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ABSTRACT

Specific HBsAg mutations are known to hamper HBsAg recognition by neutralizing antibodies thus challenging HBV-
vaccination efficacy. Nevertheless, information on their impact and spreading over time is limited. Here, we
characterize the circulation of vaccine-escape mutations from 2005 to 2019 and their correlation with virological
parameters in a large cohort of patients infected with HBV genotype-D (N =947), dominant in Europe. Overall, 17.7%
of patients harbours >1 vaccine-escape mutation with the highest prevalence in subgenotype-D3. Notably, complex
profiles (characterized by >2 vaccine-escape mutations) are revealed in 3.1% of patients with a prevalence rising
from 0.4% in 2005-2009 to 3.0% in 2010-2014 and 5.1% in 2015-2019 (P=0.007) (OR[95%Cl]:11.04[1.42-85.58], P =
0.02, by multivariable-analysis). The presence of complex profiles correlates with lower HBsAg-levels (median[IQR]:40
[0-2905]IU/mL for complex profiles vs 2078[115-6037]lU/ml and 1881[410-7622]IU/mL for single or no vaccine-
escape mutation [P < 0.02]). Even more, the presence of complex profiles correlates with HBsAg-negativity despite
HBV-DNA positivity (HBsAg-negativity in 34.8% with >2 vaccine-escape mutations vs 6.7% and 2.3% with a single or
no vaccine-escape mutation, P <0.007). These in-vivo findings are in keeping with our in-vitro results showing the
ability of these mutations in hampering HBsAg secretion or HBsAg recognition by diagnostic antibodies. In
conclusion, vaccine-escape mutations, single or in complex profiles, circulate in a not negligible fraction of HBV
genotype-D infected patients with an increasing temporal trend, suggesting a progressive enrichment in the
circulation of variants able to evade humoral responses. This should be considered for a proper clinical interpretation
of HBsAg-results and for the development of novel vaccine formulations for prophylactic and therapeutic purposes.
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Introduction

Infection with hepatitis B virus (HBV) still represents
a major worldwide concern, accounting for a signifi-
cant global disease burden and a high mortality from
cirrhosis and liver cancer. In 2019, the World Health
Organization (WHO) estimated that almost 300
million people are still living with HBV chronic infec-
tion, resulting in over 800,000 deaths each year, due to
the progression of HBV-related liver disease [1]. Cur-
rently, the annual death toll associated with HBV

infection has been estimated to have exceeded that
of HIV and malaria [2,3]. This is even more critical
considering the high efliciency of HBV transmission
in vivo as attested by recent calculations estimating a
minimal infectious dose of only 16 virions [4].

HBYV is a highly evolving pathogen characterized by
a high degree of genetic variability (a unique property
among DNA viruses) that is caused by the lack of
proof-reading activity of HBV reverse transcriptase
and exacerbated by the high rate of HBV replication
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[5]. This high degree of HBV genetic variability
enables the virus to react to endogenous (i.e. immune
system), and exogenous (i.e. vaccination, hepatitis B
immunoglobulin, antiviral drugs) selective pressures
by further modulating its genome structure. Among
the different HBV-proteins, the hepatitis B surface
antigen (HBsAg) consists of three different proteins
encoded within the same S open reading frame
(ORF S) by the alternate usage of translational start
codons (i) large HBsAg (L-HBs), consisting of preS-
1, preS-2 and S regions; (ii) middle HBsAg (M-HBs)
consisting of pre-2 and S regions and a small-HBsAg
(hereafter defined HBsAg), containing only the S
region [6,7]. HBsAg represents the target of neutraliz-
ing antibodies thus playing a pivotal role for the devel-
opment of anti-HBV protective immunity. In
particular, HBsAg is translated at the endoplasmic
reticulum (ER) with integration of four hydrophobic
transmembrane domains into the ER membrane.
HBsAg stability is then provided by the formation of
intra- and inter-molecular disulfide bridges between
cysteines in the lumen of the ER. This results in the
formation of a long external antigenic loop defined
as major hydrophilic region (MHR, aa 99-169 of
HBsAg), that includes the immunodominant “a”
determinant (~aa 124-147), containing most B-cell
immune-dominant epitopes eliciting neutralizing
antibodies [7].

So far, specific mutations within the MHR of
HBsAg have been recognized to hamper the antigeni-
city of the viral surface glycoprotein and, in turn, its
recognition by neutralizing antibodies, including
those induced by vaccination [8,9].

These mutations (hereafter defined as vaccine-
escape mutations) have been reported in individuals
who have contracted HBV infection despite HBV vac-
cination in the setting of both horizontal or mother-
to-child transmission, thus representing a potential
threat for the global effectiveness of vaccination strat-
egies [10-12].

To date, the circulation of vaccine-escape
mutations overtime in large populations of HBV-
infected patients has been limitedly monitored, par-
ticularly in the setting of countries with a 30-years his-
tory of exposure to universal anti-HBV immunization
programmes, as Italy. Likewise, paucity of information
is available on their impact on markers of HBV repli-
cative activity.

In this light, this study aims at characterizing the
circulation of vaccine-escape mutations, single or in
complex mutational profiles, over a time-frame of 15
years (2005-2019) and their correlation with virologi-
cal parameters in one of the largest cohort of patients
infected with HBV genotype-D (N =947), the HBV
dominant genotype in the European area. So far,
monitoring the spread of vaccine-escape mutations
is crucial to develop novel vaccine strategies thus

ensuring the long-term success of global immuniz-
ation programme and the achievement of WHO com-
mitment on the elimination of viral hepatitis as a
public global threat by 2030 [13].

Materials and methods
Patients

This study included 947 patients with HBV genotype-
D infection and detectable serum HBV-DNA, fol-
lowed for clinical assessments in different Central
Italy’s centres from 2005 to 2019. For each patient,
the HBsAg-encoding genome region sequence (here-
after defined as HBsAg-sequence) was performed at
the Virology Unit of the University Hospital Tor Ver-
gata. Only one sequence per patient was included in
the analysis.

Furthermore, a further HBs sequence was collected
for 19 out of 168 patients with at least one vaccine
escape mutation (median [IQR] time of 1.9 [1.5-2.8]
years between the two sequences).

Information regarding patients’ demographics (age,
sex, country of origin), coinfections (HIV, HDV),
HBV markers (Hepatitis B e antigen [HBeAg] status;
serum HBV-DNA and quantitative HBsAg), and ala-
nine-aminotransferase levels (ALT) were recorded in
an ad-hoc designed anonymous database. For ALT,
the following upper normal limits (UNL) were con-
sidered: 30 U/L for women and 42 U/L for men
[14,15].

Approval by the Ethics Committee was deemed
unnecessary because, under Italian law, biomedical
research is subjected to previous approval only in
the hypothesis of clinical trials on medicinal products
for clinical use (art. 6 and art. 9, leg. decree 211/2003).
The research was conducted on data previously anon-
ymized, according to the Italian Data Protection Code
requirements (leg. decree 101/2018).

Determination of HBV markers

Serum HBV-DNA was quantified by COBAS Ampli-
Prep-Cobas TagMan HBV test (Roche, Basel, CH).
HBsAg quantification was carried out by Elecsys"HB-
sAgll assay (Roche, Basel, CH), with a lower limit of
detection of 0.05 IU/ml while HBeAg qualitative
detection by Elecsys"HBeAg (Roche, Basel, CH).

Population-based HBsAg sequencing

For each patient, HBsAg-sequence was obtained by
Sanger sequencing of RT/S gene as previously
described [16]. Briefly, HBV-DNA was extracted
from plasma samples using QIAmp DNA mini-kit,
(Qiagen, Germantown, USA), and then the nucleotide
region encoding entirely HBsAg was amplified with



Amplitag-Gold  polymerase using S-HBV_F1-
5GGTCACCATATTCTTGGGAA and S-HBV_RI-
5GTGGGGGTTGCGTCAGCAAA primer pairs for
first-round PCR. Polymerase chain reaction (PCR)
conditions were: 93°C for 12 min, 40 cycles (94°C
50s, 57°C 50s, 72°C 90s), and 72°C for 10 min.
When necessary, a second-round PCR was performed,
using S-HBV_F2-5GGTGGACTTCTCTCAATTTT
and S-HBV_R2-5TGGCGAGAAAGTGAA primer
pairs. Second-round PCR conditions were: 93°C for
12 min, 40 cycles (94°C 50s, 55°C 50s, 72°C 80s),
and 72°C for 10 min. Details on the nucleotide anneal-
ing regions of the primers respect to HBV-full genome
(NC_003977.2) and the corresponding regions of
HBsAg at amino acid levels are reported in the Sup-
plementary Table 1 (Table S1).

PCR-products were purified and sequenced by
using different sequence-specific primers and a Big-
Dye-Terminator v.3.1 cycle sequencing kit (Applied-
Biosystems, Foster City, USA) on the ABI Prism
3130XL (Applied-Biosystems, Foster City, USA).

HBsAg-sequences were analysed using SeqScape-
v.2.6 software (Applied-Biosystems), then aligned
using BioEdit 7.0 software (Hall, Nucleic Acid Res
1999).

Mutations were defined according to HBV geno-
type-D sequence (NC_003977.2). Sequences having a
mixture of wild-type and mutant residues at single
positions were considered to have the mutant(s) at
that position.

HBV subgenotypes D were determined through
phylogenetic tree constructed by Neighbor-Joining
method [17] on MEGAG6 software [18]. Branching
orders reliability was assessed by bootstrap analysis
of 1000 replicates.

In this study, we focused on 19 mutations system-
atically retrieved from literature: T116N, P120S,
T126A/I/N/S, Q129H/R, T131I/N, M133I/L, C139S,
K141E, P142S, D144A/E, G145A/R (Table 1). All
these vaccine-escape mutations have been previously
reported in literature to be involved in HBV trans-
mission cases to vaccinated people in vivo and to be
further associated with a reduced binding affinity
with neutralizing antibodies and immunoglobulins
in vitro (Table 1).

To evaluate the nucleotide diversity between longi-
tudinal sequences, pairwise genetic distance was calcu-
lated by MEGAG6 software [18,19].

Then, Shannon entropy score was calculated to
measure the extent of amino acid variability at each
amino acid position using the formula (Sn=—Yi(pi
Inpi)/InN), where pi was the frequency of each distinct
amino acid and N was the total number of sequences
analysed. In particular, the following subset of
sequences from patients with at least one vaccine
escape mutations were analysed: 168 for HBsAg N-ter-
minus (1-98aa), MHR (99-169aa) and C-terminus

EMERGING MICROBES & INFECTIONS . 3

(170-226aa), 42 for PreS2, 37 for PreSl, 24 for
HBcAg and 15 for HBx regions. The detailed protocols
for the sequencing of the genomic regions encoding
PreS1, PreS2, HBcAg and HBx are reported in the
Supplementary materials and the primers used for
amplifying these regions are specified in Table S1.

Next-Generation sequencing (NGS) of HBsAg
region

The extent of genetic heterogeneity and the intra-
patient frequency of each vaccine-escape mutation
was also investigated by Illumina MiSeq (Illumina,
San Diego, California, USA) for a subset of 32 patients
with available samples. Plasma-derived HBV-DNA
was amplified according to home-made protocols tar-
geting the nucleotide regions encoding for S-HBsAg
(aa 73-226), thus covering entirely the HBsAg major
hydrophilic region. Details on the nucleotide anneal-
ing regions of the primers respect to HBV-full genome
(NC_003977.2) and the corresponding regions of
HBsAg at amino acid levels are reported in the Table
S1.

In details, primers for NGS were designed to
amplify two partially overlapping amplicons covering
the HBV nucleotide region coding for S-HBsAg from
aa 73 to 184 and from aa 162 to 226, respectively. This
primer design allowed to obtain the entire MHR
region in a single amplicon, thus permitting to verify
the co-presence of two or more vaccine-escape
mutations in the same viral strain.

The two fragments of 332 and 384 nucleotides were
generated by nested PCR using barcoded-modified
primers after a first-round amplification with the
same protocol, already specified for the Sanger
sequencing protocol. Nested-PCR was performed
with the Fast Start HiFi PCR system (Roche Diagnos-
tics, Mannheim, Germany) under the following con-
ditions: 1 cycle of 94°C for 5 min, 30 cycles of 94°C
for 30 s, 60°C for 30 s, 72°C for 35sec, followed by a
final extension at 72°C for 7 min. The amplified pro-
ducts were purified using Agencourt AMPure XP
PCR purification beads (Beckman Coulter, Brea, CA)
and quantified with the Quant-iT PicoGreen dsDNA
Assay Kit (Life Technologies, Eugene, Oregon USA)
by GloMax Multidetection System (Promega, Wiscon-
sin USA). Equimolar (12 pM) pooled PCR products
were clonally amplified on captured beads in water-
oil emulsion microreactors (1.2 DNA-copies/beads)
and the pooled samples were lastly sequenced by
MiSeq Reagent Kit v2 (500-cycles) (Illumina, San
Diego, California, USA).

Raw data were obtained in fastq format. A quality
control was performed by Trimmomatic [20] software
in order to remove adapters, PCR primers and poor-
quality reads. Fastq files were analysed by VirVarSeq
software (Verbist, BM) wusing NC_003977.2 as
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Table 1. List of vaccine-escape mutations defined according to in vivo and in vitro studies.

Mutations Transmission despite vaccination/lg prophylaxis Altered HBsAg antigenicity in in vitro studies
T116N Chong-Jin, JID. 1999 Svicher, Antiviral Res. 2012
Salpini, Hepatology. 2015
P120S Chong-Jin, JID. 1999 Ireland, Hepatology. 2000
Mele, JID. 2001 Qiao, Cell Host Microbe. 2020*
T126A Okamoto, Pediatr Res. 1992 Okamoto, Pediatr Res. 1992
Ho, J of Biomed Sci. 1998
Hsu, Hepatology. 1999
Chang, Antivir Ther. 2010
Wei-Li, Liver International. 2019
T126N Okamoto, Pediatric Research. 1992 Chiou, J Gen Virology. 1997
Khodadad, Heliyon. 2020
T126l Okamoto, Pediatric Research. 1992 Okamoto, Pediatr Res. 1992
Salpini, JID. 2019
T126S Hsu, Hepatology. 1999 Washizaki, Nat Commun. 2022*
Q129H Ho, J of Biomed Sci. 1998 Cooreman, J of Biomed Sci. 2001
Hsu, Hepatology. 1999
Chang, Antivir Ther. 2010
Q129R Ho, J of Biomedical Science. 1998 Chiou, J Gen Virology. 1997
T1311 Ho, J of Biomed Sci. 1998 Tonekaboni, J Med Virol. 2000
Hsu, Gut. 2004
Chang, Antivir Ther. 2010
T131N Ho, J of Biomed Sci. 1998 Kang, Virus Research. 2018
Yu, J of Hepatology. 2014
M133| Latthaphasavang, Plos One. 2019 Ireland, Hepatology. 2000
M133L Ho, J of Biomed Sci. 1998 Torresi, J Clin Virol. 2002
Hsu, Hepatology. 1999
Chang, Antivir Ther. 2010
C139S Roznovsky, J of Medical Virology. 2000 Mangold, Virology. 1995
Mu Sc et al, J Hepatolohy. 2009
K141E Vasandra, Jgen Virology. 1994 Howard, JVH. 1995
Ho, J of Biomed Sci. 1998 Tonekaboni, J Med Virol. 2000
Qiao, Cell Host Microbe. 2020*
P142S Seddigh-Tonekaboni, JVH. 2001 Ireland, Hepatology. 2000
Qiao, Cell Host Microbe. 2020*
Tarafdar, J Medical Virology. 2021
D144A Harrison,Viral Hepatitis and Liv Dis. 1994 Qiao, Cell Host Microbe. 2020*
Nainan, Viral Hepatitis and Liv Dis. 1996
Ngui, JID. 1997
Hsu, Hepatology. 1999
Salpini R, JID. 2019
Besombes, BMC Gastroenterology. 2022
D144E Ngui et al, JID. 1997 Qiao, Cell Host Microbe. 2020*
Kanji, J Pediatric Gastro Nutr. 2019
G145R Carman, Lancet. 1990 Zanetti, Lancet. 1988
Okamoto, Pediatr Res. 1992 Okamoto, Pediatr Res. 1992
Zanetti, Lancet. 1998 Waters, JCI, 1992
Hsu, Hepatology. 1999 Tonekaboni, J Med Virol. 2000
Chakravarty, Virus Research. 2002 Shizuma, J Gastro. 2003
Chang, Antivir Ther. 2010 Qiao, Cell Host Microbe. 2020*
Boyd, Antiviral therapy. 2015 Washizaki, Nat Commun. 2022*
Salpini, JID. 2019
Latthaphasavang, Plos One. 2019
G145A Chang, Antivir Ther. 2010 Qiao, Cell Host Microbe. 2020

Hu, Plos One. 2015
Latthaphasavang, Plos One. 2019

Washizaki, Nat Commun. 2022*

reference sequence. Only variants with frequency >1%
were retained for further analysis.

Cell cultures and transfection

Huh?7 cells were grown in a 37 °C humidified atmos-
phere containing 5% CO2, using Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies, Inc.,
Gaithersburg, MD, USA) supplemented with 10%
fetal bovine heat-inactivated serum and with 100 U/
mL penicillin, 100 ug/mL streptomycin and 2 mM
L-glutamine.

As previously described [21,22], plasmids encoding
the wild-type (wt) and mutated HBsAg linked to a
streptavidin-tag  (version II, IBA  Lifesciences,

Gottingen, Germany) (strep-tag) were used to transfect
the Huh7 cells. The strep-tag is upstream the gene
encoding HBsAg, thus resulting at the N-terminus of
the corresponding protein. The following complex
mutational profiles, associated in patients with HBsAg
negativity despite detected HBV-DNA, were tested in
vitro: T116N + C139S + G145R, P120S + T1261, T126l
+ G145R, T1261+ QI129H + D144E, T126A + T131N,
T131I+MI133L. As controls, the wt HBsAg and
mutated HBsAg carrying each single mutation included
in the complex mutational profiles were also used.
After 72 h post transfection, cell supernatants were
collected and used for the quantification of strep-
tagged HBsAg. In particular, the amount of strep-
tagged HBsAg released in culture supernatants was



quantified by using two commercial assays targeting
the HBsAg (DiaSorin LIAISON® XL HBsAg Quant
[Saluggia, Italy] defined as commercial assay 1 and
Abbott Alinity HBsAg quant [North Chicago, USA]
defined as commercial assay 2) and by using a specifi-
cally-designed ELISA capable to recognize the Strep-
tag portion linked to the HBsAg (defined hereafter
as Strep-tag ELISA).

Differently from the commonly used HBsAg assays,
the Strep-tag ELISA is not influenced by HBsAg
modifications, giving the advantage to discriminate
between a reduction of HBsAg recognition (due to
an altered HBsAg antigenic properties) and a decrease
in HBsAg secretion. Specifically, a decreased amount
of Strep-tagged-HBsAg by all the assays (one targeting
the Strep-tag and two HBsAg region) is indicative of
defective HBsAg secretion in the presence of a given
mutation. Conversely, a decreased amount of Strep-
tagged-HBsAg only by the assays targeting directly
HBsAg region, is indicative of an impaired diagnostic
HBsAg antigenicity.

For each mutant, at least 2 independent transfec-
tion experiments were performed, each carried out
in triplicate. More detailed methods are reported in
supplementary materials.

Statistical analysis

Statistical analysis was performed using IBM SPSS
Statistics, v.23.0 (Armonk, NY). Data were expressed
as median (interquartile range [IQR]) for quantitative
variables and as counts and percentages for qualitative
variables. Chi-Squared Test of Independence based on
a2 x 2 or 3 x 2 contingency table was used for qualitat-
ive data, while Mann-Whitney test for continuous
data. Only correlations with P < 0.05 were considered
statistically significant. Logistic regression analyses
were performed to assess factors correlated with the
presence of at least 1 immune-escape mutation or
complex mutational profiles, considering the follow-
ing variables: gender, age, nationality, HBV D-subge-
notypes, serum HBV-DNA, ALT, time windows of
samples’ collection (2005-2009, 2010-2014, 2015-
2019), NUC treatment. After stepwise elimination
for optimized Akaike information criterion, only vari-
ables showing a P-value <0.200 in univariate analysis
were included in multivariable analysis.

For in vitro experiments, statistically differences
between wt and mutated HBsAg were assessed by 2-
tailed Student’s T-test.

Results
Study population

The study population included 947 viremic patients
with HBV genotype-D infection. Most patients were
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Table 2. Patients’ characteristics.

Patient’s characteristics N =947
Male, N (%) 591 (64.7)
Italian nationality, N (%)® 625 (73.8)

Year of collection, median (IQR) 2013 (2010-2015)
Age, median (IQR) years 51 (38-62)
Patients with ALT > 2x ULN, N (%)b'c 144 (23.6)

ALT > 2x ULN, median (IQR) U/L 163 (103-347)
HBV-DNA, median (IQR) log 1U/mL 3.4 (2.5-5.0)
HBsAg, median (IQR) IU/mL 1872 (402-6504)
NUCs treated, N (%) 551 (58.2)

HIV coinfection, N (%) 106 (11.2)
HDV coinfection, N (%) 53 (5.6)

Atypical serological profiles
HBsAg - / HBV-DNA +, N (%) 28 (3.0)

HBsAg +/ Anti-S +, N (%) 30 (3.2)
HBV genotype D sub-genotypes

D1, N (%) 246 (26.0)
D2, N (%) 218 (23.0)
D3, N (%) 424 (44.8)
D4, N (%) 4(0.4)
D5, N (%) 2(0.2)
D6, N (%) 2(0.2)
D7, N (%) 7 (0.7)
D8, N (%) 5(0.5)
D9, N (%) 39 (4.1)

?Data available for 847 patients.

PData available for 611 patients.

“2x UNL, 2-fold increased Upper Limit Normal, ULN was defined as 30 U/L
for women and 42 U/L for men as reported in the Material and Methods
section.

male (64.7%) and of Italian origin (73.8%), with a
median (IQR) age of 51(38-62) years (Table 2).
Median (IQR) serum HBV-DNA was 3.4(2.5-5.0)
logIU/ml and median (IQR) HBsAg levels were 1872
(402-6504) 1U/ml (Table 2). The 23.6% of patients
had transaminase levels two times above the upper
limit normal (median [IQR] ALT: 163(103-347) IU/
ml), supporting liver inflammation (Table 2).

The 58.2% of overall population was NUC-treated
at the time of HBsAg-sequencing. Furthermore,
11.2% of patients were coinfected with HIV while
5.6% with HDV (Table 2).

Notably, 5.7% of patients showed atypical HBV ser-
ological profiles, defined as HBsAg negativity despite
detectable viremia (median [IQR] serum HBV-DNA:
2.2[1.6-3.2] logIU/ml) or the co-positivity of HBsAg
and Anti-HBs antibodies (median [IQR] anti-HBs:
29[23-107] mIU/ml) (Table 2).

By phylogenetic analysis, the predominant HBV D
sub-genotype was D3 (44.8%), followed by HBV sub-
genotypes D1 (26%) and D2 (23%). HBV sub-geno-
type D9 was detected at a lower prevalence (4.1%)
while the remaining D sub-genotypes were very rarely
detected in the analysed population (prevalence
<0.7%) (Table 2).

Circulation of vaccine escape mutations

By analysing the presence of the 19 mutations associ-
ated with HBV evasion from neutralizing antibodies
(Table 1) in the overall population, 17.7% (168/947)
of patients harboured viral variants with at least one
vaccine-escape mutation.
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Table 3. Multivariable analysis of parameters associated with the presence of at least one vaccine escape mutation.

Univariate analysis

Multivariate analysis

Variables

Crude OR (95% Cl) p-value Adjusted OR (95% Cl) p-value
Male 1.05 (0.74-1.49) 0.78
Italian nationality 2.03 (1.32-3.12) 0.001 1.18 (0.71-1.97) 0.52
Age (per 5 years increase) 1.20 (1.13-1.28) <0.0001 1.16 (1.09-1.24) <0.0001
Time window of collection year 2015-2019% 1.44 (0.91-2.28) 0.12 1.60 (0.99-2.60) 0.05
Time window of collection year 2010-2014% 1.35 (0.87-2.10) 0.19 1.48 (0.94-2.34) 0.089
Subgenotype D3® 1.89 (1.35-2.65) <0.0001 1.48 (1.02-2.15) 0.04
ALT > 2x upper limit normal 1.71 (1.19-2.45) 0.004 1.51 (1.02-2.20) 0.03
NUC treatment 1.02 (0.73-1.42) 0.91

Variables significantly associated with the presence of at least one vaccine escape mutation are reported in bold. Abbreviations: Cl, confidence interval; OR,

odds ratio, NUC, nucleos(t)ide analogues.
Time window 2005-2009 as reference group.
PNon D3 subgenotypes as reference group.

By multivariable analysis, factors independently cor-
related with the detection of at least 1 vaccine-escape
mutation were: HBV sub-genotype D3 (OR [95%CI]:
1.48[1.02-2.15], P=0.03), age (OR [95%CI]: 1.16
[1.09-1.24], P<0.0001) and having ALT 2xULN (OR

A

P-value < 0.001

25

[95%CI]: 1.51[1.02-2.20], P =0.03) (Table 3). Focusing
on HBV sub-genotypes, 23% of patients with D3 versus
13.6% of those with non-D3 sub-genotypes carried at
least 1 vaccine escape mutation (P <0.001) (Figure 1
(A)). This sub-genotype is known to be largely spread
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Figure 1. Percentage of patients with at least one vaccine escape mutation across HBV genotype D sub-genotypes and prevalence of
vaccine escape mutations. The histogram in panel A reports the percentage of patients harbouring >1 vaccine escape mutation stra-
tified according to the different HBV D sub-genotypes identified in the study population. As reported, HBV sub-genotype D3 is charac-
terized by the highest percentage of patients with >1 vaccine escape mutation compared to the other D sub-genotypes. Statistically
significant differences were assessed by Chi-Squared test based on 2 X 2 contingency table. The histogram in panel B reports the preva-
lence of each identified vaccine escape mutation within the population of patients harbouring >1 vaccine escape mutation (N = 168).



in East-Europe, underling the importance of monitor-
ing the emergence of mutations, potentially hampering
the full efficacy of anti-HBV vaccination, in the setting
of non-autochthonous HBV sub-genotypes.

Notably, multivariable analysis showed an
increased risk of harbouring at least one vaccine
escape mutation in the time-window 2015-2019 com-
pared to 2005-2009 (1.60[0.99-2.60], P = 0.05) (Table
3), supporting an increasing trend in the circulation of
these mutations over time.

Furthermore, in the setting of 19 patients with a
longitudinal sequence available after a median time
of 1.9 (1.5-2.8) years, the presence of all vaccine
escape mutations was confirmed also in the sub-
sequent time point. In keeping with this result, the
median (IQR) pairwise genetic distance between the
two analysed sequences was 0 (0-2) substitutions/
1000 nucleotides with a complete genetic identity
observed in 78.9% (15/19) of patients, supporting the
persistence of vaccine escape mutations over time.

In order to better elucidate if vaccine escape
mutations result from a positive selective pressure, the
extent of genetic variability in HBsAg MHR was com-
pared respect to other HBV genomic regions. Interest-
ingly, the number of mutated residues (Shannon
Entropy >0) in MHR was remarkably higher than
that observed in the HBx and HBcAg regions (MHR:
78.9% vs HBx: 19.5% [P<0.0001] and vs HBcAg:
33.9% [P < 0.0001]). Similarly, a higher extent of genetic
variability in MHR was also confirmed in comparison
to the other HBsAg domains (MHR: 78.9% vs PreSl:
42.9% [P <0.0001], vs PreS2: 63.6% [P=0.05] and vs
N- and C-terminus HBsAg 65.8% [P = 0.05]). Further-
more, by analysing the MHR region, the extent of gen-
etic variability at each single position associated with
vaccine escape mutations was significantly higher
than that observed in the other MHR positions (Median
Shannon Entropy [IQR]: 0.44 [0.14-0.63] vs 0.08 [0.03-
0.24], P-value =0.006), supporting an enrichment of
genetic diversification in this immune active region.

The prevalence of the single vaccine-escape
mutations observed in the overall population is reported
in Figure 1(B). Among patients with at least 1 vaccine-
escape mutation, P120S, T13IN and D144E were the
most frequently observed. In particular, 21.4% (36/
168) of patients harboured a viral strain with P120S
mutation, 15.5% (26/168) with T131N, and 13.1% (22/
168) with D144E (Figure 1(B)). The largely described
G145R, well known for its capability to evade humoral
response, was revealed in 7.7% (13/168) of patients with
vaccine-escape mutations (Figure 1(B)).

Circulation of complex profiles of vaccine
escape mutations

The next step of this study was focused on the
circulation of complex mutational profiles, defined
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as the co-presence of two or more vaccine escape
mutations.

Notably, complex mutational profiles were revealed
in 3.1% (29/947) of patients with an increasing tem-
poral trend over time. Indeed, the proportion of
patients with complex mutational profiles raised
from 0.4% (1/237) in 2005-2009 to 3.0% (12/396) in
2010-2014 and until 5.1% (16/314) in 2015-2019 (P
=0.007), suggesting an increased circulation of viral
strains endowed with enhanced capability to evade
humoral responses (Figure 2). This datum was
confirmed also by multivariable analysis showing
that the risk of harbouring complex mutational
profiles was 11-fold higher in the time-window
2015-2019 compared to 2005-2009 (11.04[1.42-
85.58], P=0.02) (Table 4). Multivariable analysis
also showed that older patients are characterized by
a higher risk to harbour complex mutational profiles
(Table 4).

Impact of complex mutational profiles on
virological parameters

By analysing the impact of complex mutational
profiles on virological parameters, we observed a sig-
nificant correlation with lower HBsAg levels: median
(IQR) 40(0-2905) IU/mL for patients with complex
mutational profiles vs 2078(115-6037) IU/ml for
patients with only one vaccine escape mutation (P =
0.02) and vs 1881(410-7622) IU/mL for patients with-
out them (P =0.0004), suggesting the role of complex
mutational profiles in altering HBsAg quantification
(Figure 3(A)).

Focusing on HBsAg-negativity, the presence of
complex profiles of vaccine-escape mutations also

P-value 0.007

£
1

% of patients with
complex mutational profiles
N
1

0 T
2005-2009
(N=237)

2010-2014
(N=396)

2015-2019
(N=314)

Figure 2. Temporal trend of circulation for complex profiles of
vaccine escape mutations. The histogram reports the percen-
tage of patients with complex profiles of vaccine-escape
mutations defined as the presence of >2 vaccine escape
mutations in the 3 analysed time windows: 2005-2009,
2010-2014, 2015-2019. Statistically significant difference
was assessed by Chi-square for trend based on 3 x 2 contin-
gency table.
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Table 4. Multivariable analysis of parameters associated with the presence of complex mutational profiles.

Univariate analysis

Multivariate analysis

Variables
Crude OR (95% Cl) p-value Adjusted OR (95% Cl) p-value

Male 1.76 (0.74-4.15) 0.20 2.05 (0.86-4.92) 0.11
Italian nationality 0.72 (0.33-1.56) 0.40

Age (per 5 years increase) 1.15 (1.01-1.31) 0.03 1.18 (1.04-1.34) 0.01
Time window of collection year 2015-2019% 12.67 (1.67-96.24) 0.01 11.04 (1.42-85.58) 0.02
Time window of collection year 2010-2014% 7.38 (0.95-57.08) 0.06 6.28 (0.80-49.37) 0.08
Subgenotype D3® 0.64 (0.29-1.39) 0.26

ALT > 2x upper limit normal 0.95 (0.40-2.23) 0.91

NUC treatment 0.37 (0.17-0.81) 0.01 0.39 (0.17-0.89) 0.02

Variables significantly associated with the presence of complex mutational profiles are reported in bold. Abbreviations: Cl, confidence interval; OR, odds

ratio, NUC, nucleos(t)ide analogues.
Time window 2005-2009 as reference group.
PNon D3 subgenotypes as reference group.

correlated with an HBsAg-negative result despite
HBV-DNA positivity. Indeed, 27.6% of patients with
>2 vaccine-escape mutations vs 6.5% and 1.4% of
those with a single or no vaccine-escape mutations
were HBsAg-negative despite active HBV replication
(P=0.001 and <0.0001) (Figure 3(B)). Interestingly,
HBsAg-negativity was strongly associated with the
presence of TI126I/A in combination with >I
additional vaccine-escape mutation (50% of patients
with T126I/A-containing profiles vs 3.3% without
them were HBsAg-negative, P < 0.0001). Interestingly,
among HBsAg-negative patients, T126I/A frequently
co-occurred with P120S and QI129H, suggesting a
synergistic effect of mutations in these positions of
the major hydrophilic region in altering HBsAg recog-
nition and a potential co-evolutive selection of these
mutants for their related immune escape advantage.
Furthermore, in treatment-naive patients, we also
observed a correlation between complex mutational
profiles and lower serum HBV-DNA levels: median
(IQR) 2.2 (1.8-3.3) loglU/ml for patients with com-
plex mutational profiles compared to 3.2 (2.0-5.6)
loglU/ml for patients with one vaccine escape
mutation (P =0.08) and to 3.5 (2.7-4.3) logIU/ml for
patients without them (P =0.0005) (Figure 3(C)).

Intra-patient prevalence of vaccine escape
mutations by NGS

NGS was performed on 32 patients carrying at least
one vaccine-escape mutation, for which an additional
serum sample was available for further sequencing
analyses. No statistically significant differences in
demographic and clinical characteristics were found
after stratification for NGS availability (Table S2).

Firstly, the presence of all vaccine escape mutations,
detected by population-based sequencing, and their
co-occurrence in the same viral strain as complex
mutational profiles was confirmed by NGS. Notably,
NGS revealed that in the majority of patients (75%,
24/32), these vaccine-escape mutations were detected
with an intra-patient prevalence higher than 90%
(Figure 4), supporting the full fixation of these
mutations in the viral quasispecies.

NGS also revealed the presence of four additional
complex mutational profiles not detected by Sanger
sequencing since their intra-patient prevalence was
<20% (limit of mutational detection for Sanger
sequencing) (Figure 4). The evidence of additional
complex mutational profiles, revealed only by NGS,
suggests that immune pressure can further select
additional vaccine-escape mutations during chronic
infection, underlining the need to monitor finely
their circulation by highly sensitive NGS assays.

Impact of vaccine escape mutations on HBsAg
secretion and diagnostic antigenicity

The complex mutational profiles, identified in patients
with HBsAg negativity despite detectable HBV-DNA,
were tested in vitro in order to evaluate their impact
on HBsAg secretion and diagnostic antigenicity, com-
pared to wt and mutated HBsAg carrying each single
mutation included in the complex mutational profiles.

By these in vitro experiments, we found that most
vaccine escape mutations, either single or in complex
profiles, determined >20% decrease in HBsAg
secretion compared to wt. In particular, T116N,
D144E and G145R determined a 60%, 58% and 52%
decreased secretion (P-values ranging from 0.003 to
0.01), while a 40% decreased HBsAg secretion was
observed for the single mutations C139S and T1261
as well as for the complex mutational profiles T1261
+ G145R and TI116N + C139S + G145R (P-values =
0.001 for both). A less marked defect in HBsAg
secretion was observed for P120S compared to wt
(23% P-value = 0.0003) (Figure 5).

Conversely, the complex mutational profiles P120S
+T126I and T126I + Q129H + D144E reduced HBsAg
diagnostic antigenicity of 75% and 60% for the com-
mercial assay 1 and 65% and 35% for the commercial
assay 2, without altering HBsAg secretion (Figure 5).

Notably, the complex mutational profiles P120S +
T1261 and TI126I+ G145R determined a further
reduction in HBsAg quantification by the commercial
assay 1 compared to the single P120S and G145R
(P-value =0.04 for both) (Figure 5). These in vitro
results confirmed the role of T1261, when present in
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complex mutational profiles, in affecting HBsAg diag-
nostic antigenicity observed in our clinical data.

Finally, the single mutations T126A, QI29H,
T1311, M1331 as well as the complex mutational
profiles T126A + T131N and T131I + M133I did not
affect HBsAg secretion and diagnostic antigenicity
(Figure 5).

Discussion

This study, led in one of the largest cohort of patients
with HBV genotype D infection, shows that a conspic-
uous fraction of patients (18%) harboured viral variants
with at least one vaccine-escape mutation. By NGS, the
intra-patient prevalence of these mutations was >90%
indicating their full fixation in viral quasispecies. It is
plausible that these mutations are randomly generated
due to the error-prone nature of HBV reverse transcrip-
tase and then they are selected and persist over time
since they can confer a selective advantage to the
virus by favouring viral evasion from immunological
pressure. This is supported by analysing the subset of
patients with a longitudinal HBsAg-sequence available,
confirming the presence of all vaccine escape mutations
in the second time point analysed.

Furthermore, the positive selection of HBsAg var-
iants related to vaccine escape is also confirmed by
the higher extent of variability of MHR respect to all
other HBV genetic regions and by the peculiar enrich-
ment of genetic diversification of this immune active
region.

At the same time, the selection of vaccine-escape
mutations can play a role in fuelling HBV trans-
mission also to vaccinated individuals, thus playing a
critical role in preserving a reservoir of HBV infection.
This can be critical particularly to those individuals
with waning anti-HBs titres or with a weakened
immune response [23]. This concept is in line with a
previous study reporting that the frequency of break-
through HBV infections among vaccinated blood
donors was significantly higher when the anti-HBs
titres were <100 IU/L [23].

Notably, 3.1% of patients showed complex muta-
tional profiles (defined as the co-presence of two or
more vaccine-escape mutations) whose prevalence
underwent a progressive increase in a time window
of 15 years (2005-2019) (result confirmed by multi-
variable analysis). To our knowledge, this is the first
study evaluating the temporal trend of vaccine-escape
mutations in an extended time-window including also
recent years. Beyond the random generation of vac-
cine-escape mutations, it cannot be excluded that the
universal vaccination may play a role in accelerating
viral genetic evolution towards the accumulation of
HBsAg mutations endowed with enhanced capability
to evade humoral responses. This issue has been
specifically addressed in a previous study led in
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Figure 4. Intra-patient prevalence vaccine escape mutations according to NGS analysis. The graph reports the intra-patient preva-
lence of the identified vaccine escape mutations in a subset of the patients, in which HBsAg region was analysed by NGS (N = 32).
Intra-patient prevalence was expressed as percent of reads with the specific vaccine escape mutation respect to the total reads
obtained for each patient. Mutations under the bottom dotted line in the graph are those with an intra-patient prevalence <20%
(minority species) not detected by standard population-based sequencing. Mutation above the upper dotted line in the graph are
those with an intra-patient prevalence >90% indicating their full fixation in viral quasispecies.

Taiwan among HBsAg-positive children born before
and after the implementation of a nationwide vacci-
nation programme. The authors found that 8 of 103
(7.8%) in 1984, 9 of 46 (19.6%) in 1989, and 5 of 20
(25%) in 1994 harboured >1 mutation within
HBsAg immune active regions [24], suggesting an
enrichment in the circulation of vaccine-escape
mutations over time. Likewise, a study led in China
in the post-vaccination era showed a progressive
increase over time in the prevalence of the immune-
escape mutations GI45R/A (8.82% in the vyears
2005-2007, 26.32% in the years 2008-2010 and 44.44
in the years 2011-2013) [25].

By multivariable analysis, an independent factor
correlated with the presence of >1 vaccine-escape
mutation was patients’ age. It is plausible that the posi-
tive correlation with age reflects a longer duration of
HBV infection during which the virus undergoes a

gradual process of genetic diversification to react to
the endogenous selective pressure imposed by
immune responses. Even more, it cannot be excluded
that the status of immune-senescence, that character-
izes patients with advanced age, can play a role in
favouring the emergence of immune-escape [26-29].
The circulation of viral strains with vaccine-escape
mutations, with the potential to be transmitted to vac-
cinated individuals, highlights the need to develop
novel vaccine formulations. In this regard, a recent
study has shown that an HBV vaccine consisting of
the Large-HBsAg may induce the production of anti-
bodies against the pre-S1 domain that can efficiently
neutralize HBV strains with vaccine-escape mutations
(including G145R) in a non-human primate model
[30]. These findings pave the way for design novel vac-
cine formulation based on the combination of differ-
ent forms of HBV surface glycoproteins [30]. In this
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Figure 5. In vitro impact of vaccine escape mutation on HBsAg secretion and diagnostic antigenicity. A plasmid encoding HBsAg
linked to a streptavidin-tag version Il at N-terminus was used to transfect the Huh7 cells. The amount of strep-tagged HBsAg
released in culture supernatants was then quantified using a specifically-designed ELISA capable to recognize the Strep-tag linked
to the HBsAg (black bars) and using two commercial assays targeting HBsAg (dark grey for commercial assay 1 and light grey for
commercial assay 2). For each mutant, the amount of strep-tagged HBsAg released in supernatants of Huh7 cell cultures was
expressed as percentage, considering the amount of the wild-type strep-tagged HBsAg as 100%. Results represent the mean
values (+/- standard deviation) of 2 independent experiments, each led in triplicate. * indicates P values ranging from 0.05 to
0.01, ** P values from 0.01 to 0.001 and *** P values <0.001 compared to wild-type. For the underlined complex mutational
profiles, HBsAg release was significantly lower than that observed for the single mutation (P120S and G145R, P-value = 0.04
for both). These statistically significant differences were observed only for commercial assay 1.

regard, a phase 3 randomized clinical trial has shown
that a vaccine composed by all the different forms of
HBsAg (Large, Middle and Small) is endowed by
higher immunogenicity and can rapidly elicit higher
anti-HBs titres than the currently available vaccine
formulations based only on the Small-HbsAg [31-33].

So far, therapeutic vaccination has been proposed
as a novel strategy that could contribute to the
achievement of HBV cure, by eliciting a robust
virus-specific immunity. Therapeutic vaccination
aims at mounting the production of neutralizing anti-
bodies and the activation effector CD4 + and CD8+ T
cells capable to control viral replication [34]. Despite
this rationale, so far the clinical efficacy of this
approach has been limited [34]. These results can be
explained by a large variety of factors including the
presence of vaccine-escape mutations that can jeopar-
dize the full neutralization of viral particles. These
aspects should be also taken into account in the studies
aimed at evaluating the clinical efficacy recently pro-
posed therapeutic approach based on the adminis-
tration of monoclonal antibodies against HbsAg [35].

Even more, this study shows that the co-presence of
>2 vaccine-escape mutations correlates with low
HBsAg titres and particularly with HBsAg-negative
results despite active HBV replication. These in-vivo
findings are in keeping with our in vitro results show-
ing the ability of these mutations in hampering HBsAg

secretion or in jeopardizing HBsAg recognition by
antibodies used in diagnostic assays. In addition,
some complex mutational profiles can further exacer-
bate the issue of altered HBsAg recognition, support-
ing that the phenomenon of diagnostic escape can be
enhanced by the accumulation of multiple mutations
in HBsAg immunodominant regions. Our results are
in line with a previous study showing that pluri-
mutated strains harbouring both G145R and T1261
failed to be detected by different commercial assays
for HBsAg screening [36]. HBsAg-negativity despite
viral replication can jeopardize a proper HBV diagno-
sis, thus fuelling the circulation of HBV infection and
predisposing to liver disease progression.

So far, HBsAg-negativity is considered the surro-
gate marker to reflect cccDNA silencing and in turn
the achievement of HBV functional cure. The contri-
bution of vaccine-escape mutations to a false-negative
HBsAg result highlights the need of integrating mul-
tiple HBV biomarkers (such as serum HBV-RNA
and HBcrAg) for a proper monitoring of novel thera-
peutic strategies aimed at HBV functional cure.

Overall, the correlation of complex profiles of vac-
cine-escape mutations with low HBsAg titres and
HBV-DNA levels can lead to a misinterpretation of
chronic HBV infection status such as the identification
of patients with HBeAg-negative infection [37-39],
highlighting the importance to use genotypic testing
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for a proper virological characterization of patients
with HBV infection.

This study has focused on HBV genotype D, one of
the most common circulating worldwide. Notably, a
recent study showed that the neutralization activity
of vaccine-induced antibodies was significantly lower
for HBV genotype D than A and B supporting that
the genetic backbone of different HBV genotypes
can modulate HBV resistance to neutralizing anti-
bodies [30]. This is particularly relevant considering
that the current HBV vaccines are based on the
administration of HBsAg derived from genotype A2,
circulating only in North Europe and North America.
In this regard, previous studies have shown that vacci-
nated individuals (particularly those with low or wan-
ing anti-HBs titres) are characterized by an increased
risk of acquiring HBV infection with genotypes
genetically distant from A2 [3,23,40,41].

In our study, at least 1 vaccine-escape mutation was
detected more frequently in patients infected with
sub-genotype D3 than in the other sub-genotypes,
highlighting the importance to consider also the
neutralization efficacy according to different sub-
genotypes.

We acknowledge that to fully verify if the increasing
trend observed for vaccine-escape mutations is due to
the vaccination, there is the need to analyse over a pro-
longed time-window a large cohort of individuals get
infected with HBV despite full dosage of anti-HBV
vaccination with a plasma sample available to perform
HBsAg sequencing. Further ad hoc designed studies
are necessary to address this issue.

In conclusions, at least 1 vaccine-escape mutation,
single or in complex profiles, circulates in a not negli-
gible fraction of HBV genotype-D infected patients
with an increasing trend over time supporting a pro-
gressive enrichment in the circulation of variants
able to evade humoral responses. Even more, complex
profiles of vaccine-escape mutations correlate with
lower HBsAg quantification and HBsAg-negativity
despite ongoing viral replication. This should be con-
sidered for a proper clinical interpretation of HBsAg
results and their circulation should be taken into
account for the development of novel vaccine formu-
lations for both prophylactic and therapeutic purposes
aimed at achieving HBV functional cure. This is criti-
cal for ensuring the long-term success of global immu-
nization programme and for the achievement of WHO
commitment on the elimination of viral hepatitis as a
public global threat by 2030.
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