Shifting seroepidemiology

With young children in endemic settings being the main
source of infection, access to clean water and improved
hygiene leads eventually to reduced transmission of HAV.
These sanitary improvements leave increasing numbers of
older children, adolescents, and young adults susceptible
(seronegative), causing an increase in the average age at
infection, and, consequently, a paradoxical increase in
morbidity in the older age groups, as well as in further
risks of outbreaks. Contrary to this ‘natural’, socio-
economic driven shift in seroprevalence toward older age
groups and hence toward intermediate endemicity,' the
vaccine-induced seropositivity through toddler UMV pro-
grams protects not only the young children directly, but
protects through herd protection effects'®® simultaneously
large parts of all older age groups as well.'®” These UMV
effects lead to an, at first glance, "uncoordinated” looking
shift in seroprevalence, with seroprotection rates increas-
ing for the young age groups and initially decreasing or
leveling off for the adolescents and young adults, while
high infection-induced seropositivity remains for the rest
of the older adult population. A few reports on serological
long-term effects of UMV have shown this seroprevalence
pattern for the US,'7? Italy,'®® China'>® (see also Table 5)
and Israel.'®* Furthermore, a population-based study from
Israel typically shows how difficult it is to interpret the
serological data 12 years after successful implementation
of toddler vaccination, i.e. to differentiate over all age
groups between UMV-induced seropositivity, seroprotec-
tion due to additional vaccination in the general popula-
tion and infection-induced pre-existing seroprotection.'®*
There is clearly a need for serological tests which can
differentiate between vaccine- and infection-induced anti-
HAV antibodies* (section 5.3.2).

4.4.Is HAYV eradicable?

As a human enteral virus infection with a fecal-oral transmission
mode, hepatitis A is — similar to poliomyelitis — theoretically
eradicable. The HAV has in the past indeed been considered as
a target for eradication. However, international bodies have
never made this recommendation primarily because of high
cost and uncertain feasibility. In 1998, only a few years after
licensing of the first vaccines, experts concluded that eradication
of HAV transmission appears to be both biologically and epide-
miologically feasible and that the time required to achieve cessa-
tion of transmission may be short and they recommended to
initiate population-based projects to demonstrate sustained
elimination of HAV transmission.'® These conclusions regard-
ing elimination were proven correct within the ensuing
5-10 years. The topic of eradication was, however, never taken
up again and it is not even mentioned in the most recent WHO
hepatitis A vaccine position paper of 2012." The most obvious
reason being that — apart from the protective effects of access to
clean water and improved hygiene - hepatitis A UMV programs
are able to achieve in endemic countries near complete cessation
of HAV transmission, leading to sustainable morbidities of <1/
100,000 (Table 5).

5. Emerging issues and areas for research
5.1. Long-term seroprotection

5.1.1. No need for late second booster

Inactivated HAV vaccines are immunogenic in all age groups.
Based on serological long-term follow-up studies (including
modeled projections), and based on the documented immune
memory, one can conclude that a two-dose HAV vaccination
(0/6-18 months) leads in healthy children and young adults
(<50 years) to life-long protection and that there is no need for
a late booster after 20 or 30 years.> As documented in studies
discussed beforehand, an exception might be younger children
below 8 years of age who achieve lower GMC’s and whose
antibody levels decline faster than in the 8 to 17-year old’s,*” or
children vaccinated in infancy (6/12 months), with 25-32% of
them loosing immunoprotection after 15-20 years.”>>* Longer
follow-ups of these pediatric studies are still needed.

The single-dose live-attenuated HAV vaccines are some-
what less immunogenic compared to inactivated vaccines,
although they seem in UMV programs equally effective in
eliminating HAV  circulation and overt disease.
Nevertheless, more real-time serological follow-up data
and monitoring of UMV programs is needed to corroborate
the elimination of HAV and to settle the issue of the need
for a second, “booster” dose.*?

5.1.2. Extra priming dose for elderly and
immunocompromised subjects?

There are insufficient long-term data for the elderly
(>50 vyears) and for immune-compromised (including
HIV infection) subjects. This is so for long-term protection
after full vaccination and also regarding basic immuniza-
tion, i.e. whether or not these often weak and slow
responding subjects would profit from two primary doses
(4 weeks apart),””''* especially when protection is needed
speedily prior to traveling. This issue has been contested in
a retrospective analysis of pooled study data,'®® even so
20.3% of > 40 year old healthy subjects were two weeks
after one dose not seroprotected (220 mIU/mL). In addi-
tion, it should be investigated if following waning of mea-
surable antibodies after >10 years the immune memory is
still intact or whether elderly and/or immunocompromised
subjects would routinely need a late second booster dose.

5.1.3. Single-dose UMV strategy

Despite the available long-term immunogenicity data and the
successful UMV’s of toddlers in Argentina and Brazil, single-
dose immunization of such young children with inactivated
HAYV vaccines needs more long-term data, regarding real-time
seroprotection and monitoring of the UMV programs for at
least 15 years,””'*! and more documentation of the immune
memory when detectable anti-HAV antibodies have been lost.
In long-term immunogenicity studies in progress, the fre-
quency of silent breakthrough infections and the presumed
‘natural booster’ effects should also be further investigated.
Countries pursuing single-dose UMV strategies should not
only monitor morbidity and changes in seroprevalence, but
also document the herd protection for other age groups.



5.2. Hepatitis A virus

5.2.1. Monitoring HAV circulation
The fecal excretion of HAV starts even before the clinical illness
and usually lasts for 1 to 3 months.>'® In the case of relapsing
hepatitis A, excretion has been documented for up to
11 months,'® but so far no chronic carriers have been reported,
not even in HIV-infected patients.'** HAV is resistant to low pH,
to heat (60°C for 60 minutes) and to freezing temperatures;
furthermore, HAV may persist in feces and soil for a prolonged
period.” In water, it can survive for up to 1 year."®® Monitoring of
HAV circulation through environmental sampling is, therefore,
important whilst conducting public health interventions.
Evidence for endemic HAV circulation was found in Israel
despite universal toddler vaccinations since 1999 and low clinical
incidence in all age groups: during an outbreak investigation in
2012-2013, there were 16 of 27 (59.2%) sewage samples from Tel-
Aviv, 4 of 14 (28.6%) samples throughout Israel and 6 of 6 (100%)
samples from Gaza found to contain HAV.'”® Argentina started
a successful UMYV in 2005, lowering within 5 years the morbidity
by nearly 90%,””'*> and the HAV positivity of river samples from
the Buenos Aires area decreased from 2005-2006 to 2010-2012 by
93.2% (Table 5)."** However, in the city of Cérdoba environmen-
tal monitoring revealed in 2009-2010 the presence of HAV still in
20.8% and 16.1% of wastewater and river samples, respectively;
that poses a risk for outbreaks among the increasing subpopula-
tion of susceptible adults.'”" In countries attempting to eliminate
HAYV via UMVs, regular monitoring of wastewater could help the
health authorities to identify high HAV circulation in areas with
possibly under-vaccinated populations.

5.2.2. Emergence of escape mutants

Already in the late 1980s and early 1990s, prior to the
licensing of hepatitis A vaccines, researchers used in vitro-
induced neutralization escape mutants derived from the
HM175 vaccine strain to investigate the immunodominant
neutralization sites in the antigenic structure of the HAV
capsid proteins.'”®> Two decades later HAV antigenic var-
iants were isolated in Spain that were thought to have
escaped the protective effect of available vaccines; these
HAV variants were isolated mostly from MSM in connec-
tion with the 2008-2009 HAV epidemic among MSM.'”?
The same Spanish research group performed deep-
sequencing analysis on HAV strains isolated from vacci-
nated (n = 5) and non-vaccinated (n = 8) patients during
the large 2016-2018 epidemic among MSM. They found
a higher diversity in epitope-coding regions of the vacci-
nated group (all subjects sub-optimally vaccinated and
three, in addition, HIV infected) and concluded that the
data suggested positive selection of antigenic variants in
some vaccinated patients.'”* The circulation of such anti-
genic variants may increase in MSM groups and further
expand to the general population, and thus may eventually
become a public health threat. To avoid possible selections
of such escape variants, measures have to be taken to assure
complete two-dose vaccination in the MSM populations
and possibly administer booster doses to vaccinees with
low anti-HAV antibodies, the investigators suggested.'**
These vaccines escape HAV variants have so far only been
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reported from Spain and this needs to be corroborated by
other similar investigations. Until the quoted observation
receives further confirmation, the public health risks asso-
ciated with the emergence of such mutants remain
speculative.

5.3. Epidemiology and public health

5.3.1. Monitoring the HAV epidemiology

HAV endemic countries should closely monitor epidemiology
and disease burden of hepatitis A in order to allow timely identi-
fication of transition toward intermediate endemicity and intro-
duction of preventive strategies."'” Priority should be given to
collecting HAV seroprevalence data and regularly assessing the
hepatitis A control strategies in order to prevent future disease
outbreaks, as it was recently postulated for Africa.'®® The WHO,
in addition, recommends acute disease surveillance (including
registration of fulminant hepatic failure cases and/or causes of
liver transplantation) and cost-effectiveness analyses of relevant
immunization strategies."

For future serosurveys to be comparable across place and time,
it has been proposed to use the ‘age at midpoint of population
immunogenicity or susceptibility’ as standard indicators for the
level of hepatitis A endemicity within countries or a world region;
they are defined as the age at which half of the population in
a particular age group does or does not have anti-HAV IgG
antibodies, indicating past exposure or no past exposure to the
virus.””*'”” A very high endemicity is defined as an age at the
midpoint of immunity of <5 years; high, of 5-14 years; intermedi-
ate, of 15-34 years; and low, of =35 years.196 Standardized sur-
veillance with these parameters would facilitate future decisions
about hepatitis A vaccination policy in a given region.'”’

5.3.2. Infection- versus vaccine-induced anti-HAV
antibodies
With the introduction of HAV vaccination, it becomes increas-
ingly difficult to interpret seroprevalence data generated with
today’s standard anti-HAV antibody assays because the results
are a mixture of naturally acquired immunity and vaccine-
induced antibody data. This difficulty is exemplified by three
recent long-term reports, one from India on the age-stratified anti-
HAV positivity after two decades of voluntary vaccination,'*® one
from Israel on the seroprevalence of hepatitis A twelve years after
the implementation of the universal toddler vaccination'®* and
a third one from Australia on the quantification of the population
effects of vaccination and migration on hepatitis
A seroepidemiology.'® In all three publications, the interpretation
of the data is based on assumptions regarding the relative con-
tribution of HAV infection and vaccination, with some conclu-
sions remaining unavoidably imprecise and theoretical.
A serologic test differentiating between HAV infected and vacci-
nated individuals would help to interpret serosurveys, especially in
countries in transition to intermediate endemicity and/or partial
vaccination coverage.*'*®

In the 1990s, pilot antibody tests using as an antigen the non-
structural HAV 3 C proteinase, an antigen presented to the human
immune system only during active virus replication, demonstrated
that one can theoretically distinguish between antibodies acquired
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in response to active HAV infection and those induced by
immunization.”” The potential value of such a diagnostic tool
was then not further investigated. Interest in this topic reemerged
recently and several publications on tests using recombinant
antigens®”'* claim to be able to discriminate between natural
infection and antibodies induced by live-attenuated or inactivated
vaccines,”*?%? or to distinguish between natural infection and
immunity induced by inactivated vaccines.”*> The aforementioned
three studies were made with sera collections containing mainly
onetime samples only. In an earlier prospective study, two-thirds
of children followed-up yearly for 6.5 years after acute HAV
infection, had at the end lost their anti 3 C HAV proteinase
antibodies.'** Whereas infection-acquired anti-capsid HAV IgG
antibodies persist for life, antibodies against non-structural HAV
proteins might — until proven otherwise — not persist long enough
in a given population to allow reliable assessments of long-term
changes in seroprevalence of infection-induced versus vaccine-
induced immunity; the persistence of antibodies against non-
structural HAV antigens needs to be investigated in well-
designed long-term studies.”**

5.3.3. Newly emerging epidemics

The current changes in global HAV epidemiology impli-
cate potentials for outbreaks and shifts in vulnerable
populations.* Apart from the outbreak risks in those ende-
mic countries undergoing transition from high to inter-
mediate endemicity, there are in industrialized countries,
in connection with international travel and globalization,
new risks emerging.

In recent years there have in Europe,205 Asia,''* Latin
America®®® and North America®”’ large HAV outbreaks
among MSMs been reported, with epidemiological investiga-
tions showing transmission between countries and even
continents.”*>*°® These outbreaks can only be controlled by
educative public health interventions and eventually achieving
high vaccination coverage among MSM.*%*

The globalization of the food industry causes for its
consumers, in recent years, with increasing frequency,
food-born hepatitis A outbreaks.”®® As an example, the
large epidemic in Europe in 2013 was transmitted by
frozen fruits imported from an endemic country.”*'’
These inadvertent ‘hepatitis A imports’ — often in parallel
to several countries®'®?!! — are difficult to control, unless
HAV is eliminated to a large extent in the currently still
endemic countries. The HAV outbreaks associated with
imported food in developed countries requires new
approaches and tools for early detection and control.
For public health preparedness, surveillance data on
HAYV infection should be monitored and viral sequencing
data should be collected and shared.””” In response to
known outbreaks, public notifications, product recalls,
and mass vaccination campaigns are important
strategies.””’

The US introduced in 2006 nationwide hepatitis A UMV for all
children aged 12-24 months. Vaccination rates in 2017, however,
still did not reach the >85% target of 2 doses,'”® with 59.7% for two
and 86.0% for one dose among children aged 19-35 months, and
with even lower rates of 35.7% and 63.3%, respectively, e.g. for
underprivileged, uninsured population groups.”'” Under these

circumstances the herd protection effect does not function prop-
erly and not only sections of the pediatric population are left
unprotected, but younger adults as well, resulting in the US in
recent years in outbreaks among MSM,207 prisoners, homeless
people and intravenous drug users.”’> During 2007-2016,
approximately three-fourths of U.S.-born adults aged >20 years
remained HAV susceptible.”'*

Prevention strategies for hepatitis A matching the changing
epidemiology have in non-endemic countries not received the
necessary attention in recent years. Therefore, public health
experts advocate to urgently scale up hepatitis A prevention in
the European Union®'® and in the US,*”*'* with special focus
on the susceptible risk groups.

6. Conclusions

Inactivated HAV vaccines are safe and provide healthy chil-
dren, adolescents, and young adults (<40-50 years) after two
doses (6-18 months apart) with solid immune memory and
seroprotection for >30-40 years, if not lifelong. Thus, in
healthy subjects, there is no need for a late, second booster.
To allow modeling of long-term estimates for young children
and the elderly, the real-time duration of seroprotection needs
in these age groups yet to be documented for a total of at least
10-15 years.

Two-dose UMYV. Countrywide systematic introduction of
a two-dose UMV in young children (toddlers) leads, when
sustained on a high coverage level (285-90%), within a few
years to elimination of clinical disease in all groups thanks to
the herd protection effect and to an ensuing very low levels of
wild virus circulation.

Single-dose usage of inactivated HAV vaccines. The dura-
tion of individual long-term protection and immune memory
after a single dose of an inactivated hepatitis A vaccine is not
fully established yet and more follow-up data are needed from
ongoing, pediatric single-dose immunogenicity studies. The
first single-dose UMV programs in young children have
made a good start in lowering the hepatitis A disease burden,
but need to be monitored for many more years.

Elderly and immunocompromised subjects. For elderly
healthy travelers, immunocompromised patients, and HIV-
infected subjects there exist no good long-term seroprotection
data after inactivated HAV vaccination, a knowledge gap
which needs urgently to be closed. It should also be investi-
gated whether these subjects with their usually slow and weak
primary immune response would not profit from a second
priming dose.

Live-attenuated HAV vaccines. The situation for the sin-
gle-dose, live-attenuated HAV vaccines is not so clear-cut yet,
but the available data points to equal safety, good protective
efficacy, and long-term seroprotection in young and older
children, whereby the need for a late booster dose (after
20-30 years) is not yet settled.

Natural booster. The frequently quoted phenomenon of
‘natural boosting’ of anti-HAV antibodies, through wild HAV
encounters as a mechanism sustaining or even enhancing vac-
cine-induced immunity, is not based on many facts. The few
well-documented cases are rather related to primary vaccine
failures.



Eradication of HAV. Similar to the polioviruses, the human
enteral hepatitis A virus is basically eradicable. Because of the
excellent efficacy of the HAV vaccines, eliminating within a few
years of UMV the disease burden of hepatitis A in a given
population, the issue of HAV eradication is currently not
pursued as an option.

Monitoring of HAV circulation. In spite of successful
UMV programs, regular monitoring of HAV presence in
waste and surface waters is still necessary for some time in
order to detect early enough potential outbreak risks from
pockets of HAV excreting population groups.

Infection-induced antibodies. In order to be able to ana-
lyze the immune status of a population in transition from
infection- to vaccine-induced immunity, the current ‘indiffer-
ent’ anti-HAV antibody tests have to be supplemented by new
test systems which can identify infection-induced antibodies.

Escape mutants. Variants of HAVs escaping neutralization
have not only be produced under laboratory conditions, but
there are first indications that variants escaping the protective
effects of vaccines could emerge in under-vaccinated and at the
same time heavily infected and immunocompromised popula-
tions, such as MSM. This issue has to be monitored very
carefully.

New ‘emerging’ epidemics. In non-endemic countries pre-
vention efforts need to focus on the ‘new’ risk groups, such as
MSM, prisoners, homeless subjects and families visiting friends
and relatives (VFRs) in endemic countries. Whether strict
application of food hygiene helps to prevent epidemics ensuing
from imported HAV contaminated food is doubtful as long as
HAV circulates freely in the countries of origin.
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