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Editorial on the Research Topic
Origin and Evolution of Hepatitis Viruses

Viral infection with hepatitis A, B, C, D, or E viruses (HAV, HBV, HCV, HDV, HEV) results in the
syndrome of hepatitis, characterized by inflammation of the liver. Each virus is classified within a
different virus family, yet all have hepatocyte-specific tropism and similar clinical manifestations.
Full permissive infection with human hepatitis viruses is limited to higher primates, except for
HEYV, yet hepatitis-like viruses are known to infect invertebrates and all manner of vertebrates,
including animals of the Laurasiatheria clade, such as bats and other insectivorous small mammals,
suggesting an ancient origin and complex evolutionary history for hepatitis viruses. The definitive
origin of these viruses remains largely unknown.

This Special Research Topic includes papers on HBV, HCV, HDV, and HEV, and includes
studies investigating the consequences of virus evolution, such as geographic distribution and
clinical outcomes. Other papers investigate intra-patient evolution, including super-infection and
recombination, but also evolution over extensive timescales, thus providing a glimpse into hepatitis
virus origins.

Several papers within the Topic presented important perspectives on the origins of HBV and
HDV. The paper by Locarnini et al. elucidates the origin of primate HBV in the context of
host evolution and migration. The authors posit that the evolutionary impetus giving rise to
contemporary human and Old World non-human primate (NHP) HBV involved early human
migration out of Africa during the upper Paleolithic era and the Neolithic agricultural expansion.
The authors conclude that HBV evolution has occurred over many thousands of years with lineages
disappearing over time and extant genotypes arising from specific population movements, such
as slave trading. Most importantly, their investigation suggests that co-evolution among human
and NHP HBYV is not supported. The study by Netter et al. also investigated possible co-evolution
of HDV and HDV-like agents with their hosts. In this important study, the authors advance the
idea that HDV, a satellite virus most similar to plant viroids, likely originated within a cellular
transcriptome as a circular RNA with ribozyme activity. Although delta-like agents have been
detected in a multitude of different animals, including birds, fish, and insects, the helper virus,
if indeed one is required, is not known. The paper suggests that host shifting, not co-divergence, is
the suggested mode of HDV evolution based on HDV/host phylogeny.

Viral genomic recombination, as a mechanism of evolution involving viral superinfection, was
the focus of several papers within the Research Topic. Jose-Abrego et al. observed that a high
percentage (56%) of HIV-HBV co-infected patients were infected with multiple heterologous HBV
genotypes (gt), including gtH, providing opportunity for genomic recombination. The paper from
Giersch et al. presents an elegant study of HDV superinfection amongst gts1 and 3 using a human
chimeric liver mouse model, observing that recombination is not a significant evolutionary process
for HDV. Productive infection with multiple HDV strains, regardless of genotype, was not observed
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within a single cell, thus reducing the likelihood of
recombination. Strain specific L-HDAg and/or the innate
immune response induced during primary infection may play
a role in suppressing superinfection. RNA recombination is
thought to occur via the host polymerase switching viral genome
templates; however, it is rarely observed in negative sense RNA
viruses (Patino-Galindo et al., 2021).

The distinct global distribution of hepatitis viruses provides
evidence of ongoing evolution, with phylogenetic analyses
delineating the relationship among viral genotypes. In the paper
by de Bernardi Schneider et al. a novel quasi-subgenotype
of HBV gtD was observed to be common among HBV-
infected Inuit patients living in West Greenland communities.
By use of Bayesian inference, the quasi-subgenotype was
dated to approximately 629 CE, thus describing yet another
unique HBV subtype identified within Indigenous populations
(Bouckaert et al., 2017; Yuen et al,, 2019), further confirming
the sustained HBV/human host relationship. Designating new
HBV subgenotypes requires that a specific genetic divergence
criteria (<4%) be met. The paper by Nicot et al. describes the
basis for a similar criteria to differentiate HEV gt3 subgenotypes.
By analyzing full genome (FG) HEV sequences, the authors
generated a robust cut-off (0.093 nucleotide substitutions/site)
to define a gt3 subgenotype. Following on the topic of HEV
genotypes, the study by O’Keefe et al. describes the molecular
epidemiology of HEV in Australia. The incidence of HEV
within resource-rich regions has historically been associated
with travel to endemic regions; however, gts3 and 4, associated
with zoonotic transmission primarily from the animal family
Suidae (hogs, boar, pig), now circulate within Australia, and thus
are considered autochthonous. Following phylogenetic analysis,
O’Keefe et al. determined that several gt3 non-travel associated
strains may represent new “Australian” subgenotypes, and were
likely transmitted from consumption of pork products.

Differences among hepatitis virus genotypes regarding
pathogenesis, clinical, and treatment outcomes, have been
described for HBV (Pujol et al., 2020), HCV (Sarrazin, 2021),
and HDV, resulting in part from viral evolution and genomic
mutation. The paper by Micas et al. describes an example of
this with HEV, such that infection with gt4 was associated with
higher ALT and AST activity than gt3 infection. This difference
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Although the Special Research Topic did not include any
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the past several years toward understanding the origin and
evolution of HAV. Targeted exploration among non-primate
mammals, such as bats, rodents, marsupials and harbor seals, has
identified hepatovirus genus or HAV-like sequences, suggesting
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has contributed to this.
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Hepatitis B virus (HBV) is a highly variable DNA virus due to its unique life cycle,
which involves an error-prone reverse transcriptase. The high substitution rate drives
the evolution of HBV by generating genetic variants upon which selection operates.
HBV mutants with clinical implications have been documented worldwide, indicating
the potential for spreading and developing their own epidemiology. However, the
prevalence of such mutants among the different HBV genotypes and subgenotypes
has not been systematically analyzed. In the current study, we performed large-scale
analysis of 6,479 full-length HBV genome sequences from genotypes A-H, with the
aim of gaining comprehensive insights into the relationships of relevant mutations
associated with immune escape, antiviral resistance and hepatocellular carcinoma
(HCC) development with HBV (sub)genotypes and geographic regions. Immune escape
mutations were detected in 10.7% of the sequences, the most common being I/T126S
(1.8%), G145R (1.2%), M133T (1.2%), and Q129R (1.0%). HBV genotype B showed
the highest rate of escape mutations (14.7%) while genotype H had no mutations
(P < 0.001). HCC-associated mutations were detected in 33.7% of the sequences, with
significantly higher frequency of C1653T, T1753V and A1762T/G1764A in genotype
G than C (P < 0.001). The overall frequencies of lamivudine-, telbivudine-, adefovir-,
and entecavir-resistant mutants were 7.3, 7.2, 0.5, and 0.2%, respectively, while only
0.05% showed reduced susceptibility to tenofovir. In particular, the highest frequency of
lamivudine-resistant mutations was observed in genotype G and the lowest frequency
in genotype E (82.5 and 0.3%; P < 0.001). The prevalence of HBV mutants was also
biased by geographic location, with North America identified as one of the regions
with the highest rates of immune escape, antiviral resistance, and HCC-associated
mutants. The collective findings were discussed in light of natural selection and the
known characteristics of HBV (sub)genotypes. Our data provide relevant information
on the prevalence of clinically relevant HBV mutations, which may contribute to further
improvement of diagnostic procedures, immunization programs, therapeutic protocols,
and disease prognosis.

Keywords: hepatitis B virus, genotypes, mutation, immune escape, antiviral resistance, hepatocellular carcinoma,
HBYV evolution, natural selection
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Prevalence of HBV Clinically Significant Mutations

INTRODUCTION

Hepatitis B is one of the most prevalent viral infections in
humans and a major global public health problem. Hepatitis
B virus (HBV) has infected one-third of the global population,
with 257 million chronic infections worldwide and more than
880,000 deaths per year, mostly from cirrhosis and hepatocellular
carcinoma (HCC) (WHO, 2020).

Hepatitis B virus is the prototype member of the family
Hepadnaviridae containing a partially double-stranded relaxed
circular DNA genome (~3.2 kb) with a compact coding
organization containing four partly or completely overlapping
open reading frames (Seeger et al, 2013). Based on >7.5%
genomic sequence divergence, HBV has been phylogenetically
classified into nine genotypes (A-I) and one putative genotype
(J). The significant diversity within specific HBV genotypes
has led to further classification into numerous subgenotypes
(Kramvis, 2014). HBV genotypes and subgenotypes have distinct
geographic distributions. The unique replication cycle of HBV
includes the activity of an error-prone reverse transcriptase (RT)
that generates numerous viral variants (quasispecies). Constant
HBYV evolution leads to continued selection of mutations through
pressure exerted by endogenous (host immune system) and
exogenous (antiviral therapy and vaccination) factors, which
fuels a molecular arms race between virus and host, resulting
in emergence of mutations involved in several clinical effects
(Araujo et al., 2011; Rajoriya et al., 2017; Revill et al., 2020).

The HBV surface antigen (HBsAg) contains a highly
conserved antibody-neutralizing epitope cluster termed “a”
determinant, which spans amino acids 124-147. Mutations
occurring within or around this region lead to conformational
changes, which can affect binding of neutralizing antibodies
produced during natural infection or following active or
passive immunization (Zuckerman and Zuckerman, 2003).
These immune escape mutations account for several possible
consequences, such as false-negative results by commercial
HBsAg assays (occult hepatitis B) and evasion of anti-
HBV immunoglobulin therapy and vaccine-induced immunity.
G145R was the first escape mutation described and the most
frequently detected HBV variant with proven vaccine escape
properties in humans (Carman et al., 1990). Over the years,
a number of other mutations associated with immune escape
have been documented worldwide (Cooreman et al., 2001;
Lazarevic et al., 2019).

Nucleos(t)ide analogs (NAs) are potent inhibitors of HBV
RT activity. To date, six NAs, specifically, lamivudine (LAM),
telbivudine (LdT), adefovir dipivoxil (ADV), entecavir (ETV),
tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide
(TAF), have been approved for treatment of chronic HBV
infections (Sarin et al., 2016; Easl, 2017; Terrault et al., 2018).
However, drug-resistant mutations often arise during long-term
use of therapies with a low barrier to resistance, such as LAM,
leading to treatment failure and progression to liver disease
(Zoulim, 2011). Additionally, owing to overlapping reading
frames in the HBV genome, mutations in the polymerase
gene resulting from antiviral selection pressure may affect
neutralization epitopes within HBsAg (Pollicino et al., 2009).

The influence of HBV diversity on severity of liver disease has
been investigated mainly for genotypes A-D (McMahon, 2009;
Kao et al., 2010; Levrero and Zucman-Rossi, 2016). Genotype C
is considered more oncogenic than genotypes A, B, and D (Chan
et al., 2004; Wong et al., 2013). Likewise, mutations in the basal
core promoter (BCP) resulting in decreased expression of HBeAg
but enhanced viral replication and deletions in the Pre-S region
are associated with increased risk of HCC (Liu et al., 2009).

The widespread distribution of HBV mutations with clinical
implications poses a considerable challenge for design of
diagnostic assays and current treatment strategies and is a
potential threat to the long-term success of mass vaccination
programs (Lazarevic, 2014; Yan et al, 2017). However, little
is known on the frequencies of these mutations in different
HBYV genotypes. Knowledge of HBV subgenotypes is even more
limited. Additionally, the unique distribution patterns of HBV
(sub)genotypes in different geographic areas has hampered
simultaneous comparisons. In the current study, we performed
large-scale analysis of 6,479 full-length HBV genome sequences
from genotypes A-H retrieved from public database with the
aim of gaining comprehensive insights into the relationships
of the most relevant escape-, resistance- and HCC-associated
mutations with HBV (sub)genotypes and geographic regions.
Knowledge of the prevalence of clinically relevant mutations
among the different HBV genotypes and subgenotypes and
their worldwide distribution should facilitate improvement
of diagnostic procedures, immunization programs, therapeutic
protocols, and disease prognosis.

MATERIALS AND METHODS

HBV Genome Sequences

All complete genome sequences (n = 6,479) of HBV genotypes A
to H from the Hepatitis B Virus Database (HBVdb) available at
https://hbvdb.lyon.inserm.fr/HBVdb/HBVdbIndex (Hayer et al.,
2013) were obtained. Precomputed datasets for each genotype
containing sequences aligned in the Clustal W format were
downloaded on the following dates: genotype A (n = 871),
18th September 2019; B (n = 1,755), 13th November 2019; C
(n = 2,187), 14th January 2020; D (n = 1,059), 31st January
2020; E (n = 292), 17th February 2020; F (n = 249), G (n = 40),
and H (n = 26), 18th February 2020. Information on the
country of sequence origin was extracted from existing GenBank
annotations. Sequences were further grouped into 21 geographic
subregions according to the UN Statistics Division'.

HBV Subgenotyping

Subgenotyping of all sequences was assessed via Maximum
Likelihood (ML) phylogenetic analysis. ML phylogenetic tree
was inferred with the IQ-TREE v.1.6.12 program (Nguyen et al.,
2015) under the GTR + I + G nucleotide substitution model
selected with ModelFinder (Kalyaanamoorthy et al, 2017).
A heuristic tree search was performed with the aid of the nearest
neighbor interchange (NNI) algorithm and the reliability of

'https://unstats.un.org/unsd/methodology/m49/#geo-regions
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phylogeny estimated with the approximate likelihood-ratio
test (Anisimova and Gascuel, 2006) based on a Shimodaira-
Hasegawa-like procedure (SH-aLRT). We employed the newer
proposals for subgenotype classification reviewed elsewhere
(Kramvis, 2014). New classifications of subgenotypes proposed
subsequently were not included in the analyses. GenBank
accession numbers of the reference sequences are as follows:
AB241115, AY233278 (subgenotype Al); AB116079, AY738141
(A2); AB194951, AB194952, AM180623, AY934764, FJ692609,
FJ692613 (QS-A3); GQ331047, GQ331048 (A4); AB014366,
D00329 (B1); AP011084, AY596111 (B2); AB219427, AP011085,
AP011086, AP011091, AP011093, AP011094, EF473977, M54923
(QS-B3); AB073835, AB115551 (B4); AB287316, DQ463787
(B5); ABO031265, AB112066 (Cl1); AB033553, AB368297,
AF533983, HQ622095 (QS-C2); KU695745, KU695746, X75656,
X75665 (C3); AB048704, AB048705, KF873543, KF873545
(C4); AB241109, AP011099, EU410081, KM999992 (C5);
KM999993, APO011103, AP011102 (C6); EU670263 (C7);
AP011104, AP011105, AP011106, AP011107 (C8); AP011108
(C9); AB540583 (C10); AB554019, AB554020 (C11); AB554018,
AB554025 (C12); AB644280, AB644281 (Cl13); GQ377555,
HMO011493 (C14); AB644286 (C15); AB644287 (C16); FJ904424,
X80926 (D1); AB109475, Z35716 (D2); AB493845, AB493846,
AY233291, X65257 (D3); AB033559, AB048702 (D4); AB033558,
DQ315779 (D5); AM494716, FJ904430 (D6); AB091256,
HM363610, X75664 (E); AY090459, DQ823095, HM585194
(F1); AY090455, DQ899143, X69798 (F2); AB036905, AB036915,
MHO051986 (F3); AB166850, DQ823090, KJ843175 (F4);
AB056513, AB064310, EF634480 (G); AB516395, AY090454,
AY090457 (H); FJ023664, FJ023660 (I); AB486012 (J).

Mutational Analysis

Sequence alignments were analyzed using MEGA version 10.1.8
(Kumar et al., 2018). An Excel database containing information
on each nucleotide/amino acid in the respective positions of
each sequence was constructed (Supplementary Table S1).
A total of 21 clinically relevant positions according to previous
reports were examined, including 10 amino acid positions within
HBsAg (120, 126, 129, 130, 133, 141, 142, 143, 144, and 145)
related to immune escape (Cooreman et al, 2001; Ma and
Wang, 2012; Qin and Liao, 2018; Lazarevic et al., 2019), four
nucleotide positions within the core promoter gene (1653 in
enhancer II and 1753, 1762, and 1764 in BCP) and Pre-S
deletions related to HCC development (Chou et al., 2008; Liu
et al,, 2009; Kao et al, 2010; Tseng et al., 2015), and seven
amino acid positions within the RT domain of HBV polymerase
(180, 181, 184, 202, 204, 236, and 250) related to antiviral
resistance (Zoulim and Locarnini, 2009). According to the most
recent clinical practice guidelines of the European Association
for the Study of the Liver (Easl, 2017), the following amino
acid substitution profiles for HBV-resistant mutants were used:
rtM204V/I (LAM resistance), rtM2041 or L180M + rtM204V
(LdT resistance), rtA181T/V or rtN236T (ADV resistance),
rtL180M + rtM2041/V =+ rtT184S/G =+ rtS202I/G £ rtM250V
(ETV resistance), and rtA181T/V + rtN236T (TDF/TAF-reduced
susceptibility).

Statistical Analysis

Statistical analysis was performed using SPSS statistical
software package version 23.0 (IBM SPSS Inc., Chicago,
IL, United States). Frequencies were compared using the
chi-squared test or Fisher’s exact test. P-values < 0.05 were
considered statistically significant.

RESULTS

HBV Subgenotypes and Geographic
Distribution

For comprehensive evaluation, all HBV genome sequences from
genotypes A, B, C, D, and F (n = 6,121) were classified
into subgenotypes via phylogenetic analysis of each genotype
dataset (Supplementary Figure S1). The phylogenetic tree of
the complete data used in the study is shown in Figure 1.
Subgenotyping results were further compared with information
on subgenotypes of the sequences in GenBank, where available.
Sequences with conflicting results (n = 29) or undetermined
subgenotypes (1 = 45) were not included in subsequent analyses.
The following subgenotypes were identified for each genotype:
Al (n =265, 30.4%), A2 (n = 553, 63.5%), QS-A3 (n = 48, 5.5%),
A4 (n = 3, 0.3%), and not determined (n = 2, 0.2%) (genotype
A, n = 871); Bl (n =57, 3.2%), B2 (n = 1310, 74.6%), QS-B3
(n=207,11.8%), B4 (n =128, 7.3%), B5 (n = 52, 3.0%), and not
determined (n = 1, 0.1%) (genotype B, n = 1755); C1 (n = 451,
20.6%), QS-C2 (1 = 1518, 69.4%), C3 (n = 28, 1.3%), C4 (n = 13,
0.6%), C5 (n=19,0.9%), C6-C15 (n =103, 4.7%), not determined
(n = 36, 1.6%) and conflicting results (n = 19, 0.9%) (genotype
C, n = 2187); D1 (n = 516, 48.7%), D2 (n = 291, 27.5%), D3
(n=189,17.8%), D4 (n = 21, 2.0%), D5 (n = 21, 2.0%), D6 (n =7,
0.7%), not determined (n = 6, 0.6%), and conflicting results (n =8,
0.8%) (genotype D, n = 1059); F1 (n = 123, 49.4%), F2 (n = 29,
11.6%), F3 (n = 39, 15.7%), F4 (n = 56, 22.5%), and conflicting
results (n = 2, 0.8%) (genotype F, n = 249). In addition, sequences
with information on the country of origin available in GenBank
were grouped into geographic subregions. For simplification
purposes, sequences classified in subgenotypes C6-C15 were
grouped as C6-C15. The global geographical distribution of HBV
(sub)genotypes from 6,137 full-length genome sequences present
in the HBVdb database is shown in Figure 2. The sequence
list and corresponding background information is available as
Supplementary Table S1.

Immune escape Mutations

Ten positions within HBsAg (P120, I/T126, Q129, G130, M133,
K141, P142, S/T143, D144, and G145) incorporating 25 immune
escape mutations were analyzed. The amino acid frequencies
at each position in different HBV genotypes are shown in
Table 1. Overall, immune escape mutations were detected in
691 of 6,479 sequences (10.7%). HBV genotype B showed the
highest frequency of mutation (14.7%), followed by genotypes C
(11.2%), G (10%), D (9.3%), A (7.5%), E (5.1%), and F (2.0%)
(P < 0.001). No escape mutations were detected in genotype H
sequences. The most common substitutions were I/T126S (1.8%),
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FIGURE 1 | Phylogenetic analysis of HBV complete genome sequences representative of genotypes A-J. Maximum likelihood phylogenetic tree of 6,538 complete
genome sequences (6,434 from HBVdb database plus 104 reference sequences). Sequences whose subgenotype could not be determined (n = 45) were excluded
from the analysis. The branches are colored according to the genotypes. (Sub)genotypes are indicated next to their respective clusters. The numbers in branches
indicate the statistical support (aLRT value).

G145R (1.2%), M133T (1.2%), Q129R (1.0%), I/T126A (0.8%), G145R was only detected in genotypes G (5.0%), D (2.5%), C
and P120T (0.8%). These major mutations were more frequent  (2.1%), and B (0.2%) (P < 0.001) (Table 1).

in genotypes A (P120T, 3.2%), B (I/T126A, 2.8%; Q129R, 2.2%), The HBV subgenotypes A2, B1, C6-C15, D4 and F2 displayed
C (I/T126S, 3.9%; M133T, 1.9%), and G (G145R, 5.0%). Notably, the highest frequencies of immune escape mutants within their
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FIGURE 2 | Geographic distribution of HBV genotypes and subgenotypes based on 6,137 complete genome sequences present in the HBVdb database.
(Sub)genotypes with frequencies < 3% were not included in the figure. The map was reconstructed using Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:BlankMap-World-noborders.png), this figure is similar but not identical to the original image and is therefore for illustrative
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respective genotypes (A2: 9.6%; B1: 15.8%; C6-C15: 36.9%; D4:
19%; F2: 6.9%), with significant differences within genotypes A
and C (P = 0.018 and P < 0.001, respectively). On the other
hand, subgenotypes A4, C4, C5, and D6 had no mutations in the
listed HBsAg positions. In particular, significant differences in the
frequency of G145R were observed within genotypes C and D,
with the highest rates recorded for subgenotypes C6-C15 and D2
(34 and 8.2%, P < 0.001 for both; Tables 2-6).

HCC-Associated Mutations

The frequencies of C1653T, T1753V and A1762T/G1764A
(double mutant) and Pre-S deletions in different HBV
genotypes are shown in Table 1. HCC-associated mutations
were detected in 2,183 out of 6,479 sequences (33.7%). HBV
genotype G showed the highest frequency of mutations
(97.5%), followed by genotype C (49.7%), D (30.9%), F
(30.5%), A (29.9%), E (24.3%), B (18.1%), and H (15.4%)
(P < 0.001). CI1653T, T1753V and A1762T/G1764A
were highly frequent in genotype G (95, 95, and 97.5%,
respectively), followed by genotype C (12, 18.1, and 46.1%,
respectively), while Pre-S deletions prevailed in genotype C
(3.3%) (Table 1).

All HBV subgenotypes displayed HCC-associated gene
variations. QS-A3, B5, C6-Cl15, D1 and F2 displayed the
highest mutation frequencies within their respective genotypes
(QS-A3: 35.4%; B5: 30.8%; C6-Cl15: 57.3%; DI1: 36.4%; F2:
51.7%). Significant differences in A1762T/G1764A rates were

found within genotypes B, C, D, and E with subgenotypes
B2, C6-C15, D1 and F1 showing the highest rates (17.7,
56.3, 28.3, and 29.3%, respectively). Similarly, Pre-S deletion
frequencies were markedly different within genotypes A and
B, with the highest rates detected for subgenotypes Al and
QS-B3 (3.0 and 2.4%, respectively, P < 0.05 for both)
(Tables 2-6).

Antiviral Resistance Mutations

Seven amino acid positions within the RT domain of HBV
polymerase involving 11 mutations associated with resistance
to NAs were analyzed. The frequencies of mutations and
resistant mutants for each NA in different HBV genotypes are
shown in Table 1. Overall, rtL180M, rtA181T/V, rtT184G/S,
rtS202G/1, rtM204I, rtM204V, rtN236T, and rtM250V were
more frequently detected in genotypes A (13.9%), C (0.8%),
D (0.1%), H (3.8%), G (25%), A (13.1%), B (0.7%), and C
(0.1%), respectively. Significant differences were evident among
HBV genotypes in terms of resistance to NAs. LAM- and
LdT-resistant mutants were more frequent in genotype G
(32.5% for both), followed by genotypes A (14.1 and 13.8%),
C (8.6 and 8.4%), H (7.7% for both), D (7.4% for both),
B (3.5% for both), F (3.2% for both) and E (0.3% for
both) (P < 0.001). ADV-resistant mutants were only found
in genotypes C (0.9%), B (0.7%), A (0.1%), and D (0.1%)
(P = 0.016), whereas ETV-resistant mutants were specifically
detected in genotypes H (3.8%), C (0.4%), and D (0.2%)
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(P < 0.001). Only genotypes B and C contained mutations
with reduced susceptibility to TDF and TAF (0.1% for both
genotypes) (Table 1).

The HBV subgenotypes A2, B4, QS-C2, D2 and F2
displayed the highest frequencies of LAM- and LdT-resistant
mutants within their respective genotypes (A2: 21.5 and
21.3%; B4: 18.8% for both; QS-C2: 11.3% and 11.1%; D2:
16.2% for both; F2: 6.9% for both). Subgenotypes A2, B2,
QS-C2 and D1 showed the highest frequencies of ADV-
resistant mutants within their respective genotypes (A2: 0.2%;
B2: 1.0%; QS-C2: 1.3%; DI: 0.2%). Subgenotypes C6-Cl15
and D2 showed the highest frequencies of ETV-resistant
mutants within their respective genotypes (C6-C12: 1.0%;
D2: 0.3%). Only B2 and QS-C2 had mutants with reduced
susceptibility to TDF and TAF (0.1% for both) (Tables 2-
6).

Geographic Distribution of HBV Mutants
The frequencies of HBV mutants according to geographic
region are shown in Figure 3 and Table 7. Central Asia was
the only region where no mutants were detected. The highest
rates of HCC-associated mutants were observed in Southern
Asia (41%), followed by North America (37%) and Eastern
Asia (36.5%) and the lowest rates in Middle Africa (14.6%),
Western Europe (17.5%), and Australia and New Zealand
(19.6%) (P < 0.001). Immune escape mutants were detected
more often in North America (16.3%), Eastern Asia (12.3%) and
South-eastern Asia (12%) and less frequently in Middle Africa
(0), Eastern Africa (1.4%) and the Caribbean (1.6%) (P < 0.001).
Regarding antiviral therapy resistance, HBV sequences from
Australia and New Zealand, Caribbean, Melanesia, Northern
Africa, Northern Europe, Polynesia, Southern Africa, and
Western Africa contained no NA-resistant mutations. Higher
frequencies of LAM- and LdT-resistant mutants were found
in North America (40.9% for both), Southern Europe (24%
for both) and Western Europe (9.1 and 8.4%), and lower
frequencies in Eastern Europe (0.7% for both), Middle Africa
(1.0% for both) and Eastern Africa (1.4% for both) (P < 0.001).
ADV-resistant mutants were specifically identified in Eastern
Asia (1.1%), North America (0.2%) and Southern Asia (0.2%)
and ETV-resistant mutants in Southern Asia (0.4%) and Eastern
Asia (0.1%) (P > 0.05 for all). Mutants with reduced TDF and
TAF susceptibility were solely detected in Eastern Asia (0.1%)
(Figure 3 and Table 7).

The comparison of mutation profiles of same (sub)genotype
among geographic regions is shown in Supplementary Table
§2. Al isolates from Southern Asia displayed significantly
higher rates of HCC-associated mutants (61.4%) than Al
isolates from Caribbean (32.1%), Eastern Africa (25%), South
America (24%), and Southern Africa (21.9%) (P < 0.05).
Similar results were observed between C isolates from Asia
(Southern Asia, 57.1%; Eastern Asia, 50.5%; South-eastern
Asia, 43.4%) and Oceania (Australia and New Zealand,
20%; Melanesia, 25%; Polynesia, 27.3%) (P < 0.05), E
isolates from Western Africa and Middle Africa (33.1%
and 8.5%, respectively, P < 0.05), and F isolates from
North America and South America (87.5% and 30%,

respectively, P < 0.05). A2 isolates from North America
and Western Europe showed significant differences in the
rates of HCC-associated mutants (40.3 and 9.3%, respectively,
P < 0.05) and immune escape mutants (16.5 and 3.7%,
respectively, P < 0.05). Moreover, isolates from North
America showed the highest frequencies of LAM-resistant
mutants within (sub)genotypes A2, B, D, and G (P < 0.05)
(Supplementary Table S2).

DISCUSSION

Evolution is an important aspect of epidemiology of viral
diseases. HBV evolution occurs through both mutation and
recombination processes (Kay and Zoulim, 2007; Araujo,
2015). Since HBV replication involves an error-prone reverse
transcription step, nucleotide substitution rates are higher
than those for other DNA viruses. The estimated HBV
mutation rates are reported to range from 10* to 10-¢
substitutions/site/year (Zehender et al., 2014; Paraskevis et al.,
2015; Spitz et al, 2019). This high substitution rate allows
HBV to evolve rapidly and adapt to changes in the host
environment, leading to the emergence of mutations with
important implications for prevention, diagnosis, treatment, and
prognosis of infection. HBV mutants have been documented
worldwide (Zhang et al, 2016), indicating the potential to
spread in a range of human populations and develop their
own epidemiology.

HBV genotypes and subgenotypes have been associated
with differences in disease progression, response to antiviral
therapy, and clinical outcomes (Kramvis and Kew, 2005;
McMahon, 2009; Kim et al.,, 2011; Liu and Kao, 2013). One
potential reason is that HBV mutations may be more common
among some (sub)genotypes than among others. However,
due to the unique distribution patterns of HBV genotypes
in Asian and Western countries, epidemiological data on
HBV mutants are based on comparisons between genotypes
B and C or A and D, with little information on the other
genotypes. In this study, mutations related to immune escape,
antiviral resistance, and HCC development were analyzed in
6,479 HBV genome sequences classified into genotypes A-
H. To our knowledge, the present study has conducted the
most comprehensive analysis of the association of clinically
relevant mutations of HBV with genotypes, subgenotypes, and
geographic regions.

Overall, immune escape mutations were detected in 10.7%
HBV genomes. Similar rates have been determined in cohorts
from Argentina (7.5-10.7%) (Di Lello et al., 2019), China (9.01%)
(Yan et al., 2017), Spain (6.6-12.5%) (Avellon and Echevarria,
2006), and Turkey (8.3%) (Sayan et al., 2010). Only 4 of the 25
escape mutations had total frequencies of >1% (I/T126S, 1.8%;
G145R, 1.2%; M133T, 1.2%; and Q129R, 1.0%), consistent with a
previous large-scale analysis showing frequencies of no less than
1% for most escape mutations (Ma and Wang, 2012). Particularly,
the most common escape mutation identified, I/T126S, was
previously associated with vaccine failure in Chinese adults
undergoing the HBV vaccination program (He et al., 2001) and
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TABLE 1 | Clinically relevant HBV mutations by genotype.

Genotypes, n (%)

Sites Total (n = A (n=871) B(n= Cn= D= E(n=292) F(n=249) G (n=40) H(n=26) Clinicalissue P
6479) 1755) 2187) 1059)
P120 Immune escape
L 2 (0.0 0 0 0 1(0.1) 1(0.3 0 0 0 0.096
Q 3(0.0) 0 1(0.1) 0 1(0.1) 0 1(0.4) 0 0 0.256
S 43 (0.7) 1(0.1) 25 (1.4) 2(0.1) 14 (1.3) 1(0.3) 0 0 0 <0.001
T 50 (0.8) 28 (3.2) 5(0.3) 8(0.4) 9(0.8 0 0 0 0 <0.001
Total 98 (1.5) 29 (3.3 31(1.8) 10 (0.5) 25 (2.8) 2(0.7) 1(0.4) 0 0 <0.000
1/T126 Immune escape
A 53(0.8) 1(0.1) 50 (2.8) 0 0 0 2(0.8 0 0 <0.001
N 24 (0.4) 0 0.1 21 (1.0 2(0.2) 0 0 0 0 <0.001
S 116 (1.8) 14(1.6) 14 (0.8) 86 (3.9) 2(0.2 0 0 0 0 <0.001
Total 193 (3.0) 15(1.7) 65 (3.7) 107 (4.9) 4 (0.4 0 2(0.8) 0 0 <0.001
Q129 Immune escape
H 46 (0.7) 0 39 (2.2) 2 (0.1) 4(0.4) 1(0.3 0 0 0 <0.001
N 4(0.1) 0 0 4(0.2) 0 0 0 0 0 0.346
R 63 (1.0) 4 (0.5 39 (2.2) 6 (0.3 14 (1.9 0 0 0 0 <0.001
Total 113(1.7) 4(0.5 78 (4.4) 12 (0.5) 18 (1.7) 1(0.3) 0 0 0 <0.001
G130 Immune escape
N 36 (0.6) 4 (0.5 4(0.2) 25(1.1) 3(0.3 0 0 0 0.003
R 11(0.2) 0 4(0.2) 5(0.2) 0 0.3 1(0.4) 0 0 0.600
Total 47 (0.7) 4(0.5) 8(0.5) 30 (1.4) 3(0.3) 1(0.3) 1(0.4) 0 0.006
M133 Immune escape
| 16 (0.2) 3(0.3) 4(0.2) 3(0.1) 3(0.3 3(1.0) 0 0 0 0.219
L 47 (0.7) 0 43 (2.5) 2 (0.1) 1(0.1) 1(0.3) 0 0 0 <0.001
T 79(1.2) 8(0.9 26 (1.5) 42 (1.9) 1(0.1) 2(0.7) 0 0 0 <0.001
Total 142 (2.2) 11 (1.9) 73 (4.2) 47 (2.1) 5(0.5) 6(2.1) 0 0 0 <0.001
K141 Immune escape
E 3(0.0) 1(0.1) 1(0.1) 1(0.0 0 0 0 0 0.975
| 2 (0.0 0 0 2(0.1) 0 0 0 0 0 0.788
Total 5(0.1) 1(0.1) 1(0.1) 3(0.1) 0 0 0 0 0 0.922
P142 Immune escape
L 4(0.1) 0 0 1(0.0) 2(0.2) 0 0 1(2.5) 0 <0.001
S 2(0.0) 1(0.1 1(0.1) 0 0 0 0 0 0 0.828
Total 6(0.1) 0.1 1(0.1) 1(0.0 0.2 0 0 1(2.5) 0 <0.001
S/T143L 22 (0.3) 0 0 1(0.0) 20 (1.9) 1(0.9) 0 0 0 Immune escape  <0.001
D144 Immune escape
A 4(0.1) 2(0.2) 0 1(0.0) 0 1(0.3) 0 0 0 0.204
E 13(0.2) 2(0.2) 1(0.1) 2 (0.1) 4(0.4) 2(0.7) 1(0.4) 1(2.5) 0 0.007
G 3(0.0) 1(0.1) 0 1(0.0 1(0.1) 0 0 0 0 0.927
Total 20 (0.3) 5(0.6) 1(0.1) 4(0.2) 5(0.5) 3(1.0) 1(0.4) 1(2.5) 0 0.008
G145 Immune escape
A 34 (0.5) 1(0.1) 4(0.2) 26 (1.2) 2(0.2) 1(0.3) 0 0 0 <0.001
R 78(1.2) 0 4(0.2) 46 (2.1) 26 (2.5) 0 0 2 (5.0 0 <0.001
Total 112 (1.7) 1(0.1) 8(0.5) 72 (3.3 28 (2.6) 1(0.3 0 2 (5.0 0 <0.001
Escape 691 (10.7) 65 (7.5) 258 (14.7) 245(11.2) 99 (9.3) 15 (5.1) 5(2.0) 4 (10) 0 Immune escape  <0.001
mutants?
C1653T 474 (7.3) 28 (3.2) 28 (1.6) 262 (12) 93 (8.8) 16 (5.5) 7(2.8) 38 (95) 2(7.7) HCC <0.001
T1753V 820 (12.7) 60 (6.9) 78 (4. ) 395(18.1) 176(16.6) 40 (13.7) 32 (12.9) 38 (95) 1(3.8) HCC <0.001
A1762T/G1764A 1871 (28.9) 234 (26.9) 272 (15. 1009 (46.1) 228 (21.5) 32 (11) 56 (22.5) 39 (97.5) 1(3.8) HCC <0.001
Pre-S deletions 98 (1.5) 0(1.1) 0 (0. ) 73 (3.3 0 2(0.7) 3(1.2 0 0 HCC <0.001
HCC- 2183 (33.7) 260 (29.9) 318 (18.1) 1088 (49.7) 327 (30.9) 71(24.9) 76 (30.5) 39 (97.5) 4 (15.4) HCC <0.001
associated
mutants?
rtL180M 309 (4.8) 121 (13.9) 24 (1.4) 90 (4.1) 60 (5.7) 1(0.3) 8(3.2 3(7.5) 2 (7.7)  Antiviral resistance <0.001
rtA181 Antiviral resistance
T 3(0.0) 0 0 3(0.1) 0 0 0 0 0 0.553

(Continued)
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TABLE 1 | Continued

Genotypes, n (%)

Sites Total(n= A(n=871) B(n= C(n= D= E(n=292) F(n=249) G (n=40) H(n=26) Clinicalissue P
6479) 1755) 2187) 1059)

\ 18 (0.9 0 2(0.1) 15(0.7) 1(0.1) 0 0 0 0 0.005

Total 21 (0.3 0 2(0.1) 18(0.8) 1(0.1) 0 0 0 0 0.001

rtT184 Antiviral resistance

G 0 0 0 0 0 0 0 0 0 -

S 2(0.0) 0 0 1(0.0 1(0.1) 0 0 0 0 0.924

Total 2 (0.0) 0 0 1(0. 1(01 0 0 0 0 0.924

rtS202 Antiviral resistance

G 11(0.2) 0 3(0.2) 6 (0.3 1(0.1) 0 0 0 1(3.8 0.001

| 1(0.0 0 0 0 1(0.1 0 0 0 0 0.645

Total 12(0.2) 0 3(0.2) 6 (0.3 2(0.2) 0 0 0 1(3.8) 0.002

rtM204 Antiviral resistance

| 237 (3.7) 9 (1.0 41 (2.3) 125 (5.7) 51(4.8) 0 1(0.4) 10 (25) 0 <0.001

\ 236 (3.6) 114 (13.1) 20 (1.1) 62 (2.8) 27 (2.5) 1(0.3 7(2.8) 3(7.5) 2(7.7) <0.001

Total 472 (7.3) 123 (14.1) 61 (3.5) 187 (8.6) 78 (7.4) 1(0.3 8(3.2) 13 (32.5) 2(r.7 <0.001

rtN236T 17 (0.9) 1(0.1) 12 (0.7) 4(0.2) 0 0 0 0 0 Antiviral resistance  0.014

rtM250V 3 (0.0 0 0 3(0.1) 0 0 0 0 0 Antiviral resistance  0.053

LAM-resistant 473 (7.3) 123 (14.1) 61 (3.5) 187 (8.6) 78 (7.4) 1(0.3 8(3.2) 13 (32.5) 2(7.7)  Antiviral resistance <0.001

mutants®

LdT-resistant 466 (7.2)  120(13.8) 61 (3.5) 183 (8.4) 78 (7.4) 1(0.9) 8(3.2) 13 (32.5) 2(7.7)  Antiviral resistance <0.001

mutants?

ADV-resistant 35 (0.5) 1(0.1) 13(0.7) 20 (0.9) 1(0.1) 0 0 0 0 Antiviral resistance  0.016

mutants®

ETV-resistant 11(0.2) 0 0 8(0.4) 2(0.2) 0 0 0 1(8.8)  Antiviral resistance <0.001

mutants’

TDF/TAF- 3(0.0) 0 1(0.1) 2(0.1) 0 0 0 0 Antiviral resistance  0.949

reduced

susceptibility

mutants?

The P-value was listed as “— " when the specific mutation was found in no genotype (statistical analysis not conducted).

LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide; rt, reverse transcriptase.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

¢Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM2041 or L180M + M204V.
€Amino acid substitution profile for ADV resistance: rtA181T/V or ntN236T.

fAmino acid substitution profile for ETV resistance: rtL.180M + rtM2041/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + rtN236T.

most prevalent among patients under 15 years of age after mass
vaccination in China (Yan et al., 2017).

Notably, significant differences in the frequencies of escape
mutations among HBV genotypes were observed in this study,
with genotypes A-D and G showing higher rates than E, F
and H. The lack of escape mutations observed in genotype H
should be interpreted with caution due to the low number of
genotype H sequences available for analysis. However, similar
findings were reported by Ma and Wang (2012), who showed
that HBV genotypes A-D harbor more escape mutations than
the other genotypes. Likewise, Di Lello et al. (2019) observed
a significantly higher rate of escape mutations in genotype D
(33%) than genotype F (2.3%). The results collectively suggest low
circulation of immune escape mutants among the Amerindian
(and more divergent) HBV genotypes F and H, and highlight
the necessity to monitor genotypes A (mainly A2), B, C (mainly
C6-C15), D, and G.

Moreover, since the HBV vaccine used worldwide is produced
with HBsAg subgenotype A2, stronger selection pressure of
the humoral immune response against the “a” determinant
of HBV-A2 isolates may occur. Consequently, higher rates
of immune escape mutants are expected in subgenotype A2
than other (sub)genotypes. In fact, significant differences in the
frequencies of immune escape mutants were observed within
genotype A, with A2 showing the highest rates. However, other
(sub)genotypes included higher rates of escape mutants than A2,
suggesting that this potential selective pressure on subgenotype
A2 is not yet a concern for virus vaccine design.

Hepatocellular carcinoma development due to HBV infection
is a multifactorial process associated with viral, host and
environmental factors. Patients with chronic HBV infection have
a 20-fold higher risk of HCC than non-infected individuals
(Parkin, 2006). The ability to identify patients at risk of
HCC is crucial, since progression to liver cancer in the
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TABLE 2 | Clinically relevant mutations in HBV/A subgenotypes.

Subgenotypes, n (%)

Sites A1 (n = 265) A2 (n = 553) QS-A3 (n = 48) A4 (n=3) Clinical issue P
P120 Immune escape
L 0 0 0 0 -
Q 0 0 0 0 -
S 0 1(0.2) 0 0 0.903
T 2(0.8) 26 (4.7) 0 0 0.013
Total 2(0.8) 27 (4.9) 0 0 0.010
1/T126 Immune escape
A 1(0.4) 0 0 0 0.516
N 0 0 0 0 -
S 1(0.4) 13 (2.4) 0 0 0.152
Total 2(0.8) 13 (2.4) 0 0 0.303
Q129 Immune escape
H 0 0 0 0 -
N 0 0 0 -
R 2(0.8) 2(0.4) 0 0 0.836
Total 2(0.9 2(0.4) 0 0 0.836
G130 Immune escape
N 3(1.1) 1(0.2) 0 0 0.285
R 0 0 0 0 -
Total 3(1.1) 1(0.2) 0 0 0.285
M133 Immune escape
| 2(0.8) 0 1(@2.1) 0 0.059
L 0 0 0 -
T 1(0.4) (1.3 0 0.561
Total 3(1.1) 7(1.3) 1(2.1) 0 0.954
K141 Immune escape
E 0 1(0.2) 0 0 0.903
| 0 0 0 0 -
Total 0 1(0.2) 0 0.903
P142 Immune escape
L 0 0 0 0 -
S 0 1(0.2) 0 0 0.903
Total 0 1(0.2 0 0 0.903
S/T143L 0 0 0 0 Immune escape -
D144 Immune escape
A 1(0.4) 1(0.2) 0 0 0.935
E 0 2(0.4) 0 0 0.766
G 1(0.4) 0 0 0 0.516
Total 2(0.8) 3(0.5) 0 0 0.926
G145 Immune escape
A 0 1(0.2) 0 0 0.903
R 0 0 0 0 -
Total 0 1(0.2) 0 0 0.903
Escape mutants? 11 (4.2) 53 (9.6) 1(@.1) 0 Immune escape 0.018
C1653T 14 (5.3) 8(1.4) 6(12.5) 0 HCC <0.001
T1753V 24 (9.1) 28 (5.1) 7(14.6) 1(33.9) HCC <0.006
A1762T/G1764A 70 (26.4) 148 (26.8) 15 (31.3) 1(33.3) HCC 0.905
Pre-S deletions 8(3.0) 2(0.4) 0 0 HCC 0.008
HCC-associated mutants? 85 (32.1) 157 (28.4) 17 (35.4) 1(33.9) HCC 0.591
rtL180M 2(0.8) 119 (21.5) 0 0 Antiviral resistance <0.001
(Continued)
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TABLE 2 | Continued

Subgenotypes, n (%)

Sites A1 (n = 265) A2 (n = 553) QS-A3 (n = 48) A4 (n=3) Clinical issue P
rtA181 Antiviral resistance

T 0 0 0 0 -
V 0 0 0 0 -
rtT184 Antiviral resistance

G 0 0 0 -

S 0 0 0 -
rtS202 Antiviral resistance

G 0 0 0 0 -

| 0 0 0 0 -
rtM204 Antiviral resistance

| 0 9(1.6) 0 0 0.158
Y 4(1.5) 110 (19.9) 0 0 <0.001
Total 4(1.5) 119 (21.5) 0 0 <0.001
rtN236T 0 1(0.2) 0 0 Antiviral resistance 0.903
rtM250V 0 0 0 0 Antiviral resistance -
LAM-resistant mutants® 4(1.5) 119 (21.5) 0 0 Antiviral resistance <0.001
LdT-resistant mutants? 2(0.8) 118 (21.3) 0 0 Antiviral resistance <0.001
ADV-resistant mutants® 0 1.2 0 0 Antiviral resistance 0.903
ETV-resistant mutants’ 0 0 0 0 Antiviral resistance -
TDF/TAF-reduced susceptibility mutants?d 0 0 0 0 Antiviral resistance -

The P-value was listed as “~ ” when the specific mutation was found in no genotype (statistical analysis not conducted).
LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide; QS, quasi-subgenotype.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

®Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM204! or L180M + M204V.
€Amino acid substitution profile for ADV resistance: rtA181T/V or rtN236T.

fAmino acid substitution profile for ETV resistance: rtl.180M + rtM204l/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + ntN236T.

absence of cirrhosis has been documented in chronic HBV
infection cases (McMahon, 2009; Chayanupatkul et al., 2017;
Rajoriya et al., 2017).

A previous meta-analysis showed that Pre-S deletions, C1653T
in enhancer II, and T1753V and A1762T/G1764A in BCP are
associated with increased risk of HCC compared with HBV
without mutations (Liu et al., 2009). Significant differences
in these mutations were observed among HBV genotypes
(P < 0.001). Genotype G showed by far the highest frequency
(=95%) of C1653T, T1753V, and A1762T/G1764A. Genotype
G is associated with more severe liver disease in HIV-HBV
co-infected patients (Lacombe et al., 2006; Dao et al., 2011;
Malagnino et al., 2019) but its role in HCC development remains
to be established. Genotype C displayed the highest frequency
of Pre-S deletions (3.3%) and the second highest rates of
C1653T, T1753V and A1762T/G1764A variations. These findings
are consistent with several previous reports demonstrating the
association of genotype C with increased risk of HCC relative to
other major HBV genotypes (Chan et al., 2004; Liu et al., 2009;
Wong et al,, 2013).

Interestingly, a correlation between genotype F infection
and development of HCC among native Alaskan people was
demonstrated in an earlier study (Livingston et al, 2007).

Furthermore, Kowalec et al. (2013) showed that development
of HCC in the native Alaskan population is significantly
associated with specific mutations within the core promoter
region of genotype F isolates (Kowalec et al, 2013). In
the current study, all genotype F sequences from Alaska
were classified as subgenotype F1. On the other hand,
subgenotype F2 has been associated with development of
HCC in Venezuelan patients (Puche et al., 2016; Pujol et al,
2020). In fact, both subgenotypes showed similar frequencies
of A1762T/G1764A (F1, 29.3%; F2, 27.6%), which were higher
than those observed for subgenotypes F3 and F4 (15.4% and
10.7%, P = 0.027). Moreover, significantly higher frequency of
T1753V was observed in subgenotype F2 (44.8%, P < 0.001),
whereas F1 was the only subgenotype that contained Pre-S
deletions. The collective results suggest that HBV subgenotypes
F1 and F2 are more prone to harboring HCC-associated
mutations than subgenotypes F3 and F4, resulting in stronger
oncogenic potential.

Likewise, the frequency of Pre-S deletions in subgenotype Al
was significantly higher than that in other A subgenotypes (3.0%,
P = 0.008) and slightly lower than that in genotype C (3.3%).
Notably, 62.5% (5 of 8) of Al sequences with Pre-S deletions
were obtained from African patients (Supplementary Table S1).
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TABLE 3 | Clinically relevant mutations in HBV/B subgenotypes.

Subgenotypes, n (%)

Sites B1 (n =57) B2 (n = 1310) QS-B3 (n = 207) B4 (n = 128) B5 (n = 52) Clinical issue P
P120 Immune escape
L 0 0 0 0 0 —
Q 0 1(0.1) 0 0 0.987
S 1(1.8) 20 (1.5) 2 (1.0 2(1.6) 0 0.875
T 0 4(0.3) 0 0 0.730
Total 1(1.8) 25(1.9) 2(1.0) 0 0.718
I/T126 Immune escape
A 4(7.0 46 (3.5) 0 0 0 0.002
N 0 0 0 (0.8 0 0.013
S 1(1.8) 12 (0.9 0 1(0.8 0 0.562
Total 5(8.8) 58 (4.4) 0 (1.6 0 0.01
Q129 Immune escape
H 0 35 (2.7) 4(1.9 0 0 0.154
N 0 0 0 0 0 -
R 1(1.8 35 (2.7) 0 3(2.3 0 0.127
Total 1(1.8) 35 (2.7) 4(1.9 0 0.036
G130 Immune escape
N 1(1.8) 0 0 2(1.6) 1(1.9) <0.001
R 0 4(0.9) 0 0 0 0.851
Total 1(1.8) 4(0.3) 0 2(1.6) 1(1.9 0.047
M133 Immune escape
| 0 2(0.2) 1(0.5) 1(0.8) 0 0.576
L 2 (3.5 22 (1.7) 16 (7.7) 3(2.3 <0.001
T (1.8 17 (1.9) 4(1.9 2(1.6) 2(3.8) 0.624
Total 3(5.3) 41 (3.1) 21 (10.1) 6 (4.7) 2(3.8) <0.001
K141 Immune escape
E 0 1(0.1) 0 0 0 0.987
| 0 0 0 0 0 -
Total 0 1(0.1) 0 0 0.987
P142 Immune escape
L 0 0 0 0 0 -
S 0 1(0.1) 0 0 0 0.987
Total 0 101 0 0 0 0.987
S/T143L 0 0 0 0 Immune escape -
D144 Immune escape
A 0 0 0 0 0 -
E 0 0 1(0.5) 0 0 0.113
G 0 0 0 0 0 -
Total 0 0 1(0.5) 0 0 0.113
G145 Immune escape
A 0 3(0.2) 1(0.5) 0 0.889
R 0 3(0.2) 1(0.5) 0 0 0.889
Total 0 6 (0.5) 2(1.0) 0 0.686
Escape mutants? 9 (15.8) 204 (15.6) 29 (14) 14 (10.9) 2(3.8) Immune escape 0.128
C1653T 2 (3.5 14 (1.1) 1(0.5) 1(0.8) 10(19.2) HCC <0.001
T1753V 10 (17.5) 45 (3.4) 10 (4.8) 2(1.6) 11 (21.2) HCC <0.001
A1762T/G1764A 8(14) 232 (17.7) 26 (12.6) 6 (4.7) 0 HCC <0.001
Pre-S deletions 0 5(0.4) 5(2.4) 0 0 HCC 0.006
HCC-associated mutants? 11(19.3) 250 (19.1) 34 (16.4) 7 (5.5 16 (30.8) HCC <0.001
rtL180M 0 22 (1.7) 0 2(1.6) 0 Antiviral resistance 0.252
(Continued)
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TABLE 3 | Continued

Subgenotypes, n (%)

Sites B1(n=57) B2(n=1310) QS-B3(n=207) B4(n=128) B5(n=52) Clinical issue P
rtA181 Antiviral resistance

T 0 0 0 0 0 -

\ 0 0.2 0 0 0 0.954
Total 0 2 ) 0 0 0 0.954
rtT184 Antiviral resistance

G 0 0 0 0 0 -

S 0 0 0 0 -
rtS202 Antiviral resistance

G 0 2(0.2) 1(0.5) 0 0.807
| 0 0 0 0 0 -
Total 0 2(0.2) 1(0.5) 0 0 0.807
rtM204 Antiviral resistance

| 0 17 (1.9 0 24 (18.8) 0 <0.001
\ 0 20 (1.5) 0 0 0 0.144
Total 0 37 (2.8) 0 24 (18.8) 0 <0.001
rtN236T 0 12 (0.9) 0 0 0 Antiviral resistance 0.393
rtM250V 0 0 0 0 0 Antiviral resistance -
LAM-resistant mutants® 0 37 (2.8) 0 24 (18.8) 0 Antiviral resistance <0.001
LdT-resistant mutants? 0 37 (2.8) 0 24 (18.8) 0 Antiviral resistance <0.001
ADV-resistant mutants® 0 13 (1.0) 0 0 0 Antiviral resistance 0.350
ETV-resistant mutants’ 0 0 0 0 0 Antiviral resistance -
TDF/TAF-reduced susceptibility mutants? 0 1(0.1) 0 0 0 Antiviral resistance 0.987

W »

The P-value was listed as "~

when the specific mutation was found in no genotype (statistical analysis not conducted).

LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide; QS, quasi-subgenotype.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

®Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM204 or L180M + M204V.
€Amino acid substitution profile for ADV resistance: rtA181T/V or rntN236T.

Amino acid substitution profile for ETV resistance: rtL.180M + rtM2041/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + ntN236T.

The high frequency of Pre-S deletions in Al may contribute
to the enhanced pathogenicity of this subgenotype and its
association with high rates of HCC in sub-Saharan Africa
(Kew et al., 2005; Kramvis and Kew, 2007). In contrast, the
predominance of genotype H among the Mexican population is
associated with low prevalence of HCC (Roman and Panduro,
2013). Consistently, genotype H showed the lowest rates of
T1753V and A1762T/G1764A and no Pre-S deletions, and was
identified as the HBV genotype with fewer HCC-associated
mutant sequences.

Although NA therapies have been successful in sustained viral
suppression, long-term use of treatments with a low barrier
to resistance contributes to the emergence of resistant HBV
mutants. Therefore, such agents (LAM, LdT and ADV) are no
longer recommended as first-line therapy (Easl, 2017; Terrault
et al., 2018). However, management of NA failure remains a
crucial issue, especially in low-resource countries where ETV,
TDE, and TAF are not available for naive patients or treatment-
experienced patients. Consistently, the overall rates of mutations
inducing resistance to LAM and LdT were higher than those for
other NAs (LAM, 7.3%; LdT, 7.2%; ADV, 0.5%; ETV, 0.2%). In

addition, very low rates of mutants with reduced susceptibility to
TDF and TAF (0.05%, 3/6479) were observed.

The link between genotype and response to treatment with
NA-based regimens is still unclear. Results from the current
study showed significant differences in the rates of LAM-, LdT-,
ADV-, and ETV-resistant mutants among HBV genotypes and
subgenotypes. Genotype G showed the highest rates of LAM-
and LdT-resistant mutants, whereas genotype E had the lowest
ones (32.5 and 0.3% for both NAs, respectively, P < 0.001).
However, these differences may not be exclusively due to intrinsic
characteristics of HBV genotypes. Notably, genotype G has
been frequently found in HIV-infected men who have sex
with men (MSM) (Sanchez et al., 2007; Osiowy et al.,, 2008;
Araujo et al., 2013; Cornelissen et al., 2016), suggesting a strong
association with this risk group. In addition, LAM has been
widely used in the treatment of both HBV and HIV viruses.
This may lead to a stronger selective pressure due to the
more frequent use of LAM on genotype G isolates than other
genotypes, ultimately resulting in higher frequencies of LAM-
resistant mutants (and LdT due to cross-resistance). Likewise,
genotype E is highly endemic in most sub-Saharan Africa
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TABLE 4 | Clinically relevant mutations in HBV/C subgenotypes.

Subgenotypes, n (%)

Sites Ci(n=451) QS-C2(n=1518) C3(n=28) C4(n=13) C5(n=19) C6-C15(n=103) Clinical issue P
P120 Immune escape
L 0 0 0 0 0 0 -
Q 0 0 0 0 0 0 -
S 2(0.1) 0 0 0 0 0.976
T 0.2) 7(0.5 0 0 0 0 0.945
Total 1(0.2) 9(0.6) 0 0 0 0 0.868
1/T126 Immune escape
A 0 0 0 0 0 -
N 11 (2.4) 9(0.6) 0 0 0 1(1.0) 0.026
S 7(1.6) 78 (6.1) 0 0 0 1(1.0) 0.005
Total 18 (4.0) 87 (5.7) 0 0 0 2 0.166
Q129 Immune escape
H 2(0.1) 0 0 0 0 0.976
N 1(0.2) 3(0.2) 0 0 0 0 0.997
R 5(0.3 0 0 0 0 0.986
Total 2(0.4) 10(0.7) 0 0 0 0 0.936
G130 Immune escape
N 1(0.2) 24 (1.6) 0 0 0 0 0177
R 1(0.2) 4(0.3) 0 0 0 0 0.994
Total 2(0.4) 28 (1.8) 0 0 0 0.190
M133 Immune escape
| 0 3(0.2) 0 0 0 0 0.943
L 0 0 0 0 1(1.0) 0.001
T 7(1.6) 33(2.2) 0 0 0 0 0.534
Total 7(1.6) 36 (2.4) 0 0 0 1(1.0) 0.674
K141 Immune escape
E 0 1(0.1) 0 0 0 0 0.995
| 0 2(0.1) 0 0 0 0 0.976
Total 0 3(0.2) 0 0 0.943
P142 Immune escape
L 1(0.2) 0 0 0 0 0 0.589
S 0 0 0 0 0 0 -
Total 1(0.2) 0 0 0 0 0 0.589
S/T143L 1(0.2) 0 0 0 0 0 Immune escape 0.589
D144 Immune escape
A 1(0.2) 0 0 0 0 0 0.589
E 1(0.2) 0 1(3.6) 0 0 0 <0.001
G 0 1(0.1) 0 0 0 0 0.995
Total 2(0.4) 1(0.1) 1(3.6) 0 0 0 0.001
G145 Immune escape
A 3(0.7) 22 (1.4) 1(3.6) 0 0 0 0.445
R 4(0.9) 7(0.5) 0 0 0 35 (34) <0.001
Total 7(1.6) 29(1.9) 1(3.6) 0 0 35 (34) <0.001
Escape mutants? 37 (8.2) 165 (10.9) 2(7.1) 0 0 38 (36.9) Immune escape <0.001
C1653T 36 (8.0) 205 (13.5) 1(3.6) 0 0 15 (14.6) HCC 0.005
T1753V 99 (22) 262 (17.3) 2(7.1) 1(7.7) 0 19 (18.4) HCC 0.026
A1762T/ G1764A 185 (41) 725 (47. 8) 6 (21.4) 2 (15.4) 3(15.8) 58 (56.3) HCC <0.001
Pre-S deletions 10 (2.2) 56 (3.7, 3(10.7) 1(7.7) 0 1(1.0) HCC 0.067
HCC-associated 201 (44.6) 782 (51. ) 7 (25) 3(23.1) 3(15.8) 59 (57.3) HCC <0.001
mutants?
rtL180M 10 (2.2) 75 (4.9) 0 0 2(10.5) 1(1.0) Antiviral resistance 0.023
(Continued)
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TABLE 4 | Continued

Subgenotypes, n (%)

Sites Ci(n=451) QS-C2(n=1518) C3(n=28) C4(n=13) C5(n=19) C6-C15(n=103) Clinical issue P
rtA181 Antiviral resistance

T 1(0.2) 2(0.1) 0 0 0 0 0.994
\ 0 15 (1.0) 0 0 0.296
Total 1(0.2) 17 (1.1) 0 0 0 0 0.434
rtT184 Antiviral resistance

G 0 0 0 0 0 0 -

S 0 0 0 1(1.0) 0.001
Total 0 0 0 0 0 1(1.0) 0.001
rtS202 Antiviral resistance

G 1(0.2) 4(0.3 0 0 0 0.994
| 0 0 0 0 0 -
Total 1(0.2) 4 (0.3 0 0 0 0.994
rtM204 Antiviral resistance

| 4(0.9) 121 (8.0) 0 0 0 0 <0.001
\ 7(1.6) 50 (3.3) 0 0 2(10.5) 1(1.0) 0.062
Total 11(2.4) 171 (11.3) 0 0 2(10.5) 1(1.0) <0.001
rtN236T 0 4 (0.3 0 0 0 0 Antiviral resistance 0.899
rtM250V 0 3(0.2) 0 0 0 0 Antiviral resistance 0.943
LAM-resistant mutants® 11 (2.4) 171 (11.3) 0 0 2 (10.5) 1(1.0) Antiviral resistance <0.001
LdT-resistant mutants? 10 (2.2) 168 (11.1) 0 0 2 (10.5) 1(1.0) Antiviral resistance <0.001
ADV-resistant mutants® 1(0.2) 19(1.9) 0 0 0 0 Antiviral resistance 0.343
ETV-resistant mutants’ 0 6(0.4) 0 0 0 1(1.0) Antiviral resistance 0.671
TDF/TAF-reduced 0 2(0.1) 0 0 0 0 Antiviral resistance 0.976

susceptibility mutants?

The P-value was listed as “~” when the specific mutation was found in no genotype (statistical analysis not conducted).
LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide; QS, quasi-subgenotype.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

¢Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM204I or L180M + M204V.
€Amino acid substitution profile for ADV resistance: rtA181T/V or rtN236T.

fAmino acid substitution profile for ETV resistance: rtL.180M + rtM2041/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + ntN236T.

(Andernach et al., 2013) where therapy is not always accessible
to HBV chronic patients (Spearman et al., 2017). Consequently,
weaker antiviral selection pressure on HBV isolates may occur
in this region than in others where NA-based regimens are
widely available, restricting the expansion of genotype E resistant
mutants throughout populations.

Interestingly, significant differences in mutation profiles of
same (sub)genotype among geographic regions were observed.
In this regard, the differences in the rates of HCC-associated
mutants between genotype C isolates from Asia and Oceania,
and genotype F isolates from North America and South America,
may be due to the circulation of distinct subgenotypes in
these regions. On the other hand, subgenotype A2 isolates
from North America showed significantly higher rates of
immune escape and HCC-associated mutants than those from
Western Europe. Likewise, genotype E isolates from Western
Africa had significantly more HCC mutations than those
from Middle Africa. Moreover, the highest rates of LAM-
resistant mutants within (sub)genotypes A2, B, D, and G

were observed in North America. Altogether, these findings
suggest that the same (sub)genotype may have different
potentials for immune escape, oncogenicity and treatment
response, depending on the selective pressures (e.g., host genetic
background, prophylactic and therapeutic regimens) applied in
the geographic locations.

According to Carman’s study (Carman, 1997), viral variants
occur naturally and may have been selected over centuries, while
viral mutants have been selected over a short period by human
intervention (therapy or prophylaxis). It is not always clear
that a sequence substitution is a functional mutation (mutant)
or simply a characteristic (variant) of a specific (sub)genotype.
Variants are expected to be more frequent than mutants
within (sub)genotypes. Interestingly, the antiviral resistance- and
immune escape mutations analyzed in our study showed much
lower frequencies within (sub)genotypes than HCC-associated
mutations. This might be due to the fact that therapy and
prophylaxis are recent selective forces, while HCC-associated
mutations have been selected during much longer time by host
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TABLE 5 | Clinically relevant mutations in HBV/D subgenotypes.

Subgenotypes, n (%)

Sites D1 (n = 516) D2 (n = 291) D3 (n = 189) D4 (n = 21) D5 (n = 21) D6 (n=7) Clinical issue P
P120 Immune escape
L 0 0 1(0.5) 0 0 0 0.475
Q 1(0.2) 0 0 0 0 0 0.960
S 13 (2.5) 0 1(0.5) 0 0 0.052
T 2(0.4) 1(0.3 0 4(19) 1(4.8) 0 <0.001
Total 16 (3.1) 1(0.3) 2(1.1) 4(19) 1(4.8) 0 <0.001
I/T126 Immune escape
A 0 0 0 0 0 -
N 1(0.2) 1(0.9) 0 0 0 0 0.976
S 2 (0. 0 0 0 0 0 0.842
Total 3(0.6) 1(0.3 0 0 0 0 0.918
Q129 Immune escape
H 2(0.4) 0 0 0 0 0 0.006
N 0 0 0 0 0 0 -
R 9(1.7) 0 0 4 (19 1(4.8) 0 <0.001
Total 11 (2.1) 0 0 4(19) 14.8) 0 <0.001
G130 Immune escape
N 3(0.6) 0 0 0 0 0.687
R 0 0 0 0 0 0 -
Total 3(0.6) 0 0 0 0 0 0.687
M133 Immune escape
| 2(0.4) 1(0.9) 0 0 0 0 0.970
L 0 1(0.3) 0 0 0 0 0.762
T 1(0.2) 0 0 0 0 0 0.960
Total 3(0.6) 2(0.7) 0 0 0 0 0.910
K141 Immune escape
E 0 0 0 0 0 -
| 0 0 0 0 -
P142 Immune escape
L 1(0.2) 1(0.3 0 0 0 0.976
S 0 0 0 0 0 -
Total 1(0.2) 1(0.3) 0 0 0 0 0.976
S/T143L 13 (2.5) 0 6(3.2) 0 0 0 Immune escape 0.085
D144 Immune escape
A 0 0 0 0 0 0 -
E 2(0.4) 2(0.7) 0 0 0 0 0.899
G 1(0.2) 0 0 0 0 0 0.960
Total 3(0.6) 2(0.7) 0 0 0 0 0.910
G145 Immune escape
A 2(0.4) 0 0 0 0 0 0.842
R 1(0.2) 24 (8.2) 1(0.5) 0 0 0 <0.001
Total 3(0.6) 24 (8.2) 1(0.5) 0 0 0 <0.001
Escape mutants? 51 (9.9) 30 (10.3) 9(4.8) 4(19) 2(9.5) 0 Immune escape 0.139
C1653T 31(6.0) 38 (13.1) 18 (9.5) 1(4.8) 2(9.5 0 HCC 0.023
T1753V 118 (22.9) 36 (12.4) 14 (7.4) 0 0 1(14.3) HCC <0.001
A1762T/ G1764A 146 (28.3) 42 (14.4) 29 (15.3) 3(14.3) 4(19) 1(14.3) HCC <0.001
Pre-S deletions 0 0 0 0 0 0 HCC -
HCC-associated 188 (36.4) 82 (28.2) 41 (21.7) 3(14.3) 4(19) 1(14.3) HCC 0.001
mutants?
rtL180M 12 (2.9) 48 (16.5) 0 0 0 0 Antiviral resistance <0.001
rtA181 Antiviral resistance

(Continued)
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TABLE 5 | Continued

Subgenotypes, n (%)

Sites D1 (n = 516) D2 (n = 291) D3 (n = 189) D4 (n = 21) D5 (n = 21) D6 (n=7) Clinical issue P

T 0 0 0 0 0 0 -
V 1(0.2) 0 0 0.960
Total 1(0.2) 0 0 0.960
rtT184 Antiviral resistance

G 0 0 -

S 1(0.2) 0 0 0.960
Total 1(0.2) 0 0 0.960
rtS202 Antiviral resistance

G 0 1(0.3) 0 0 0.762
| 0 1(0.3 0 0 0 0 0.762
Total 0 2(0.7) 0 0 0.393
rtM204 Antiviral resistance

| 10 (1.9) 25 (8.6) 14 (7.4) 0 1(4.8) 0 <0.001
\ 5(1.0 22 (7.6) 0 0 0 0 <0.001
Total 15 (2.9) 47 (16.2) 14 (7.4) 0 1(4.8) 0 <0.001
rtN236T 0 0 0 0 0 0 Antiviral resistance -
rtM250V 0 0 0 0 0 0 Antiviral resistance -
LAM-resistant mutants® 15 (2.9) 47 (16.2) 14 (7.4) 0 1(4.8) 0 Antiviral resistance <0.001
LdT-resistant mutants? 15(2.9) 47 (16.2) 14 (7.4) 0 1(4.8) 0 Antiviral resistance <0.001
ADV-resistant mutants® 1(0.2) 0 0 0 0 0 Antiviral resistance 0.960
ETV-resistant mutants’ 1(0.2) 1(0.3) 0 0 0 0 Antiviral resistance 0.976
TDF/TAF-reduced 0 0 0 0 0 0 Antiviral resistance -

susceptibility mutants?

“_n»

The P-value was listed as “-” when the specific mutation was found in no genotype (statistical analysis not conducted).
LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

¢Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM2041 or L180M + M204V.
©Amino acid substitution profile for ADV resistance: rtA181T/V or rtN236T.

fAmino acid substitution profile for ETV resistance: rtl.180M + rtM204l/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + rtN236T.

immune pressure. Here, the vast majority of the mutations
showed low frequencies within (sub)genotypes, and therefore,
do not seem to be variants of any specific group. However,
we have demonstrated that some mutations were biased by
(sub)genotype. It is possible that over the years of viral evolution,
they will become variants within these groups. This have occurred
with BCP mutations in genotype G (frequency rate > 95%),
which have been stably integrated into the genome. The analysis
of such a large dataset provided in this study will be helpful
for further studies in establishing the likelihood that a sequence
substitution is actually a mutant or a variant of a specific
HBYV (sub)genotype.

Finally, a number of limitations of this study need to be
considered. Our analyses were based on HBV sequences from
public databases, which may not be entirely representative of
the globally circulating strains. Additionally, each sequence was
considered a single HBV isolate, not taking into account the
occurrence of serial sequences representing the same single
isolate (e.g., clones), which may have generated some bias in
our results. However, the large number of sequences analyzed

may have overcome these limitations, at least in part. Moreover,
information on whether the sequence was obtained before
or after antiviral treatment or HCC development was not
obtained here, which would have contributed to an accurate
analysis for the relationship between mutation and clinical
outcome. Nevertheless, since obtaining such information from
all sequences was not possible, only mutations that have been
strongly associated with immune escape, antiviral resistance, and
HCC development in previous studies were selected for analysis.
Lastly, due to the large variation in the number of sequences
available for each (sub)genotype, over- or underrepresentation of
some (sub)genotypes may have influenced the results. Therefore,
although some results corroborated previous data, others should
be further confirmed.

CONCLUSION

We have comprehensively investigated HBV mutations with
clinical implications and their associations with genotype,
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TABLE 6 | Clinically relevant mutations in HBV/F subgenotypes.

Subgenotypes, n (%)

Sites F1 (n =123) F2 (n =29) F3 (n =39) F4 (n = 56) Clinical issue P
P120 Immune Escape
L 0 0 0 0 -
Q 0 0 0 1(1.8) 0.331
S 0 0 0 0 -
T 0 0 0 0 -
Total 0 0 0 1(1.8) 0.331
1/T126 Immune escape
A 0 1(3.4) 1(2.6) 0 0.140
N 0 0 0 0 -
S 0 0 0 0 -
Total 0 1(3.4) 1(2.6) 0 0.140
Q129 Immune escape
H 0 0 0 -
N 0 0 0 0 -
R 0 0 0 -
G130 Immune escape
N 0 0 0 -
R 1(3.4) 0 0 0.056
Total 0 13 0 0 0.056
M133 Immune escape
| 0 0 0 0 -
L 0 0 0 -
T 0 0 0 0 -
K141 Immune escape
E 0 0 0 0 -
| 0 0 0 0 -
P142 Immune escape
L 0 0 0 0 -
S 0 0 0 0 -
S/T143L 0 0 0 0 Immune escape -
D144 Immune escape
A 0 0 0 0 -
E 1(0.8) 0 0 0 0.798
G 0 0 0 0 -
Total 1(0.8) 0 0 0 0.798
G145 Immune escape
A 0 0 0 0 -
R 0 0 0 0 -
Escape mutants? 1(0.8) 2 (6.9) 1(2.6) 1(1.8) Immune escape 0.216
C1653T 3(2.4) 2(6.9 0 1(1.8) HCC 0.319
T1753V 6 (4.9 13 (44.8) 4(10.3) 9(16.1) HCC <0.001
A1762T/G1764A 36 (29.9) 8 (27.6) 6(15.4) 6 (10.7) HCC 0.027
Pre-S deletions 3(2.4) 0 0 0 HCC 0.382
HCC-associated mutants? 38 (30.9) 15(51.7) 7(17.9) 15 (26.8) HCC 0.024
rtL180M 5(4.1) 2(6.9) 0 0 Antiviral resistance 0.159
rtA181 Antiviral resistance
T 0 0 0 0 -
\ 0 0 0 0 -
rtT184 Antiviral resistance
G 0 0 0 0 -
S 0 0 0 -
(Continued)
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TABLE 6 | Continued

Subgenotypes, n (%)

Sites F1 (n =123) F2 (n =29) F3 (n =39) F4 (n = 56) Clinical issue P
rtS202 Antiviral resistance

G 0 0 0 0 -

| 0 0 0 0 -
rtM204 Antiviral resistance

| 0 0 -
V 4 3.9 2(6.9 0 0 0.161
Total 4 3.3 2(6.9 0 0 0.161
rtN236T 0 0 0 0 Antiviral resistance -
rtM250V 0 0 0 0 Antiviral resistance -
LAM-resistant mutants® 4(3.3) 2(6.9) 0 0 Antiviral resistance 0.161
LdT-resistant mutants? 4 (3.3) 2 (6.9) 0 0 Antiviral resistance 0.161
ADV-resistant mutants® 0 0 0 0 Antiviral resistance -
ETV-resistant mutants’ 0 0 0 0 Antiviral resistance -
TDF/TAF-reduced susceptibility mutants?d 0 0 0 0 Antiviral resistance -

“_»

The P-value was listed as “- " when the specific mutation was found in no genotype

(statistical analysis not conducted).

LAM, lamivudine; LdT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir disoproxil fumarate; TAF, tenofovir alafenamide.

aSequences with at least one immune escape mutation.

bSequences with at least one HCC-associated mutation.

¢Amino acid substitution profile for LAM resistance: rthM204V/I.

9Amino acid substitution profile for LdT resistance: rtM2041 or L180M + M204V.
©Amino acid substitution profile for ADV resistance: rtA181T/V or rtN236T.

fAmino acid substitution profile for ETV resistance: rtl.180M + rtM2041/V + rtT184S/G + rtS202l/G + rtM250V.
9Amino acid substitution profile for TDF/TAF-reduced susceptibility: tA181T/V + rtN236T.
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FIGURE 3 | Prevalence of HBV mutants in different geographic regions based on 6,207 complete genome sequences present in the HBVdb database. The map
was reconstructed using Wikimedia Commons (https://commons.wikimedia.org/wiki/File:BlankMap-World-noborders.png), this figure is similar but not identical to
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subgenotype and geographic region. We demonstrated
heterogeneous prevalence of these mutations among HBV
(sub)genotypes and locations, which may contribute to
improvement of diagnostic procedures, immunization programs,
therapeutic protocols, and disease prognosis. Since HBV

(sub)genotypes and mutations are key determinants in
the management and treatment of hepatitis B, reliable
biomarkers and convenient methods need to be established
to monitor viral factors and achieve a personalized
treatment approach.
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TABLE 7 | Clinically relevant HBV mutants by geographic region.
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o5

1

£ —

2 2

‘_% s @ — & © 5 t: § - 3}; F g

3 " - &8 & = g I 3 O S £ = 8 5 g T

—_ c ° n » —_ g Il £ n o) £ n -

3 b 1 T £ 1 £ ) I £ £ o g £ 2 £ c g £ I %

=z 1 L c © £ 8 I £ 3 @ 3 h @ c S = 2 @ £ a

° c F =y o © ) = © = ke} = 2 = = = = L2 © ]

= = o = - = £ © = = S c = 9] = [ = = & g

© c £ 7 = 7] 3 © £ < ] o = 7 7 < < o z ) b

I & < < < < w B b4 c £ c 8 £ © c c c

= o - - c c c 4 = < = @ < o o o ] £ £ £

© Qo © ®© = f= = c o [ [ Q ] o o o

i 2 = = 2 2 I} <u ] ES £ £ g s s s s s - - -

¢ 5 5 5§ ¢ @& = 3 2 5 5 5 § 2 2 32 3 33 & 8 ¢
Clinical < o o o o & & = s Z z z o ® @ ) ) @ S S = P
issue
LAM- 0 0 2(2.9) 0 1(1.4) 199 (6.4) 1(0.7) 0 1(1.0) 0 181 0 0 12@5) 12(19) 0 15(3.3) 1324 0 4(32) 14(9.1) < 0.001
resistant (40.9)
mutants?
LdT-resistant O 0 2r9 0 1(1.4) 196(6.3) 1(07) 0 1(1.00 0 181 0 0 12@5 11(18 0 15(3.3) 1324 0  4(3.2) 13(8.4) <0.001
mutants? (40.9)
ADV-resistant 0 0 0 0 0 33 (1.1) 0 0 0 0 1(0.2) 0 0 0 0 0 1(0.2) 0 0 0 0 0. 112
mutants®
ETV-resistant 0 0 0 0 0 8(0.3) 0 0 0 0 0 0 0 0 0 0 2(0.4) 0 0 0 0 0. 991
mutants?
TDF/TAF- 0 0 0 0 0 3(0.1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000
reduced
susceptibility
mutants®
Escape 478 1(16) 2.9 0 1(14) 38 5(3.6) 1(7.7) 0 2(4.3) 72(16.3) 3(86) 1(4.5) 11(3.2) 74(12) 5(4.7) 43(9.4) 6(11.1) 13(7.5) 8(6.3) 8(5.2) < 0.001
mutants’ (12.3)
HCC- 10 19 15 0 20 1139 38 3 14 10 164 7 6 101 175 25 188 18 63 43 27 <0.001
associated  (19.6) (31.1) (21.4) (29 (365 (27.3) (23.1) (146) (21.3) (37) (00 (27.3) (29.5) (28.4) (236) (41) (33.3) (362 (34.1) (17.5)
mutants?

LAM. lamivudine; LdT. telbivudine; ADV. adefovir; ETV. entecavir; TDF. tenofovir disoproxil fumarate; TAF. tenofovir alafenamide.
aAmino acid substitution profile for LAM resistance: rtM204V/I.

bAmino acid substitution profile for LdT resistance: tM204] or L180M + M204V.

¢Amino acid substitution profile for ADV resistance: rtA181T/V or tN236T.

9Amino acid substitution profile for ETV resistance: rtL.180M + rtM2041/V + rtT184S/G + rtS202l/G + rtM250V.

€Amino acid substitution profile for TDF/TAF-reduced susceptibility: rtA181T/V + rtN236T.

fSequences with at least one immune escape mutation.

9Sequences with at least one HCC-associated mutation.
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A disproportionate number of Greenland’s Inuit population are chronically infected with
Hepatitis B virus (HBV; 5-10%). HBV genotypes B and D are most prevalent in the
circumpolar Arctic. Here, we report 39 novel HBV/D sequences from individuals residing
in southwestern Greenland. We performed phylodynamic analyses with ancient HBV
DNA calibrators to investigate the origin and relationship of these taxa to other HBV
sequences. We inferred a substitution rate of 1.4 x 1072 [95% HPD 8.8 x 106, 2.0 x
10~°] and a time to the most recent common ancestor of 629 CE [95% HPD 37-1138
CE]. The Greenland taxa form a sister clade to HBV/D2 sequences, specifically New
Caledonian and Indigenous Taiwanese sequences. The Greenland sequences share
amino acid signatures with subgenotypes D1 and D2 and ~97% sequence identity. Our
results suggest the classification of these novel sequences does not fit within the current
nomenclature. Thus, we propose these taxa be considered a novel quasi-subgenotype.

Keywords: evolution, HBV, phylogenetics, phylogenomics, hepatitis

1. INTRODUCTION

Hepatitis B virus (HBV) is an ancient virus that remains a substantial public health burden.
Transmitted by bodily fluid, it is one of the most prevalent viruses in the world, infecting over 2
billion people, 257 million of whom are chronically infected (WHO, 2019).

HBV is classified into nine distinct genotypes (A through I) and a putative 10th genotype (J)
(Kramvis, 2014). Precedent sorting of genotype identity is calculated by a distance-based sequence
threshold of 8% (Okamoto et al., 1988; Zhou and Holmes, 2007; Locarnini et al., 2013; Araujo,
2015; Lin and Kao, 2015; Littlejohn et al., 2016). Subgenotypes are traditionally assigned based on
a 4-7.5% threshold across the full genome (McNaughton et al., 2020), though new phylogenetic
inference methods to determine subgenotype have been suggested (Yin et al., 2019). McNaughton
etal. (2020) notes that all genotypes have subgenotype sequence divergence rates of 3-8%, with the
exception of genotype D, which is 2-4%, indicating a lack of long evolutionary branches separating
well-defined clades. Recent suggestions for HBV taxonomic nomenclature include assigning the
term “quasi-subgenotype” to a lineage that does not meet the criteria nor clearly belongs to a defined
subgenotype based on <4% nucleotide divergence among complete genomes following detailed
phylogenetic analysis (Pourkarim et al., 2010).
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HBV was considered hyperendemic in the western
circumpolar Arctic (Alaska, Canada, and Greenland) before the
introduction of HBV vaccination programs (Lavanchy, 2008)
with the burden of viral hepatitis disproportionately borne
by Indigenous populations. Prior to the introduction of HBV
vaccination programs in the Canadian Arctic in the 1990s,
HBV prevalence was ~3% among Inuit populations (Osiowy
et al., 2013); moreover, the risk of lifetime exposure to HBV was
25% or five times higher than the non-Indigenous population
(Tulisov et al., 2007). Approximately 5-10% of Greenland’s Inuit
population remains chronically infected with HBV (Borresen
et al,, 2011; Rex et al,, 2015). Since 1965, serosurveys of HBV
exposure among Greenland residents have demonstrated high
rates of exposure among adults and chronic infection rates 14-40
times higher than the US and northern Europe (Tulisov et al.,
2007). Genotypes B and D predominate in the North American
circumpolar Arctic (Osiowy et al., 2013). Western Greenland’s
infections are represented by two genotypes: a majority genotype
D and a minority genotype A (Osiowy et al., 2013). While
infancy is regarded as the most receptive stage of HBV infection,
the incidence of active infection increases in adolescence
(Tulisov et al, 2007). This highlights transmission by sexual
contact, which is the primary method for HIV transmission in
Greenland (Bjorn-Mortensen et al., 2013).

The most prevalent and endemic subgenotype, B5 (formerly
B6), within the Alaska Native and Inuit populations of the
western circumpolar Arctic may have originated coincident with
the rapid movement of the Thule from regions of Alaska to
the eastern Arctic (Bouckaert et al., 2017) ~1,000 years before
present (YBP). Greenland Inuit harboring genotype D HBV
(HBV/D) infections, such as those discussed in this study, may
represent another endemic lineage with high rates of chronic
infection and, importantly, a unique coalescent origin from other
defined HBV/D subgenotypes. Known presence of HBV/D in
the Arctic is limited to Greenland (Langer et al., 1997), Western
Canada, and Alaska (Livingston et al., 2007; Osiowy et al., 2011).
Association of HBV/D with First Nation Dene living in the
western Arctic has also been observed, suggesting a separate
introduction from Greenlandic Inuit (Osiowy et al., 2011).

Additionally, Inuit residing in the Canadian Arctic infected
with subgenotype HBV/B5 experience less severe clinical
outcomes typical of non-Indigenous people infected with other
HBV/B subgenotypes (Minuk and Uhanova, 2003). This reduced
risk phenomenon for Inuit infected with HBV/D is unknown.
Historically, genotype D has poorer clinical prognoses and
a lower response to therapy (McMahon, 2008; Yin et al,
2019). Specific basal core promoter (BCP) nucleotide mutations,
T1762 and A1764, are important markers associated with
liver disease progression and development of hepatocellular
carcinoma (HCC) (Yang et al, 2016), and they are highly
associated with HBV/D (Lin and Kao, 2015).

Despite its broad geographical distribution and large volume
of sequence data, the evolutionary history of HBV remains
ambiguous. The difference in substitution rates depending
on whether the infection is acute, chronic, or within-vs.-
between hosts (Vrancken et al, 2014) is compounded by
discrepant calibrations (i.e., fossil-based or tip-dated). Ancient

DNA (aDNA) calibration for exogenous viruses has been
shown to tease apart some of the evolutionary mystery of
HBV (Miihlemann et al., 2018), revealing a surprising lack of
temporal genetic change in the last half millennium (Krause-
Kyora et al,, 2018). HBV is a suitable candidate for aDNA
external calibration because of its high viremic levels, even during
periods of prolonged infection, and covalently closed circular
DNA (cccDNA) genome structure (Kramvis, 2014).

In this study, we report 39 novel Greenland taxa and
investigate their phylogenetic relationships and the time to
the most recent common ancestor (TMRCA) of HBV/D in
Greenland. To understand how and when HBV reached Inuit
populations, we analyzed novel sequence data combined with
publicly available datasets and ancestral sequences. Here, we
investigate the Greenland clade’s genetic composition and
existing genotype D heterogeneity and present the description of
a novel quasi-subgenotype.

2. METHODS
2.1. Data Collection

Thirty-nine serum specimens were collected from 25 individuals
infected with HBV from five settlements in Western Greenland:
Aasiaat, Itilleq, Nuuk, Sarfannguaq, and Sisimiut (Figure 1), as
previously described (Kowalec et al., 2013; Bouckaert et al., 2017)
(Supplementary Table 1). In certain cases, consecutive paired
sera separated 5-10 years were collected from individuals for
the purpose of investigating the intrapatient genetic diversity of
HBV (Kowalec et al., 2013). All specimens were collected on
dates ranging from 1998 to 2017 (Supplementary Table 1). Viral
genomic DNA was extracted from 200 uL sera and amplified as
previously described (Bouckaert et al., 2017). Amplicons were
sequenced with an AB 3730 XL DNA analyzer using Big Dye 3.1
terminator chemistry (Thermo Fisher Scientific, Burlington, ON,
Canada). Sequences were assembled and analyzed using DNA
sequence analysis software (Lasergene software suite v 15.0.0,
DNASTAR, Madison, WI, USA).

2.2. Taxon Sampling

We created two datasets for the analysis of the Greenland taxa.
The first dataset (dataset 1) was 3,567 nucleotides in length
and included genomes larger than 2,900 nucleotides for a total
of 1,921 sequences from all HBV genotypes. This dataset was
created in order to assess the clustering of the Greenland taxa
within existing HBV diversity. Dataset 1 was subsampled to
contain only complete genomes as indicated in their NCBI record
(dataset 1.1), resulting in a dataset with 1,777 sequences and 3,510
nucleotides in length from genotypes A-F. Dataset 1 was further
subsampled for a genetic distance analysis (dataset 1.2), where
900 sequences consisting of complete genomes were used (see
Methods subsection 2.4 for details).

The second dataset (dataset 2) was 3,182 nucleotides in
length and included 93 sequences of genotype D sequences
and Greenland sequences in order to assess the diversity of
the novel sequences in a more granular way within genotype
D, following the evidence from dataset 1 that these novel
sequences fall within the genotype D clade. We kept two
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tableau.com).

FIGURE 1 | Sampling locations of Hepatitis B virus (HBV) isolates within Western Greenland. The map was generated using Tableau Desktop 2009.1 (https://www.

identical sequences which were serially collected from a single
Greenland patient with Accession IDs JN792909 sampled in
1998, and JN792910 sampled in 2004. Out of the 39 Greenland
sequences, 29 are novel and are published here for the first
time (Supplementary Table 1). Seventeen sequences cover the
full genome, while the remaining twelve are partial or nearly
complete, though at least 1,253 nucleotides in length. We selected
54 sequences to represent HBV/D history and calibrate our data
(Supplementary Table 1). Forty-two sequences serve as global
representation of all subgenotypes (D1, n = 10; D2, n = 1; D3,
n=5; D4, n = 6; D5, n = 5; and D6, n = 5). An additional four
are “novel quasi-subgenotype D2 of hepatitis B virus” full-length
genome sequences from Taiwanese Indigenous peoples (Tran
et al., 2014 AB555496, AB555497, AB555500, and AB555501),
two are from a New Caledonia (HQ700511) and Argentina
(JN688695) outgroup to the Indigenous taxa, and six are partial
or nearly complete ancient HBV (aHBV) DNA sequences at least
943 nucleotides in length. Four aHBV sequences came from the
Miihlemann et al. (2018) study (LT992438, LT992439, LT992444,
and LT992454) and two aHBVs came from Krause-Kyora et al.
(2018) study, a German medieval tooth and an Italian mummy
available at PRJEB24921 of the European Nucleotide Archive.
The ages of these ancient sequences ranged from 281 Before
Common Era (BCE) to 1569 Common Era (CE).

The GenBank accession numbers for novel and previously
published HBV genomes for dataset 2 are included in
Supplementary Table 1.

2.3. Molecular Sequence Analyses
We computed multiple sequence alignments using MAFFT
(Katoh and Standley, 2013) under default settings. We visualized

the alignments and trimmed ragged edges with AliView (Larsson,
2014). We screened our datasets for recombination using
RDP4 (Martin et al., 2015) applying six algorithms: Geneconv,
Bootscan, MaxChi, Chimera, SiScan, and 3Seq.

The dataset 2 nucleotide alignment was translated to specific
open reading frames for the polymerase and preS2 coding
regions to determine the presence of signature amino acids
associated with HBV/D subgenotypes within the Greenland
sequences. We evaluated the amino acid residues for positions
39 (Pre-S2), 100 and 128 (POL Spacer), and 126 (RT) for all
Greenland sequences and compared the observed residues to the
predominant amino acids of subgenotypes D1 and D2, according
to Yousif and Kramvis (2013). In addition, we mapped three
distinct nucleotide mutations G1896A, A1762T, and G1764A
across all Greenland taxa, as these are important markers
associated with disease prognosis.

2.4. Genetic Distance

To calculate the genetic distance between the Greenland
clade and other subgenotypes we estimated the evolutionary
divergence over full-length genome sequence between groups
as implemented in MEGA X (Kumar et al., 2016, 2018). The
analyses were conducted using the Maximum Composite
Likelihood model (Tamura et al, 2004). This analysis
involved 900 nucleotide sequences from subgenotypes D1
(579), D2 (293), and Greenland (28) from dataset 1.2 (see
Supplementary Material). Codon positions included were 1st +
2nd + 3rd + Non-coding. All ambiguous positions were removed
for each sequence pair (pairwise deletion option). There were a
total of 3,353 positions in the final dataset.
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2.5. Phylogenetic Tree Search

To assign the novel HBV sequences from Greenland to the
correct genotype we conducted a phylogenetic tree search
on dataset 1 under the optimality criterion of maximum
likelihood with substitution model testing as available in 1Q-
TREE (Nguyen et al., 2015). We executed a 1,000-replicate SH-
aLRT measure of support (Guindon et al.,, 2010). “The SH-aLRT
is an approximation of the likelihood ratio, a direct measure of
how much the evidence supports the hypothesis. SH-aLRT is an
approximation of the ratio of the log-likelihood of the optimal
hypothesis and the best contradictory hypothesis” (Schneider et al.,
2020).

In order to avoid any artifact or bias in the analysis, we
tested dataset 1 against its subset dataset 1.1, and no major
changes of topology were found. We also tested dataset 2 of
the novel Greenland taxa against two subsets of it: (1) only
full genomic sequences; (2) only full genomic sequences and
unique individuals (oldest sequence from each individual was
selected). We built a total of three ML trees using IQ-Tree and
compared them. Neither subset tree had a change in the overall
tree topology or affected the monophyly of the Greenland clade.

We used BEAST v1.10.4 (Suchard et al., 2018) to calculate
the TMRCA of the Greenland taxa on dataset 2 (genotype
D). Based on the partial fragmentation of our alignment (see
Supplementary Material), we elected to treat the alignment as
a single substitution partition, contrary to the eight-partition
approach used on genotype B by Bouckaert et al. (2017). We
selected the GTR+I"4 substitution model with four empirical
base frequencies, a Skyride coalescent tree prior (Minin et al.,
2008), and an uncorrelated relaxed lognormal clock (URL).
We also tested a strict clock; however, we did not observe
convergence in Tracer (Rambaut et al.,, 2018), confirming the
URL clock as the appropriate selection. We ran the model in
duplicate with a Markov chain Monte Carlo length of 100 million.
Convergence was determined by Effective Sample Sizes of at
least 200 per statistic. The final maximum clade credibility tree
with metadata annotation was rendered using FigTree (Rambaut,
2012).

3. RESULTS

3.1. Maximum Likelihood Tree Indicates

Greenland Lineage Independence

Model testing prior to IQ-TREE building identified the best fit
model from Akaike and Bayesian Information Criterion as GTR
+ F 4 R10. The maximum likelihood tree from dataset 1.1 has
the Greenland taxa in a monophyletic group sister to genotype
D sequences with 89.9% SH-aLRT-like support (Figure 2). Thus,
we assigned them to genotype D for our downstream analyses.
All subsequent references to our data refer to dataset 2 containing
only genotype D sequences.

3.2. Recombination

We excluded no taxa based on recombination. RDP identified
two potential recombinants (see Supplementary Material). The
first we interpret to be false identification of the recombinant
region from nucleotide position 1720-2579 in 11 D4/Dé6

sequences containing an 859 base pair section from D2 sequence
AB267090. Based on the location of the areas internal and
external to the recombination site in UPGMA trees, we see no
evidence for inter-subgenotype recombination. An additional
sequence, JN792912, which was labeled as mostly recombinant
with unknown origin, was removed in addition to the eleven
sequences and RDP was re-run. The same region was identified
in all D3 sequences instead of D4/D6 with a supposed D1 parent.
We hypothesize this is an artifact given the high nucleotide
conservation of this region. The UPGMA tree topologies were
not suspicious of recombinant template-switching in these taxa.

The second recombinant region flagged by RDP was in an
Indian D5 sequence, GQ205382, with a 269 base pair region of
a D3 sequence (KX827292) from nucleotides 1765 to 2034. This
region has no mutations between the two sequences. Instead, the
D3-specific single nucleotide polymorphisms (SNPs) are found
in this D5 sequence, potentially representing a recombination
event that cannot be excluded. However, the D5 sequence still
clusters with other Indian D5 sequences in a clade with 100% SH-
aLRT-like support in the ML tree. Neither of these taxa produced
interference on ML tree topology. Thus, we elected to keep all of
the 93 taxa. We found no recombination between D1, D2, and
the Greenland sequences.

3.3. Amino Acid Signatures

The Greenland HBV/D amino acid signatures on Pre-S2 aa39,
POL Spacer aal00 and aal28, and RT aal26 introduces a
paradigm in relation to D1 and D2 signatures (Tablel).
The Greenland sequences do not “fit” into either D1 or D2
subgenotypes amino acid signatures predominantly observed
with these subgenotype sequences according to Yousif and
Kramvis (2013). Instead, they share characteristics of D2 at PreS2
aa39 and POL aal00, and D1 at RT aal26 and POL aal28.

3.4. Mutations

We observed mutations in our sequences at positions 1762 (wild
type A; mutant T), 1764 (wild type G; mutant A), and 1896
(wild type G; mutant A). Twenty two of the 39 Greenland
sequences had a G to A mutation at nucleotide position 1896.
Of the 13 consecutively sampled taxa, only two pairs reflected
this substitution, whereas most (n = 5) had a mutant A at
position 1896 in both samples. Mutations A1762T and G1764A
were not as prevalent, present in only 9/39 and 14/39 Greenland
sequences, respectively (Table 2).

3.5. Genetic Distance

The Greenland clade had an estimated evolutionary divergence of
~3% with both subgenotypes D1 and D2. Both D1 and D2 also
shown a divergence of ~3% between each other (Table 3). We
used the pool of complete genome sequences of the Greenland
clade and compared to the pool of D1 and D2 sequences
belonging to sister clades on the ML tree.

3.6. Substitution Rate and TMRCA of
HBV/D in Greenland Populations

We inferred on the molecular clock analysis a substitution rate
of 1.398 x 107> [95% HPD 8.837 x 107°, 1.952 x 107°],
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FIGURE 2 | Phylogenetic hypothesis of dataset 1.1. Maximum-likelihood tree. Branch lengths represent an estimation of the average number of nucleotide
substitutions per site. Node labels indicate SH-aLRT support. Clade names correlate to their genotype assignment and are represented by the vertical bars on the
right of the tree. Red collapsed clade represents the Greenland taxa. See Supplementary Material for a full version of this tree.

|F

TABLE 1 | Amino acid signatures of HBV subgenotype D1, D2 and Greenland

taxa.

AA Signature D1 D2 Greenland
Pre-S2 aa39 V/a Al A
POL Spacer aa100 S/a, t Aty A
POL Spacer aa128 G/s

RT aa126 R/h

Adapted from Yousif and Kramvis (2013).

similar to that obtained by Miithlemann et al. (2018): 1.18 x 107>
[9.21 x 107%, —1.45 x 107°]. The age of the root, representing
genotype D, was 675 BCE (1221 BCE, 281 BCE). The age of
the Greenland taxa was 629 CE (95% HPD interval 37 CE,
1138 CE).

4. DISCUSSION

Studies on HBV phylogenetics provide a means of understanding
the history of the disease spread in an epidemiological context.
In this study, we reveal a novel quasi-subgenotype of HBV
genotype D isolated from Greenland. Interestingly, this novel
clade, sister to subgenotype D2, shares genetic characteristics
of both subgenotypes D1 and D2 and shares slightly reduced
genetic divergence with subgenotype D1 (3.1%) compared to

subgenotype D2 (3.2%) based on our data. Inference of all
Greenland taxa as monophyletic in maximum likelihood and
Bayesian frameworks supports the hypothesis of a single origin
event giving rise to a distinct and isolated lineage on the west
coast of Greenland.

Phylogeography in the Greenland dataset was not used given
the limited geographic scope of the Greenland taxa and lack
of logistical purpose exploring global movement given our
reductive representation of genotype D taxa. The 1762 and
1764 site mutations are associated with a significantly increased
risk of liver disease progression and hepatocellular carcinoma
development (Yang et al, 2016; Lin and Kao, 2017). The
mutation on site 1896 is associated with HBeAg negativity and
seroconversion to anti-HBeAg positivity by introducing a stop
codon to the HBeAg reading frame (Kramvis et al., 2018).
Twenty two of the Greenlandic sequences shared a non-exclusive
G to A substitution at nucleotide position 1896, associated
with seroconversion of positive HBeAg reactivity to anti-HBeAg
positivity and historically most present in genotype D (Zhand
et al., 2015). These taxa likely had higher rates of evolution
(Kramvis et al., 2018), though our methods were unable to
tease apart their contribution to the substitution rate. Of our
consecutively sampled pairs/triplet, the lack of precore mutation
(n = 3) or substitution from the mutant to the wild type (n
= 3) indicates active infection occurring over multiple years,
though our lack of sampling only offers sporadic glances into
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TABLE 2 | Greenland HBV/D taxa and consecutive paired sera.

Patient ID Taxon ID(s) Collection date Community
01 MT603386 pouata 2017 Aasiaat

02 MT603402 2004 ltileq

03 JIN792909; JN792910 1998; 2004 ltileq

04 IN7929117 0 x; IN7929127 o +; MTE03404s 1998; 2004; 2008 ltileq

05 MT603401; MT603403 2004; 2009 ltileq

06 MT603400; MT603385 2004; 2009 ltilleq

o7 MTB03383" e %; MT603384" e« 2004; 2009 ltilleq

08 MT603382" miea 2017 Nuuk

09 MT603376" 2017 Nuuk

10 MT603378 pogata 2017 Nuuk

11 MTB03396 ixeq 2017 Nuuk

12 JIN7929047; UN792903 1998; 2004 Sarfannguag
13 JIN7929087; UN792907 1998; 2004 Sarfannguag
14 JIN792906" ; UN792905" 1998; 2004 Sarfannguag
15 MT603397" 1998 Sisimiut

16 MT603399" 2017 Sisimiut

17 MT603380" e 2017 Sisimiut

18 MT6033817 2017 Sisimiut

19 MT6033777 ¢ ieq 2017 Sisimiut

20 MT603379" ixed 2017 Sisimiut

21 MT603392" +; MT603389 1998; 2008 Sisimiut

22 MT603391"; MT603390" 1998; 2008 Sisimiut

23 MT6033887 9,5 MT603387" e, 1998; 2008 Sisimiut

24 MT603398e,%; MT603393" e, 1998; 2008 Sisimiut

25 MT603394+; MT603395" 1998; 2008 Sisimiut

Paired sera is indicated by multiple taxon IDs in a single cell separated by semicolon. Significant mutant nucleotides (bolded) are indicated by symbol, opposed to unmarked wild

type nucleotides. -Gt 896A, ® = A1762T, x = G1764A.

TABLE 3 | Estimates of evolutionary divergence over sequence pairs between
Greenland, D1 and D2 clades.

Greenland D1 D2
Greenland 0 0.0309 0.0322
D1 0.0309 0 0.0303
D2 0.0322 0.0303 0

The number of base substitutions per site from averaging over all sequence pairs between
groups are shown.

infection dynamics. The identical pair of consecutively sampled
sera separated by 6 years is interesting, as we expected this
individual to seroconvert over this period. These findings reflect
the slow and tangled nature of HBV evolution.

As the Greenland sequences are monophyletic, this suggests
the presence of a lineage with a new amino acid signature. For
instance, though no recombination was inferred between the
Greenland sequences and subgenotype D1/D2, the overlapping
serotype signatures (Table 1), suggest that the Greenland taxa
cannot be neatly fit into the amino acid composition of
either subgenotype.

It is a well-known observation that subgenotype D1
shows intergroup divergence with D2 <4-7.5% divergence
agreed upon as the definition of an HBV subgenotype

(Yousif and Kramvis, 2013; McNaughton et al, 2020). The
justification for classifying D1 and D2 as subgenotypes is based
upon well-resolved phylogenetic clustering, supported by high
bootstrap values (>85-90%), different serological subtypes, and
different geographic distribution (Yousif and Kramvis, 2013).
As observed in this study, the Greenland HBV clade is well-
resolved and clusters completely separately with high confidence
by aLRT-SH and posterior probability, and is unique to the
geographic region of Greenland. However, in keeping with the
suggestion of McNaughton et al. (2020), the Greenland clade
may be considered a quasi-subgenotype due to its monophyletic
clustering following maximum-likelihood analysis but with a
genetic distance separating it from D2 and D1 of ~3%. Based
on tree topology, this quasi-subgenotype clusters most closely
with HBV subgenotype D2. The Greenland taxa’s inferred sister
clade, which includes HBV subgenotype D2 from Taiwanese
Indigenous Peoples, New Caledonia, and Argentina, suggests a
single origin between the Greenland and D2 taxa that is not
inclusive of D1, with 94% posterior support (Figure 3).

Taxa are likely to be geographically related, preserving
the complication that may be faced with pure geographic
assignment (de Bernardi Schneider et al., 2019; Mojsiejczuk
et al, 2020). Rather than focusing on endemicity, location,
or solely genetic distance, the best way to characterize HBV
may be by observing evolutionarily independent lineages
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through phylogenetic analysis, as is argued by Peterson (2014).
Phylogenetic analysis circumvents the use of genetic distance as
a sole metric for sub-/geno-type naming. Further, while genetic
distances between the Greenland taxa and subgenotypes D1 and
D2 (3.1 and 3.2%, respectively) are within what McNaughton
et al. (2020) cites as the majority of genotype D pairwise distance
(i.e., 2-4%, compared to the typical subgenotype divergence of
3-8%), they are also distinctly monophyletic across our methods.
Here, we present our inference of 39 Greenland HBV/D taxa
as a newly characterized quasi-subgenotype exemplified by this
topologically independent lineage.

The Greenland taxas TMRCA of 629 CE translates to a
coalescence point about 1,390 years before present (YBP),
preceding the only other Greenland HBV lineage (B5) studied
(Bouckaert et al, 2017). Their study estimated that B5 was
introduced to Greenland during coastal route movement of the
Thule in the last 1,000 years (Bouckaert et al., 2017), calibrated
by the date associated with Thule migration to the Eastern
Arctic (647-953 YBP or 1370-1064 CE). Nonetheless, they are
distinct genotypes evolving at different rates, thus it is feasible
that these genotypes arrived in Western Greenland following
separate introductions.

The more closely related subgenotype D2 may have an
origin from the Middle East (Kostaki et al., 2018) or Southern
Europe (Spitz et al., 2019). The use of ancient HBV DNA

allowed us to estimate a Greenland HBV/D TMRCA range of
37-1138 CE. Similar to what has been described with HBV
genotype B-infected indigenous people in the circumpolar Arctic
(Bouckaert et al., 2017), this result suggests that the virus was
introduced at some point to the Thule, but this ancestor no longer
exists. However, ancestral remnants aside from the Taiwanese
Indigenous and New Caledonian samples which formed an
adjacent clade to the Greenland taxa are necessary for improved
confidence in inferring the route which brought HBV/D to
these populations.

Integrating novel sequences with published HBV/D data
in this study has demonstrated a strongly inferred and
geographically independent monophyletic lineage from existing
HBV/D subgenotype architecture. We reveal that HBV/D
samples from 25 Western Greenland residents, 13 of whom were
consecutively sampled over 5-10 years, form an evolutionarily
unique clade distinct from subgenotypes D1 and D2.

Pairing these modern data with ancient DNA, we uncovered
more detail in the story of HBV genotype D evolution. Such
diachronic studies are necessary for the tough-to-interpret HBV
(Mithlemann et al, 2018), where study results on rate and
origin vary by orders of magnitude subjective to data and
model limitations. Additional HBV/D sequences from ancient
archeological remains in the Arctic are necessary to resolve the
mystery of its origin and pattern of dispersal beyond speculation.
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Hepatitis E virus (HEV) genotype 3 is the most common genotype linked to HEV
infections in Europe and America. Three major clades (HEV-3.1, HEV-3.2, and HEV-
3.3) have been identified but the overlaps between intra-subtype and inter-subtype
p-distances make subtype classification inconsistent. Reference sequences have been
proposed to facilitate communication between researchers and new putative subtypes
have been identified recently. We have used the full or near full-length HEV-3 genome
sequences available in the Genbank database (April 2020; n = 503) and distance
analyses of clades HEV-3.1 and HEV-3.2 to determine a p-distance cut-off (0.093 nt
substitutions/site) in order to define subtypes. This could help to harmonize HEV-3
genotyping, facilitate molecular epidemiology studies and investigations of the biological
and clinical differences between HEV-3 subtypes.

Keywords: HEV-3, subtype, classification, diversity, full-length genome, phylogeny

INTRODUCTION

The hepatitis E virus (HEV) is a significant human pathogen causing viral hepatitis worldwide.
Most of the strains that infect humans belong to two species, Orthohepevirus A (8 genotypes; HEV
1-8) and Orthohepevirus C (Purdy et al., 2017; Smith and Simmonds, 2018; Sridhar et al., 2018;
Primadharsini et al., 2019). The most prevalent genotype in industrialized countries at least in
Europe and America is HEV genotype 3 (HEV-3). It is transmitted zoonotically by direct contact
with infected animals, eating contaminated food, or via the environment. HEV-3 infection is
frequently asymptomatic but it can result in severe acute hepatitis in patients with chronic liver
disease and lead to chronic hepatitis and cirrhosis in immunocompromised patients (Kamar et al.,
2017). Extra-hepatic manifestations have been also described in patients with acute and chronic
hepatitis E (Kamar et al.,, 2017).

Hepatitis E virus genotype 3 variants have been assigned to one of several subtypes based on
analysis of a limited number of complete genome sequences and subgenomic regions (Lu et al.,
2006). Despite the increasing number of full-length or near full-length genomes deposited in the
NCBI database, it is difficult to provide consistent criteria that identify viruses that are members
of the same subtype due to overlaps between the intra-subtype and inter-subtype p-distances
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commonly used for classification (Smith et al., 2015, 2016).
Nevertheless, HEV-3 viruses can be classified into three major
clades based on phylogenetic grouping. Clade 3.1 includes HEV-
3 subtypes a, b, ¢, h, i, and j; clade 3.2 includes HEV-3 subtypes
e, f, and g, and clade 3.3 contains rabbit strains corresponding to
the HEV-3ra subtype (Oliveira-Filho et al., 2013; [jaz et al., 2014;
Vina-Rodriguez et al., 2015). A standard reference set of genome
sequences including 17 that are full-length or near full-length
HEV-3 genomes was proposed in 2016 using a conservative
pragmatic approach (Smith et al, 2016). Subsequently, new
potential subtypes have been proposed: 3k (Miura et al., 2017),
3] (De Sabato et al., 2018), 3chi-new (Lhomme et al., 2019), and
3s (Wist et al., 2018; Sahli et al., 2019). The standard reference
set of genome sequence was recently updated identifying 3k, 31,
and 3m (previously named 3chi-new) as new subtypes (Smith
et al.,, 2020). Recently, an automated partition of phylogenetic
trees constructed from 250 full-length HEV-3 genome sequences
has been used to classify more than 99% of the complete genome
sequences into subtypes (Nicot et al., 2018).

This study was done to determine a distance cut-off that can
be used to assign HEV-3 sequences to a subtype using the new
full-length HEV-3 sequences available in NCBI and the recently
defined new subtypes.

MATERIALS AND METHODS

Sequencing of HEV Complete Genome
Sequence

Stored plasma samples from HEV-infected patients consecutively
tested for HEV RNA between 2017 and 2019 in the laboratory
of Virology at Toulouse University Hospital, National Reference
Center for HEV, with viral load of HEV-3 >100,000 copies/mL
were selected for PacBio single molecule real-time sequencing.
HEV-RNA extraction and F1 and F2 amplifications were realized
for 188 samples as previously described (Nicot et al., 2018).
SMRT bell library was constructed by pooling 96 barcoded
samples according the manufacturer instructions for SMRTbell
Barcoded Adapter Prep kit. Sequencing was performed by using
chemistry v3.0 on a PacBio Sequel sequencer available at ICGex,
Institut Curie Research Center, Paris, France. Bioinformatics
analysis and complete genome reconstruction were realized
with an in-house developed pipeline. From demultiplexed.bam
files provided by ICGex, CCS were constructed using min
passes = 3 and min RQ 0.999 parameters. Reads were
mapped to a reference sequence (Minimap 2 2.17) to retain
HEV reads and remove chimeric reads. Non-identical reads
were subsequently combined using a medoid-based clustering
(cluster-fast from USEARCH 11.0.667) into clusters at 99%
genetic identity. A consensus sequence was generated for
each cluster. F1 and F2 sequences were assembled with
Megamerger (EMBOSS 6.6.0). The consensus sequence with
the higher number of reads was used as complete genome
sequence, annotated as previously described (Nicot et al,
2018) and submitted to Genbank with accession numbers
MW355217-MW355404.

Nucleotide Sequences and Phylogenetic
Analysis

The 188 complete genome sequences obtained by SMRT
sequencing and all full or near full-length genome sequences of
genotype 3 (n = 315) of human or animal origin available in the
Genbank database on April 2020 were included (Supplementary
Table 1). Duplicate sequences from a single individual and
six recombinant sequences (D11092, MG783571, KJ013414,
KJ013415, KT633715, and DQ450072) were removed. We also
included 29 complete genome sequences of genotypes 1, 2, 4,
5, 6, 7, and 8 (Smith et al., 2020) (accession numbers HEV-
1: FJ457024, MH918640; HEV-1a: M73218; HEV-1b: L088816;
HEV-1c: X98292; HEV-1d: AY230202; HEV-le: AY204877;
HEV-1f: JF443721; HEV-1g: LC225387; HEV-2a: KX578717;
HEV-2b: MH809516; HEV-4: MK410048, AB369688; HEV-
4a: AB197673; HEV-4b: DQ279091; HEV-4c: AB074915; HEV-
4d: AJ272108; HEV-4e: AY723745; HEV-4f: AB220974; HEV-
4g: AB108537; HEV-4h: GU119961; HEV-4i: AB369690; HEV-
5a: AB573435; HEV-6: AB856243; HEV-6a: AB602441; HEV-
7: KJ496144; HEV-7a: KJ496143; and HEV-8: MH410174;
HEV-8a: KX387865). The 532 sequences (503 HEV-3 and 29
HEV non-3 genotype) were aligned with MUSCLE v.3.8.31
and a bootstrapped tree (100 replicates) using the maximum
likelihood (ML) method with the general time reversible model
(GTR + I + G) was constructed on phyML v3.3. Interactive Tree
Of Life (iTOL) v3 was used to visualize the whole large tree.

Automated Partition of Phylogenetic Tree
The ML phylogenetic tree was partitioned and strain clusters
within genotype 3 were identified using a method adapted from
Prosperi et al. (2011). Briefly, the topology of the ML tree was
analyzed with a depth first search by considering the number
of subtrees with a node reliability >70% and an associated
number of leaves with at least two distinct patients. A subtree was
identified as a cluster if the median value of the subtree distance
distribution was below a t-percentile threshold of the whole-tree
distance distribution. If a node satisfied this condition, the search
was stopped at that node, children nodes were ignored, and
other sibling nodes were analyzed. The threshold t was evaluated
over the (5th, 50th) percentile range of the whole tree distance
distribution with steps of 1 between the 5th and 15th and 5
between the 15th and 50th percentiles.

Distance Cut-Off for Identification of
HEV Genotype 3 Subtypes

The clusters of sequences identified by automated partition
of ML phylogenetic tree were used to analyze the intra- and
inter-subtype nucleotide pairwise distances. The distances were
estimated on MEGA X using the maximum composite likelihood
(MCL) method and a gamma distribution to model evolutionary
rate differences among sites (four categories). All distances were
analyzed (to determine a cut-off that identified subtypes) by
generating boxplots in Matlab R2018B software. Based on the
algorithm described in Supplementary Figure 1, a sequence X;
can be considered to be a new subtype if all the intra-subtype and
inter-subtype distances (S; j)je[1,n7 are above a cut-off a.. If at least
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one distance d(X;, Xvj), j € [1, N] between the new sequence X;
and one of the known sequences Xy; is below the cut-off a, the
sequence X; is assigned to the subtype containing the sequence
with the shorter distance.

Statistical Analysis

Continuous variables were tested with Students t-test on
STATA 14.0 software. p-Values of <0.05 were considered
to be significant.

RESULTS

Identification of Clusters

We identified clusters among genotype 3 sequences using
automated partition of a ML phylogenetic tree. Clusters of
known subtypes were identified with a threshold of 13% (median
distance <0.126 nt substitutions/site). This threshold assigns
99.1% of the 483 sequences belonging to clade 3.1 and 3.2 to one
of the following known subtypes: 3aj (n = 26), 3b (n = 29), 3¢
(n=117),3h(n=17),3k (n=4),3i (n=6),3l(n=6),3m (n=06)
for clade 3.1 and 3e (n = 40), 3f (n = 228), 3g (n = 1) for clade
3.2 (Figure 1). The complete genome of HEV-3j was included in
the HEV-3a subtype. The sequences proposed as HEV-3s were
classified as HEV-3h subtypes. Only four sequences belonging
to the group HEV-3chi (MK390370, MK390371, LC260517, and
MF959765) were not classified (Figure 1). The 13% threshold also
defined two clusters within clade 3.3 (HEV-3ra) composed of six
(HEV-3ral) and six sequences (HEV-3ra2) while seven sequences
were outside the HEV-3ral and HEV-3ra2 clusters (Figure 1).

Determination of a Distance Cut-Off for
Subtype Discrimination

The pairwise distances were estimated on MEGA X using
the MCL method. Means for intra-subtype and inter-subtype
distances, standard deviation, 95% confidence interval (CI) and
99% CI for each subtype are shown in Table 1. The mean intra-
subtype distances obtained for HEV-3ra strains from clade 3.3
(0.116 £ 0.002 nt substitutions/site) was significantly greater
than each of the mean intra-subtype distances obtained for the
other HEV-3 subtypes (p < 0.01 for each subtype). Therefore,
the HEV-3ra sequences are too heterogeneous to be used to
determine the distance cut-off discriminating between subtypes.
Analysis of sequences from clades 3.1 and 3.2 indicated that the
overall mean intra-subtype distances was 0.064 (95% CI: 0.03-
0.09) whereas the overall mean inter-subtype distances was 0.142
(95% CI: 0.106-0.181). The 95% CI upper limit of intra-subtype
distance for each subtype was lower than the 95% CI lower limit
of the inter-subtype distance (Table 1). Similarly, the 99% CI
upper limit of intra-subtype distance was lower than the 99% CI
lower limit of inter-subtype distance, except for subtypes 3aj and
3b. Analysis of the intra- and inter-subtype distances for each
subtype indicated that 0.093 can be used as a distance cut-off
for assigning a sequence to a subtype (Figure 2). We therefore
designed an algorithm based on this cut-off distance that would
assign sequences to a subtype (Supplementary Figure 1) and

used it to assign 99.1% of the HEV-3 sequences to a defined
subtype (3aj, 3b, 3¢, 3e, 3f, 3h, 3i, 3k, 3l, 3m). Only four
sequences were not assigned (MK390370, MK390371, LC260517,
and MF959765), in agreement with the data from automated
partition of the ML phylogenetic tree. The distance between
sequences MK390370 and MK390371, 0.006 nt substitutions/site,
assigned these sequences to the same cluster. LC260517 and
MF959765 were isolated sequences (minimum intersubtype-
distance: 0.099 nt substitutions/site for both sequences).

Classification of HEV-3 Sequences

We used 11 subtypes to classifying sequences in clades 3.1 (3aj,
3b, 3¢, 3h, 3i, 3k, 3], 3m) and 3.2 (3e, 3f, 3g), based on the
criteria proposed by Smith et al. (2020) for subtype assignment
and the results of the automated partition and distance cut-off
methods (Table 2). Each complete genome sequence used in
our study was assigned to a subtype (Supplementary Table 1).
New complete genome sequences can be assigned to an existing
subtype provided there is at least one distance less than 0.093.
Otherwise, the new sequence may be a new subtype, which then
needs to be confirmed (Smith et al., 2016). Complete genome
sequences of subtype 3a, 3b, and 3ra were detected worldwide
(Asia, Europe, and America), subtypes 3c, 3e, 3f, and 3h were
detected in Asia and Europe, subtypes 3i, 31, and 3m were
detected only in Europe and subtype 3k only in Japan (Table 2
and Supplementary Table 1).

DISCUSSION

Hepatitis E virus genotype 3 viruses display considerable diversity
and have been classified into subtypes with no clear criteria
based on distance and phylogenetic methods for demarcation.
The set of reference sequences proposed by Smith et al. (2016) has
enabled common subtypes to be assigned, but more than 10% of
HEV-3 strains were not classified (Nicot et al., 2018). Automated
partition of a ML phylogenetic tree using 503 HEV-3 sequences
and distance analysis confirmed the classification of 250 HEV-
3 sequences (Nicot et al., 2018) and supported the existence of
several new post-2016 subtypes included in update classification
(Smith et al., 2020). Subtype assignment using our new analysis
method is automated and allow the classification of sequences
not classified by Smith et al. (2020). It is important to classify a
majority of sequences within a subtype and to have an objective
method of classification.

The putative subtypes 3k (Miura et al., 2017), 31 (De Sabato
et al., 2018), 3m (Nicot et al., 2018; Lhomme et al., 2019), and
3s (Wist et al.,, 2018; Sahli et al., 2019) have been described.
Evidence for subtypes 3k, 3l, and 3m was provided by the
automated partition of phylogenetic trees and the distance cut-
off of 0.093. HEV-3k has been found in humans and pigs
in Japan (Miura et al, 2017) while the HEV-3] subtype was
first described in pigs in Northern Italy (De Sabato et al,
2018). Our analyses indicate that HEV-3] subtype also occurs
in humans in France (sequences MF444121, MF444131, and
HESQL113). The first strain of subtype 3m was detected in a
Spanish patient in 2011 (Munoz-Chimeno et al., 2016) and has
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Automated partition of ML phylogenetic tree (clustering 13%)

| 3a (n=26)
[] 3b (n=29)
W 3c (n=117)
1 3e (n=40)
[7] 3f (n=228)
M 39 (n=1)
[] 3h (n=17)
H 3i (n=6)
7] 3k (n=4)
[] 31 (n=6)
[ 3m (n=6)
| 3ral (n=6)
[[] 3ra2 (n=6)
[ 3ra not classified (n=7) !

Non-3 genotype

Tree scale: 0.1 +——

FIGURE 1 | Automated partition of genotype 3 (n = 503) clusters within full-length or near full-length genomes. HEV-3 sequences not assigned to a cluster in clades

HEV-3.1 are indicated with stars.

# MF959765
* LC260517
* MK390970
* MK390971

since been detected in France, Belgium, Netherlands and the
United Kingdom (Ijaz et al., 2014; Nicot et al., 2018; Lhomme
et al., 2019). A recent study showed that this subtype circulates
in wild boar in Spain and also in human in Sweden, suggesting
that it is transmitted via consumption of contaminated meat
or water or direct contact with wild boar (Wang et al., 2019).
In contrast, all the putative subtype 3s sequences were assigned
to subtype 3h by the automated partition of ML phylogenetic
tree, and distance analysis indicated that 3s sequences should
be assigned to subtype 3h, all with distances below the cut-
off of 0.093. In addition, these strains, which have been found
in both humans and animals in Switzerland, form a cluster
that is transmitted by the consumption of locally produced
pork meat (Sahli et al., 2019). They cannot be assigned to a
new subtype because they are epidemiologically related (Smith
et al., 2016). Our analyses also indicate that HEV-3i, described
in boar in Germany (Adlhoch et al, 2009) or human in
Sweden (Norder et al, 2018), occurs in human in France
(HESQLO53 and HESQL059).

The sequence AY115488 classified 3j with Smith criteria
(Smith et al., 2020) was obtained from the feces of pigs housed
in Canada (Pei and Yoo, 2002). This sequence was classified
among subtype 3a with our analysis. Indeed, the minimum intra-
subtype distance observed between AY115488 and AB089824

(0.083 nucleotide subtitutions/site) in subtype 3aj is much lower
than the cut-off value of 0.093 for assigning a sequence to a
different subtype. The four sequences (MK390370, MK390371,
LC260517, and MF95765) were not classified according Smith
et al. (2020) criteria and our analysis. They could be consider
as three potential new subtypes, considering MK390370 and
MK390371 are assigned to the same cluster. However, in
the absence of at least three complete genome sequences
epidemiologically unrelated (Smith et al., 2016), these new
subtypes could not be confirmed.

Hepatitis E virus genotype 3 is found worldwide and is the
predominant genotype in Europe and America. The majority of
Asian and North American strains of HEV-3 belong to subtypes
3a and 3b (Zehender et al.,, 2014). Subtype 3b is indigenous to
Japan, although 3b strains have occasionally been identified in
Europe (Legrand-Abravanel et al., 2009; Vina-Rodriguez et al,,
2015). Subtypes 3k strains have been described only in Asia
(Miura et al., 2017). The majority of European strains belong to
subtypes 3¢, 3f, and 3e. Changes in the distribution of variants
within genotypes have been highlighted. A switch from clade
3.2 (mainly 3f and 3e) to clade 3.1 (mainly 3c) infections was
observed in France and the United Kingdom after 2010 (Nicot
etal., 2018; Oeser et al., 2019) and a similar switch occurred more
recently in Belgium; the subtype 3f strains that were predominant
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TABLE 1 | Nucleotide p-distances calculated for each subtype (intra and inter-subtype distances).

Subtype N Distances Observations p-distances
Mean SD 95% ClI 99% CI
33 26 Intra 325 0.067 < 0.001 0.066 — 0.069 0.01 — 0.096
Inter 11,804 0.134 < 0.001 0.134 —0.135 0.089 — 0.157
3b 29 Intra 406 0.068 < 0.001 0.066 — 0.07 0.003 — 0.089
Inter 13,079 0.134 < 0.001 0.134 —0.135 0.089 — 0.157
3c 117 Intra 6786 0.055 < 0.001 0.055 — 0.056 0.004 — 0.085
Inter 42,471 0.14 < 0.001 0.139 - 0.14 0.1 —0.157
3e 40 Intra 780 0.076 < 0.001 0.075 - 0.077 0.002 — 0.091
Inter 17,600 0.129 < 0.001 0.128 — 0.129 0.101 — 0.157
3f 228 Intra 25,878 0.065 < 0.001 0.065 — 0.065 0.019 — 0.099
Inter 57,456 0.142 < 0.001 0.142 — 0.142 0.108 — 0.157
3h 17 Intra 136 0.05 0.003 0.045 — 0.055 0.002 — 0.095
Inter 7871 0.132 < 0.001 0.132 - 0.133 0.098 — 0.157
3i 6 Intra 15 0.073 0.005 0.062 — 0.084 0.025 — 0.09
Inter 2844 0.127 < 0.001 0.126 — 0.128 0.094 — 0.152
3k 4 Intra 6 0.033 0.006 0.019 — 0.048 0.019 — 0.048
Inter 1914 0.132 < 0.001 0.131 —0.133 0.088 — 0.156
3l 6 Intra 15 0.064 0.006 0.051 —0.077 0.007 — 0.081
Inter 2844 0.134 < 0.001 0.134 — 0.134 0.093 — 0.157
3m 6 Intra 15 0.054 0.006 0.042 — 0.069 0.004 — 0.069
Inter 2844 0.131 < 0.001 0.13 -0.132 0.1 —0.156
3ra 17 Intra 171 0.116 0.002 0.111 —0.121 0.026 — 0.161
Inter 8626 0.181 < 0.001 0.181 —0.181 0.166 — 0.193

p-distances were calculated with the maximum composite likelihood method (MCL) on MEGA X.
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TABLE 2 | HEV-3 subtype reference sequences based on full or near full-length genomes.

HEVS3 subtype Genbank Strain Classification Geographical origin Comment
according to accession based on
Smith et al. (2020) number clustering or
distance analyses
3a AF082843 Meng 34 Canada, China, France, Japan, Korea,
Mexico, Singapore, Thailand,
United Kingdom, United States
3b AP003430 JRA1 3b Canada, China, France, Japan
3c FJ705359 wWbGER27 3c France, Germany, Netherlands,
Sweden, Thailand, United Kingdom
3e AB248521 swJ8-5 3e Germany, Japan, France, Hungary, Italy,
United Kingdom
3f AB369687 E116-YKH98C 3f Denmark, France, Germany, Japan,
Singapore, Spain, Sweden, Thailand,
United Kingdom
39 AF455784 Osh 39 Kyrgyzstan Only one complete
genome sequence for
this subtype
3h JQ013794 TR19 3h France, Mongolia, Switzerland
3i FJ998008 BB02 3i France, Germany, Sweden
3j AY115488 Arkell - Canada Isolated from pooled
stools (Pei and Yoo,
2002), classified 3a
3k AB369689 E088-STM04C 3k Japan
3l JQ953664 FR-SHEV3c-like 3l France, Italy
3m KU513561 1C2011 3m France, Spain
3 AB290313 swMNO06-C1056 3f Mongolia
3 MF959765 WB/HEV/NA21ITA15 3 Italy
3 LC260517 swHE1606845 Japan
3 MKB390971 17RS1920 3 Italy
3 MF959764 WB/HEV/NA17ITA15 3i Italy
3 KP294371 MWP_2010 3i Germany
3ra FJ906895 GDC9 3ra China, France, Germany, Japan,

United States

before 2015 were replaced by subtype 3c strains after 2015 (Suin
etal., 2019). The reason for these changes in subtype distribution
is uncertain, it could reflect the distributions of HEV-3 subtypes
in the pig reservoirs of different countries. Both locally produced
and imported pigs or pork meat could be involved. Phylogenetic
and coalescence analyses based on full-length sequences of HEV-
3 from acute hepatitis patients, domestic pigs and wild boars
provide evidence that HEV-3e strains were introduced from
Europe into Japan through importation of pigs in the 1960s
(Nakano et al., 2013). Transmission of HEV-3e strains from
pigs to wild boars has been also suggested in Japan (Nakano
et al,, 2013). HEV-3f subtypes were recently detected in humans,
domestic pigs and wild mammals in Japan, but indigenous
Japanese HEV-3 strains belong to subtypes 3a, 3b, and 3e (Nakano
et al., 2018). These new HEV-3f strains may have entered Japan
from Europe in this way because the proportion of pork meat
imported from Europe has increased in the past decade, leading
to cases of hepatitis due to eating pork meat. The changes in HEV-
3 subtype distribution are probably the result of changes in the
origin of pork meat.

The clinical significance of infection with different HEV-
3 subtypes has been discussed. Most studies have shown that

asymptomatic blood donors and patients with symptomatic
hepatitis E had similar genotype distributions and neither
the severity of symptoms nor liver enzyme activities were
significantly associated with clades 3.1 or 3.2 (Smith et al.,, 2015;
Lhomme et al., 2019). However, two recent studies from Belgium
and France found that the risk of HEV-3-infected patients
being hospitalized varied with the subtype (Subissi et al., 2019;
Abravanel et al., 2020). Patients infected with subtype 3¢ were at
lower risk of hospitalization than those infected with subtypes 3f
or 3e (Subissi et al., 2019; Abravanel et al., 2020). Larger studies
are now needed to clarify the influence of host factors and virus
diversity on HEV-3 pathogenesis.

A limitation of the present study is the relatively limited
number of full length HEV-3 genome sequences available
worldwide and the way diversity varies within HEV-3
subtypes. Despite very good groupings of sequences, there
are outliers for most subtypes indicating that subtype
assignment can be ambiguous. In addition, HEV-3ra strains
are particularly heterogeneous. Nevertheless, all HEV-3ra
sequences have a common signature, a 93-nucleotide
insertion within the macrodomain of the HEV genome
(Izopet et al., 2012).
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Our findings suggest that the strains in clades 3.1 and 3.2
can be assigned to 1 of 11 subtypes, each represented by a full
length or near full-length reference sequence. We have proposed
a cut-off value for assigning subtypes. Update of the reference
sequences (Smith et al., 2020) could help harmonize HEV-
3 classification, which would be useful for comparing strains
circulating in humans and the animal reservoir, for tracing
the source of an individual infection and for investigating the
pathogenicity of HEV-3 subtypes.
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Background: Hepatitis C virus (HCV), non-structural 5A (NS5A), and non-structural
5B (NS5B) resistance-associated substitutions (RASs) are the main causes of failure to
direct-acting antiviral agents (DAAs). NS5A and NS5B RASs can occur in patients with
HCV infection naturally and before exposure to DAAS.

Objectives: This study aimed to evaluate naturally-occurring NS5A and NS5B RASs in
Iranian patients with HCV genotype 1a (HCV-1a) and -3a infections.

Methods: In this cross-sectional study, viral RNA was extracted from serum specimens.
NS5A and NS5B regions were amplified using RT-PCR followed by DNA sequencing.
The results of nucleotide sequences were aligned against reference sequences of HCV-
1a and -3a and the amino acid substitutions were analyzed using geno2pheno [hcv]
web application.

Results: Among 135 patients with hepatitis C, NS5A amino acid substitutions/RASs
were identified in 26.4% and 15.9% of patients with HCV-1a and -3a infections,
respectively. The identified amino acid substitutions/RASs in the NS5A region of
patients with HCV-1a infection were M28T/V/I 11.1%, Q30R/H 4.2%, L31M 1.4%, and
H58Y/P/C/D/Q/S/T 16.7%. YO3H substitution was not found in HCV-1a sequences.
In patients with HCV-3a infection, NS5A amino acid substitutions/BASs were A30T/K
9.5%, L31F 1.6%, P58S/T/C 3.2%, Y93H 3.2%, and Y93N 3.2%. No resistance
substitutions were identified in NS5B sequences from patients with HCV-1a and -
3a infections.

Conclusion: In this study, baseline amino acid substitutions/RASs were only identified in
the NS5A region in Iranian patients with HCV-1a and -3a infections, and the prevalence
of these amino acid substitutions/RASs were in accordance with similar studies. There
were no RASs in the HCV-1a and -3a NS5B region.

Keywords: HCV, Direct-acting antiviral agents, NS5A, NS5B, Resistance-associated substitution
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INTRODUCTION

It has been estimated that approximately 71 million people
worldwide are chronically infected with the hepatitis C virus
(HCV). This viral infection is the leading cause of acute and
chronic hepatitis with a spectrum of mild illness to end-stage
liver disease such as hepatocellular carcinoma (HCC) with
about 399,000 deaths each year (Bittar et al., 2010; Paolucci
et al, 2013; Blach et al, 2017). The virus belongs to the
Hepacivirus genus in the Flaviviridae family with a genome
of positive-sense ssRNA with approximately 9.6 Kb encoding
for a polyprotein precursor which is cleaved by the viral and
host proteinases into the structural (core, E1, E2, and P7) and
the non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) (Bittar et al., 2010; Paolucci et al., 2013; Blach
et al., 2017). HCV is one of the blood-borne viruses; so, the
most common modes of transmission are through exposure
to small quantities of blood or its derivatives that make this
infection one the worldwide public health problems (Paolucci
et al.,, 2013; Khodabandehloo and Roshani, 2014; Taherkhani and
Farshadpour, 2015; Blach et al., 2017; Mahmud et al., 2018). The
prevalence of HCV infection in Iran is estimated between 0.3 and
0.5% among the general population to 32.1% among high-risk
populations (Khodabandehloo and Roshani, 2014; Taherkhani
and Farshadpour, 2015; Mahmud et al., 2018).

Up to now, seven genotypes with many subtypes have been
identified for HCV and the distribution of these genotypes is
varying between different populations (Murphy et al., 2007, 2015;
Kau et al., 2008; Sarrazin and Zeuzem, 2010; Nakano et al., 2012;
Smith et al., 2014). According to the molecular epidemiology
studies, HCV genotype la (HCV-1a), HCV-3a, and with the
lower frequency HCV-1b are the most prevalent HCV genotypes
in Iran (Khodabandehloo and Roshani, 2014; Taherkhani and
Farshadpour, 2015; Mahmud et al., 2018). Viral RNA-dependent
RNA polymerase of HCV which lacks 3’ to 5 exonuclease
proofreading activity leads to a high genome replication rate with
no fidelity, and enables HCV to escape from selective pressures
of the immune response and antiviral therapies (Kau et al,
2008; Paolucci et al., 2013; Murphy et al., 2015; de Rueda et al,,
2017). All these characteristics make HCV a challenging target
for designing effective vaccine and antiviral drugs (Murphy et al.,
2007; Gottwein et al.,, 2009; Nakano et al., 2012; Smith et al,
2014; Walker et al., 2015; Alavian and Sharafi, 2017; de Rueda
et al, 2017; Mahmud et al., 2018). For many years, pegylated
interferon (PegIFN) plus ribavirin (RBV) has been used for the
treatment of chronic HCV infection. However, treatment with
PegIFN and RBV had undesirable side-effects and suboptimal
responses or even failure to treatment especially in patients
with HCV-1 and -4 and those with cirrhosis (Kau et al., 2008;
Sarrazin and Zeuzem, 2010). Recently, direct-acting antiviral
agents (DAAs) have been developed against different functional
proteins of HCV, which seem to be promising. However, the
efficiency of these drugs could be impacted negatively by the
existence of resistance-associated substitutions (RASs) both at
the baseline before initiation of treatment or re-treatment
following the previous failure to DAA-based regimens, infection
with HCV genotypes that used to be known as hard-to-treat

genotypes and cirrhosis (Mahmud et al., 2018; Ghany et al., 2019).
Although using a combination of DAAs results in inhibition
of HCV replication efficiently, the mutable nature of the HCV
genome makes it necessary to put the occurrence of emerging
substitutions associated with DAAs resistance in patients with
HCYV infection under precise surveillance. Herein, we report the
naturally-occurring NS5A and NS5B RASs causing resistance to
DAAs in a cohort of DAA-naive patients with chronic HCV-1a
and -3a infections.

MATERIALS AND METHODS
Study Population and Sample Collection

This cross-sectional study recruited patients managed at the
hepatitis clinic of Digestive Disease Research Institute (DDRI),
Tehran, Iran from 2015 to 2017. In this study, adults (> 18 years
old) with chronic HCV-1a and -3a infections were included.
Hepatitis C chronicity was defined as being positive for
HCVADb and HCV RNA for more than 6 months. Co-infection
with HIV and/or HBV or any condition that leads to being
immunocompromised, being diagnosed with HCC, and having
a previous history of treatment with DAAs were considered as
exclusion criteria. Cirrhosis was diagnosed based on clinical or
histological measurements or with non-invasive assessment by
transient elastography. The baseline HCV RNA level and HCV
genotype were assessed before the initiation of HCV antiviral
therapy and the results were available as the routine workup for
diagnosis and management of HCV infection in patients’ records.
These tests were carried out in the diagnostic laboratories as
commercial accredited services. The blood sampling procedures
were explained to the patients clearly and the consent form for
using their blood samples for further analysis was signed by each
volunteer or their official custodian. This study was approved
by the Ethics Committee of the Pasteur Institute of Iran (no:
IR.PIL.REC.1395.81) according to the standard biosecurity and
institutional safety procedures. The current study was conducted
according to the Helsinki Declaration of 1975, as revised in 2008.

HCV Genome Extraction and

Amplification

Viral RNA was extracted from 140 wL of baseline serum
samples using a commercially available kit (HighPure Viral
Nucleic Acid kit, Roche, Germany). cDNA synthesis and first-
round PCR amplifications were done in a 25 pL reaction
mixture using PrimeScript™ One-Step RT-PCR Kit (TaKaRa,
Clontech, Japan). The following primers were used for the
amplification of the HCV-la NS5A region: FOlans5a and
ROlans5a (Supplementary Table 1). NS5B region is a long
region with approximately 1776 nucleotides. To study the most
possible complete sequences of this region, we divided it into two
sub-regions as NS5B1 and NS5B2 by designing specific primers
for each region: FOlans5bl and ROlans5bl (NS5B1), and
FOlans5b2 and ROlans5b2 (NS5B2; Supplementary Table 1).
The amplification reaction was performed according to the
manufacturer’s instruction following the program: incubation at
50°C for 30 min and initial denaturation at 94°C for 2 min,
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then 35 cycles of denaturation at 94°C for 30 s, annealing at
59°C (for NS5A outer primers), 61°C (for NS5B1 outer primers),
and 59°C (for NS5B2 outer primers) for 30 s, extension at 72°C
for 1 min and a final extension at 72°C for 10 min. Then,
the second round of PCR was performed using TaKaRa Ex
Taq™ kit (TaKaRa, Clontech, Japan) and specific inner primers
for each region resulted in specific PCR products as a 510 bp
fragment for NS5A, and a 797 bp and a 928 bp PCR product
for NS5B1 and NS5B2, respectively, (Supplementary Table 1).
This amplification was performed in a 50 pwL reaction mixture
according to the manufacturer’s instruction and the program
was initiated with denaturation at 94°C for 5 min and 35 cycles
including denaturation at 94°C for 1 min, annealing at 60°C (for
NS5A inner primers), 59°C (for NS5B1 inner primers), and 58°C
(for NS5B2 inner primers) for 30 s, extension at 72°C for 7 min
and a final extension at 72°C for 10 min.

Similar procedures were executed for the amplification
of NS5A and NS5B regions from HCV-3a using specific
primers. Briefly, specific outer primers were used for the
first round of NS5A and NS5B including FO3ans5a and
RO3ans5a (NS5A), FO3ans5bl and RO3ans5b1 (NS5B1), and
FO3ans5b2 and RO3ans5b2 (NS5B2; Supplementary Table 1).
The PCR program was performed in the same way according
to the manufacturer’s instruction as it was done for HCV-1a
except for the annealing temperatures which were 61°C for
NS5A, 59°C for NS5B1, and 63°C for NS5B2 amplification.
Those first-round PCR products were used as templates
for the nested round of PCR by using inner primers
including FI3ans5a and RI3ans5a (NS5A), FI3ans5bl and
RI3ans5bl (NS5B1), and FI3ans5b2 and RI3ans5b2 (NS5B2;
Supplementary Table 1). The amplification procedure for
the nested round of PCR was the same as the nested
round of PCR for the amplification of these regions of
HCV-la. The annealing temperature for NS5A was 60°C
and 58°C was used to amplify inner parts of both NS5B1
and NS5B2. The specific bands of HCV-3a NS5A, NS5BI1,
and NS5B2 were identified with 348, 691, and 768 bp of
PCR products, respectively. The PCR products underwent
electrophoresis on a 1.5% agarose gel containing safe stain
(YTA, Iran) and the specific bands were purified using the
Yekta Tajhiz Azma Gel and PCR purification kit (YTA, Iran).
Then the purified PCR fragments accompanied with the
related specific inner primers for each region were sent to
GenFanavaran company to be sequenced (Sanger sequencing)
in South Korea in both directions using a BigDye Terminator
cycle sequencing kit (Perkin Elmer-Applied Biosystems Inc.,
CA, United States). The chromatogram was used to assess the
nucleotide substitutions in whole sequences, and the nucleotide
redundancy was considered when representing >15% of the
sequence population.

Nucleotide sequences were first analyzed by Bioedit
software (v.7.9.5). Then they were aligned against the HCV-1a
reference sequences (GenBank accession numbers: EU255982.1,
KX621456.1, JX463555.1, KJ747896.1, and HQ891277.1), and
the HCV-3a reference sequences (GenBank accession numbers:
GQ275355.1, KJ470615.1, HWI121730.1, JN689927.1, and
KF944665.1) separately using ClustalW integrated into MEGA

6 software. Amino acid positions, RASs, and RASs > 100X
were selected using the geno2pheno [HCV] rules (GENAFOR,
2019; Table 1). Geno2pheno [HCV] (publically available at
http://hcv.geno2pheno.org) is a basic tool for interpretation
and evaluation of viral sequences for susceptibility to anti-HCV
DAAs. The same analysis was done to investigate the RASs in the
NS5B region for each HCV-1a and -3a, separately (Hernandez
et al., 2013; Ghany et al, 2019, 2020). The HCV-1a and -3a
sequences obtained by Sanger sequencing in this study have been
deposited in the GenBank under accession numbers; HCV-1a
NS5A; MT259593-MT259659, HCV-la NS5B: MT454922-
MT455006, HCV-3a NS5A: MT347782-MT347803, and HCV-3a
NS5B: MT502204-MT502244, respectively.

Phylogenetic Analyses

The sequences of HCV-la and -3a obtained from patients
with HCV infection, as well as HCV-la and -3a reference
sequences from the NCBI nucleotide database, were used to
build phylogenetic trees for each HCV genotype, separately.
Phylogenetic trees have been constructed automatically using
the Kimura 2-parameter approach implemented in the statistical
method Neighbor-Joining and bootstrap values were calculated
using 1000 bootstrap iterations.

Statistical Analysis

Data were analyzed using SPSS version (25.0.0.0. Chicago,
IL, United States). The P < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics of Study

Population

Both target regions (NS5A and NS5B) of HCV were successfully
amplified in 72/72 and 63/63 patients who were infected
with HCV-la and -3a, respectively. Baseline demographic
characteristics of 72 patients with HCV-1a infection and 63
with HCV-3a infection have been summarized in Table 2. The
mean age was 41.6 = 8.7 and 43.4 £ 9.2 years for HCV-
la, and -3a groups, respectively. In the HCV-1a group, 42/72
(58.3%) were males, and 30/72 (41.7%) patients were females.
There were 60.3% (38/63) males, and 39.7% (25/63) females in
patients with HCV-3a infection. Their mean HCV RNA level
was 5.2 £ 3.8 Log IU/ml, and 5.8 + 4.1 Log IU/mL for HCV-
la and -3a, respectively. The majority (56.9%) of patients in
the HCV-1a group had cirrhosis, and 43.1% of patients had
no evidence of cirrhosis. In patients with HCV-3a infection,
cirrhosis had been diagnosed in 63.5% of them, and 36.5% were
non-cirrhotic. All patients were DAA-naive, however, 44.4% of
patients with HCV-1a and 30.2% of patients with HCV-3a had
a previous history of IFN-based treatment. Among HCV-1a and
-3a patients, 12 (16.7%), and 17 (27%) had cirrhosis and also, a
previous history of IFN-based treatment. Data has been depicted
in detail in Table 2.
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TABLE 1 | The amino acid positions, consensus amino acids, amino acid substitutions, resistance-associated substitutions (RASs), and the RASs with >100

resistance fold change.

Amino acid position HCV-1a HCV-3a
Cons.? RASP RAS > 100X® Cons.? RASP RAS > 100X°

NS5A RASs 28 M AGT AGT M - -

30 Q D,E,GHKNRTY D,E,G H K N,R,Y A K -

31 L F1,M,V EILM,V L F1L,M,V F 1L, M,V

32 P L L P - -

58 H D D P - -

93 Y C,H,N,R, S, W C,H,N,R, S, W ' H H
NS5B RASs 282 S T - S T -

aConsensus amino acid was selected based on the alignment of the included sequences by each HCV genotype. bAmino acid substitutions conferring > 2 resistance fold
change (GENAFOR, 2019). ©Amino acid substitutions conferring > 100 resistance fold change (Sorbo et al., 2018). Abbreviations: Cons., consensus; RAS, resistance-
associated substitution; A, alanine; G, glycine; T, threonine; V, valine; C, cysteine; E, glutamate; H, histidine; |, isoleucine; K, lysine; R, arginine; S, serine; Y, tyrosine; F,
phenylalanine; M, methionine; D, aspartate; N, asparagine; W, tryptophan; L, leucine; Q, glutamine; and F, proline.

TABLE 2 | Characteristics of direct-acting antiviral agent-naive patients with hepatitis C virus infection (genotypes 1a and 3a).

HCV-1a (n = 72) HCV-3a (n = 63)

Sex, n (%) Male
Female

Age (years) mean + SD

HCV RNA level (log IU/mL) mean + SD

Cirrhosis condition, n (%)
Cirrhotic

History of treatment with IFN-based regimens Naive

IFN-experienced

Non-cirrhotic

42 (58.3) 38 (60.3)
30 (41.7) 25(39.7)
41.6+87 43.4+92
52438 58+ 4.1
31 (43.1) 23 (36.5)
41 (56.9) 40 (63.5)
40 (55.6) 44 (69.8)
32 (44.4) 19 (30.2)

Abbreviations: HCV, hepatitis C virus; IU/mL, international units per milliliter; and IFN, interferon.

Prevalence of NS5A Amino Acid

Substitutions and RASs

The frequency of identified NS5A amino acid substitutions/RASs
in males was higher than in females, however, the difference
in both HCV genotypes (la and 3a) was not statistically
significant (P > 0.05). In the patients with HCV-1a infection,
the prevalence of NS5A amino acid substitutions/RASs was
26.4% (19/72) from which, 12 patients had cirrhosis and 7
patients without cirrhosis. In these patients, the identified NS5A
amino acid substitutions/RASs were 11.1% (8/72) in amino
acid (aa) 28 (M28T = 2, M28V = 5, and M28I = 1), 4.2%
(3/72) of aa 30 (Q30R = 2 and Q30H = 1), 1.4% (1/72)
of aa 31 (L31M), and 16.7% (12/72) of aa 58 (H58Y = 2,
H58C =2, H58D = 2, H58P = 2, H58Q = 1, and H58S/T/C = 3).
In HCV-la sequences, the RASs > 100X were identified
in 83% (6/72) patients including M28T (2 patients), Q30R
and Q30H (2 and 1 patients, respectively), and L31M (1
patient). From these six clinically relevant RASs > 100X,
five (M28T in 1 patient, Q30R in 2, Q30H in 1, and L31M
in 1) were identified in patients with cirrhosis that had
a previous history of treatment with IFN-based regimens,
and one (M28T) was detected in a non-cirrhotic patient
(P < 0.05). None of the HCV-1a NS5A sequences harbored
the Y93H substitution. Paired NS5A amino acid substitutions
were identified in 5.6% (4/72) patients (each in 1 patient)
including M28V+H58S/T/C, L31M+H58C, M28V+Q30R, and

M28T+Q30H. The results of detected RASs in HCV-1a NS5A
have been shown in Table 3.

In patients with HCV-3a infection, the number of patients
harboring known NS5A amino acid substitutions/RASs at
baseline was 10 out of 63 patients (15.9%) which 7 patients had
cirrhosis and previous history of IFN-based treatment, and the
remaining 3 patients were non-cirrhotic with previous history
IFN-based treatment. Six (9.5%) amino acid substitutions/RASs
were identified in aa 30 (A30T/K), 1 (1.6%) in aa 31 (L31F), 2
(3.2%) in aa 58 (P58S/T/C), 4 (6.3%) in aa 93 including 2 (3.2%)
Y93H, and 2 (3.2%) Y93N. From these amino acid substitutions,
3/63 (4.8%) were identified as RASs; 1 as RAS L31F and 2 as
RAS Y93H. In patients with HCV-3a infection, multiple amino
acid variants in a single position were detected totally in 6.3%
(4/63) of patients including A30T/K in 2 patients, and P58S/T/C
in 2 patients. The clinically important substitution (RAS > 100X)
Y93H was detected in 2 (3.2%) patients with cirrhosis and
previous history of IFN-based treatment. Paired NS5A amino
acid substitutions/RASs were identified in 2 (3.2%) patients with
cirrhosis: L31F+P58S/T/C+Y93H and A30T/K+P58S/T/C each
in one patient. Table 3 has presented the results of identified
NS5A RASs in HCV-3a in this study.

Prevalence of NS5B RASs

In this study, those NS5B RASs conferring resistance to
nucleotide analog inhibitors (Sofosbuvir) were not identified.
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TABLE 3 | Baseline NS5A amino acid substitutions/resistance-associated substitutions in patients with HCV infection.

HCV genotype RASs, Position/amino acid Number and proportion Paired RASs, Position/amino acid Total number and proportion of paired RASs

1a M28T/V/I 8/72 (11.1%) M28V+H58S/T/C 1/72 (1.4%)
Q30R/H 3/72 (4.2%) M28V+Q30R 1/72 (1.4%)
L31M 1/72 (1.4%) M28T+Q30H 1/72 (1.4%)
H58Y/P/C/D/Q/S/T 12/72 (16.7%) L31M+H58C 1/72 (1.4%)

3a A30T/K 6/63 (9.5%) L31F-+P58S/T/C+Y93H 1/63 (1.6%)
L31F 1/63 (1.6%) A30T/K+P58S/T/C 1/63 (1.6%)
P58S/T/C 2/63 (3.2%)
YO3H/N 4/63 (6.3%)

Phylogenetic Analysis

The genetic relationship among NS5A and NS5B sequences from
each HCV-1a and -3a was investigated through the phylogenetic
analysis. The results for NS5A phylogenetic analysis of HCV-
la and -3a have been shown in Figures 1A,B, respectively.
The results for NS5B phylogenetic analysis of HCV-1a and -
3a have been shown in Figures 2A,B, respectively. In all four
phylogenetic trees, sequences of the same region and the same
subtype were grouped closely, while considerable distance was
found between those sequences and outgroups in each tree that
confirm the accuracy of sequences from NS5A and NS5B regions
of each HCV-1a and -3a patients. According to the phylogenetic
trees, the HCV subtypes were the same as the HCV genotyping
results included in the patients’ clinical records. Briefly, the
consistency between the HCV genotypes (la and 3a) and the
results of NS5A and NS5B phylogenetic analyses confirmed that
no recombination event occurred between these regions.

DISCUSSION

Treatment of HCV has been developed substantially after
approval of the first generation of DAAs by the United States
Food and Drug Administration in 2011 (Ghany et al, 2019,
2020). These years, combinations of different DAAs have been
used to treat HCV infection. They are highly efficacious and
have fewer side effects with shorter treatment duration (usually
12 weeks), and are better tolerated than previous therapies
(Hernandez et al., 2013; Kalaghatgi et al., 2016; Alavian and
Sharafi, 2017; GENAFOR, 2019; Ghany et al, 2019, 2020).
Although expectancy to achieve SVR even in patients with
chronic HCV infection with failure to previous HCV antiviral
therapy by using these new DAAs has been dramatically
increased, RASs may emerge either before treatment with DAAs
or following drug exposure (Fridell et al., 2011; Hernandez
et al., 2013; Walker et al., 2015; Paolucci et al., 2017; Zeuzem
et al., 2017; World Health Organization, 2017; Grandal et al,
2018; Sharafi et al., 2019). These drug resistance substitutions
especially those to NS5A inhibitors lead to treatment failure
so, they are considered a major challenge for HCV treatment
and elimination (Fridell et al., 2011; Hernandez et al., 2013;
Walker et al., 2015; Paolucci et al., 2017; Zeuzem et al,
2017; World Health Organization, 2017; Grandal et al., 2018;
Sharafi et al., 2019).

Combinations of DCV/SOF and LDV/SOF are the most
preferred regimens with above 95% cure rates and are strongly
recommended by WHO (World Health Organization, 2017).
Although NS5A inhibitors are effective in low concentrations,
there are concerns about the existence of a low barrier to the
selection of resistance mutations that decrease susceptibility to
NS5A inhibitors. Generally, the NS5A RASs could result in >2
resistance fold-change, and some of them which cause >100
resistance fold-change are known as RASs > 100X (Issur and
Gotte, 2014; Sharafi and Alavian, 2018). For instance, just a
single nucleotide substitution in codon 93 can change its related
amino acid (from Y to H, C, and N) in NS5A protein and
leads to resistance to most of the NS5A inhibitors (Issur and
Gotte, 2014; Nakamoto et al., 2014; Sharafi and Alavian, 2018).
However, the viral genotype and subtype should be considered
as an important factor to define the fold-change (Wang et al.,
2013; Issur and Gotte, 2014; Nakamoto et al., 2014; World Health
Organization, 2017; Brandéo et al., 2018; Hezode et al., 2018;
Sharafi and Alavian, 2018; Ghany et al., 2019, 2020). In this
study, baseline RASs were investigated in 72 HCV-1a patients,
and 63 HCV-3a patients, which are the most prevalent HCV
genotypes in Iran and were used to be known as “difficult-to-
treat genotypes” (Bittar et al., 2010; Fridell et al., 2011; Hernandez
et al., 2013; Walker et al., 2015; de Rueda et al.,, 2017; Paolucci
et al.,, 2017; Zeuzem et al., 2017; Grandal et al., 2018). In our
study, all of the patients were DAA-naive. However, 44.4% of
patients with HCV-1a infection, and 30.2% of patients with HCV-
3a infection had a history of treatment with IFN-based regimens.
There was a total of 41 (56.9%) and 40 (63.5%) cirrhotic patients
infected with HCV-1a and HCV-3a, respectively. In cirrhotic
patients with HCV-1a infection, 12 (16.7%) had a previous
history of IFN-based treatment while it was 17 (27%) in cirrhotic
patients with HCV-3a infection. Although the high rate of SVR
(>90%) has led to a reduction in the number of studies on
baseline resistance before initiating DAA-based treatments, many
investigations of baseline RASs showed the impact of NS5A
RASs on the virologic outcome for NS5A inhibitor-containing
regimens such as DCV/SOEF, and LDV/SOF (Wang et al., 2013;
Brandao et al., 2018; Sharafi and Alavian, 2018; Sharafi et al,
2019). The European Association for the Study of Liver Diseases
(EASL) recommended that the identification of baseline RASs to
DAAs including LDV/SOF and DCV/SOF for HCV genotypes
such as la could be useful to decide on extending treatment
duration or if needed adding RBV (Pawlotsky et al., 2020). The
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FIGURE 1 | Phylogenetic trees of NS5A sequences of HCV genotype 1a (A)
and 3a (B). The phylogenetic tree was constructed automatically by applying
the Kimura 2 parameter approach implemented in Neighbor-Joining, and
bootstrap values were calculated using 1,000 bootstrap iterations. The vertical
scale bar represents 0.05 nucleotide substitutions per site. Reference
sequences of HCV genotypes 3a and 4 were used as outgroups in (A) that
have been shown with black squares, and reference sequences of HCV
genotypes 1a were used as outgroups in (B) that have been indicated by
black squares. Sequences from the study are presented by their GenBank

accession numbers indicated by black triangles.

FIGURE 2 | Phylogenetic trees of NS5B sequences of HCV genotype 1a (A)
and 3a (B). The phylogenetic tree was constructed automatically by applying
the Kimura 2 parameter approach implemented in Neighbor-Joining, and
bootstrap values were calculated using 1,000 bootstrap iterations. The vertical
scale bar represents 0.05 nucleotide substitutions per site. Reference
sequences of HCV genotypes 1b, 2a, 3a, and 4a were used as outgroups in
(A) that have been shown with black squares, and reference sequences of
HCV genotypes 1a, 1b, 2a, and 4a were used as outgroups in (B) that have
been indicated by black squares. Sequences from this study are presented by
their GenBank accession numbers indicated by black triangles.

techniques which have been used for sequencings such as Sanger
sequencing or deep sequencing are an important factor that
affects the detection rate of RASs (Ghany et al., 2019, 2020;
Pawlotsky et al., 2020). In this study, we could not perform/order
deep sequencing because of budget limitations that we were
challenged with during this project. Despite that limitation, both
NS5A and NS5B regions of HCV-1a and -3a were successfully
amplified and Sanger sequencing of 270 PCR products resulted in
reliable and accurate detection of amino acid substitutions/RASs

as were presented in details in the “Results” section. Many
investigators suggested that both methods can be considered
equivalent if a >15% cut point is used for determination of RASs
by NGS due to recent studies that have shown the results of
NGS at a 1% level of sensitivity often lead to the identification
of additional RASs that are not associated with clinical failure
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(Zeuzem et al., 2017; Perales et al.,, 2018; GENAFOR, 2019;
Ghany et al, 2019, 2020; Chen et al., 2020). Herein, all the
amplified NS5A and NS5B fragments were sequenced using the
Sanger method, and NS5A amino acid substitutions/RASs were
identified in 26.4%, and 15.9% of patients infected with HCV-1a
and -3a, respectively. For instance, in one study, NS5A RASs were
detected in 28.4% of Portuguese patients (Brandao et al., 2018;
Hezode et al., 2018). Besides, several other studies showed that
the overall proportion of NS5A RASs in baseline varies between
<10% to >50% (Issur and Gotte, 2014). Therefore, the detection
rate of NS5A amino acid substitutions/RASs in this study is in
line with those studies (Fridell et al., 2011; Hernandez et al.,
2013; Paolucci et al.,, 2013, 2017; Dietz et al.,, 2015; de Rueda
et al., 2017; Wyles and Luetkemeyer, 2017; Brandéo et al., 2018;
Grandal et al,, 2018; Hezode et al., 2018; Ghany et al., 2019, 2020;
Sharafi et al., 2019).

The genotype/subtype of HCV is one of the most effective
factors, which should be considered in studying baseline RASs
(Fridell et al., 2011; Paolucci et al., 2013, 2017; Wyles and
Luetkemeyer, 2017). In addition, according to several studies the
prevalence of NS5A amino acid substitutions/RASs in patients
with HCV-1a was found at a higher rate than in those with HCV-
3a infection, and in this study, the prevalence of NS5A amino
acid substitutions and also the RASs > 100X in patients infected
with HCV-1a was higher than patients with HCV-3a infection
(26.4% vs. 15.9% and 8.3% vs. 4.8%) which was concordant
with other studies (Sarrazin and Zeuzem, 2010; Nakamoto et al.,
2014; Walker et al.,, 2015; Bagaglio et al., 2016; Kliemann et al,,
2016; Pawlotsky, 2016; Malta et al.,, 2017; McPhee et al.,, 2017;
Zeuzem et al, 2017; Grandal et al, 2018; Lu et al., 2019).
Cirrhosis is considered a complicated condition in patients with
chronic HCV infection as it indicates persistent viral infection
accompanied by virus replication for a long time that could result
in viral fitness (Nakamoto et al., 2014; Sarrazin, 2016; Bartolini
et al., 2017; Pérez et al,, 2017; Welzel et al,, 2017; Zeuzem et al,,
2017; Smith et al, 2019). In this study, five clinically relevant
RASs > 100X, out of six identified RASs > 100X in HCV-1a
infected patients were detected in patients with cirrhosis and
previous history of IFN-based treatment. In patients with HCV-
3a infection, the amino acid substitutions/RASs have detected in
10 patients, seven were cirrhotic with a previous history of IFN-
based treatment, and the RAS > 100X Y93H was identified in 2
patients with cirrhosis. Our findings are in accordance with other
studies that amino acid substitutions/RASs and especially the
clinically relevant RASs (RASs > 100X) could be identified more
frequently in cirrhotic patients than in non-cirrhotic patients
(Nakamoto et al., 2014; Walker et al., 2015; Sarrazin, 2016; Malta
etal., 2017; Paolucci et al., 2017; Welzel et al., 2017; Zeuzem et al.,
2017; Brandio et al., 2018; Ghany et al., 2019, 2020).

In patients with HCV-1a infection, substitutions in aa 58
were the most commonly identified substitutions (16.7%) while;
substitutions in aa 30 were the most commonly detected amino
acid changes in HCV-3a (9.5%) infection and this was consistent
with other studies (Sarrazin and Zeuzem, 2010; Hernandez et al.,
2013; de Rueda et al., 2017; Ghany et al., 2019, 2020; Smith et al.,
2019). Here, we detected substitutions of aa 58 in 12 patients
with HCV-1a infection. Although the impact of substitutions in

aa 58 is not clear, H58D is known as a resistance substitution
and some studies reported that H58P confers the resistance to
DCV (Bagaglio et al., 2016; Pawlotsky, 2016; Bartolini et al.,
2017; Malta et al., 2017; Lu et al., 2019). Several studies found
that when substitution in aa 58 was the only detected RAS,
a very low inhibitory effect on resistance to NS5A inhibitors
would be expected (Nakamoto et al., 2014; Bagaglio et al., 2016;
Pawlotsky, 2016; Bartolini et al,, 2017; Malta et al., 2017; Lu
et al., 2019). In contrast, a combination of substitutions in aa
58 with other certain NS5A RASs (e.g., L31M, Q30R) could
increase the resistance to NS5A inhibitors in patients with HCV-
la infection (Nakamoto et al., 2014; Bagaglio et al., 2016; Bartolini
et al., 2017; Malta et al., 2017; Pérez et al., 2017; Welzel et al,,
2017). In this investigation, only one combination of substitution
in aa 58 with substitution in aa 28 was identified in HCV-
la; (M28V-+H58S/T/C). A similar combination of substitutions
in aa 58 was found in two patients with HCV-3a infection:
(A30T/K+P58S/T/C) and (L31F+4P58S/T/C+Y93H).

Multiple amino acid variations in specific locations such as
aa 58 and aa 30 in NS5A of HCV-1a and HCV-3a have been
identified with different frequencies in many studies (Bittar et al.,
2010; Paolucci et al, 2013; Issur and Gotte, 2014; Bagaglio
et al., 2016; Kliemann et al., 2016; Pawlotsky, 2016; Malta et al.,
2017; McPhee et al., 2017; Lu et al., 2019). Herein, the multiple
amino acid changes were found in 4.2% of HCV-la patients
in aa 58 (H58S/T/C), and in 6.3% of HCV-3a sequences in aa
30 (A30T/K), and aa 58 (P58S/T/C). The presence of NS5A
RASs at baseline has been known effective on the outcome of
DAA-based treatments while each RAS has a specific impact
on its DAA target. For example, Q30R/H and M28T have been
considered as low-level resistance substitutions for HCV-1a by
some researchers (Nakamoto et al., 2014; Bagaglio et al., 2016;
Pawlotsky, 2016; Bartolini et al., 2017; Malta et al., 2017). In this
study, Q30R/H and M28T/V/I substitutions were identified in
4.2% and 11.1% of patients with HCV-1a infection, respectively.

Generally, the presence of pre-treatment NS5A RASs has
a negative effect on achieving SVR in comparison to those
without baseline NS5A RASs (Bagaglio et al, 2016; Welzel
et al., 2017). In one study, SVR in patients with baseline NS5A
RASs has been estimated at 93.5%, while it was 98.4% in
patients without baseline NS5A RASs (Sarrazin et al., 2016).
Moreover, an increase in SVR failure could be observed when
the NS5A RASs > 100-fold resistance exist (Bagaglio et al.,
2016; de Rueda et al,, 2017; Welzel et al., 2017; Sharafi and
Alavian, 2018; Smith et al., 2019). In our study, the clinically
significant NS5A RASs > 100X of genotype la were detected
in 8.3% of patients (Q30R/H:3 patients, L31M:1 patient, and
M28T:2 patients), without any NS5A RASs in aa 93 while, 3.2%
of patients with HCV-3a infection harbored this substitution
(Y93H:2 patients). Several studies reported that only Y93H
should be considered as clinically significant NS5A RAS > 100X
in HCV-3a (Nakamoto et al, 2014; Bagaglio et al, 2016;
Kalaghatgi et al., 2016; Paolucci et al., 2017; Dietz et al,
2018; Perales et al., 2018; Smith et al.,, 2019). Herein, one of
the identified substitution Y93H was paired with RASs in aa
31, and aa 58 (L31F+P58S/T/C+Y93H). According to some
studies, RASs in aa 93 (Y93H) is considered a > 100 resistance
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fold-change NS5A RAS, especially when it appeared as paired
substitution with RASs in aa 31 in HCV-3a (Wang et al., 2013;
Nakamoto et al., 2014; Paolucci et al., 2017; Dietz et al., 2018;
Smith et al., 2019).

Although in some reports the rate of naturally-
occurring > 100 resistance fold-change NS5A RASs in
treatment-naive patients has been estimated as less than
5%, other studies have shown the contrary results as in one study
there were 14.6% NS5A RASs > 100X for HCV-1a, and 22.6%
for HCV-3a (Sarrazin et al., 2016; Malta et al., 2017; Welzel et al.,
2017; Zeuzem et al., 2017; Sharafi and Alavian, 2018). In another
study, the rate of baseline NS5A RASs > 100X was reported as
9.9% (Hezode et al., 2018). This controversy might result from
variation in the number of studied patients, genetic factors such
as IFNL3/4 polymorphisms, the difference in the prevalence of
HCYV genotypes in the area where the study was done, and the
viral load (Nakamoto et al., 2014; Bagaglio et al., 2016; Pawlotsky,
2016; Bartolini et al., 2017; Malta et al., 2017).

Liver status such as cirrhosis is another important predictor
of treatment response (Pawlotsky, 2016; Bartolini et al., 2017;
Malta et al., 2017; Pérez et al, 2017; Welzel et al., 2017;
Smith et al., 2019). Herein, 56.9% of patients with HCV-1la
infection, and 63.9% of patients with HCV-3a infection were
diagnosed with cirrhosis. In patients infected with HCV-1a, the
clinically relevant substitutions (RASs > 100X) were detected
in 6/72 patients, from them five substitutions were identified
in cirrhosis: M28T in one patient, Q30R/H in 3 patients, and
L31M in 1 patient. While one of the RAS > 100X (M28T) was
detected in one non-cirrhotic HCV-1a patient. The clinically
important substitution (RAS > 100X) Y93H was detected in
3.2% (2/63) of patients with HCV-3a infection, both diagnosed
with cirrhosis. In addition, the identified two paired NS5A
amino acid substitutions/RASs (L31F+P58S/T/C+Y93H) and
(A30T/K+P58S/T/C) were detected each in one cirrhotic HCV-
3 patient. In both HCV-1a and HCV-3a infected patients in
this study, the high prevalence of RASs > 100X in cirrhotic
patients in comparison with non-cirrhotic patients has been
reported in many studies, and here our results conformed
with them (Sulkowski et al., 2014; Bagaglio et al, 2016;
Sarrazin et al., 2016; Bartolini et al., 2017; Malta et al., 2017;
McPhee et al.,, 2017; Paolucci et al., 2017; Lu et al., 2019;
Sayan et al., 2020).

Some investigators proposed that the SVR rate in patients
infected with HCV-1a or -3a, could be strongly affected by
the presence of RASs in companion with a history of previous
IFN-based treatment, and this negative effect was irrespective
of the cirrhosis status (Walker et al., 2015; Sarrazin, 2016;
Sarrazin et al., 2016; Welzel et al., 2017; Zeuzem et al., 2017;
Dietz et al.,, 2018; Esposito et al., 2019; Smith et al., 2019).
However, many other researchers believed that achieving SVR is
a multifactorial event that could be affected by host factors such
as liver conditions (cirrhosis), the previous history of IFN-based
treatment, the existence of some IFNL3/4 polymorphisms, and
consuming alcohol. Also, viral factors including infection with
some genotypes (la and 3), the presence of RASs, HIV/HCV
co-infection, and viral load could affect the treatment response
in a negative way. However, treatment strategy including its

antiviral drugs and treatment duration could overcome other
factors causing poor prognosis (Sarrazin and Zeuzem, 2010;
Sarrazin, 2016; Sarrazin et al., 2016; Bartolini et al., 2017;
Paolucci et al., 2017; Pérez et al, 2017; Zeuzem et al, 2017;
Aldunate et al., 2018; Dietz et al., 2018; Esposito et al., 2019;
Sayan et al., 2020). Sofosbuvir (PSI-7977 and GS-7977), is a
very potent viral RdRp (NS5B) inhibitor with a pan-genotypic
effect on HCV, without issues of viral resistance (Murakami
et al,, 2010; Sofia et al, 2010; Poordad and Dieterich, 2012;
Stedman, 2014; Tong et al, 2014; Costantino et al., 2015;
Gallego et al., 2016; Gane et al, 2017; Cory et al., 2018;
Sorbo et al,, 2018). It is a prodrug of 2'-deoxy-2’-fluoro-2’-C-
methyluridine monophosphate which should be changed to its
activated form (2°- C-methyl group) in the liver and acts as
a chain terminator (Murakami et al., 2010; Sofia et al., 2010;
Poordad and Dieterich, 2012; Lawitz et al., 2014; Stedman, 2014;
Tong et al., 2014; Costantino et al., 2015; Gallego et al., 2016;
Bagaglio et al., 2018; Cory et al., 2018; Sorbo et al., 2018). Since its
discovery, SOF has dramatically changed the treatment outcome
of patients with HCV infection who were infected with hard-
to-treat genotypes (1 and 3), cirrhosis, and previous history
of treatment (Sofia et al.,, 2010; Lawitz et al., 2014; Stedman,
2014; Gallego et al., 2016; Gane et al., 2017). Despite being
mutation prone which results in the selection of most fitted
variants, especially when virus replication is under pressure due
to anti-HCV drugs, SOF has shown the exception results as SOF-
resistant variants may not be selected or even selectable (Sofia
et al., 2010; Poordad and Dieterich, 2012; Lawitz et al., 2014;
Tong et al., 2014; Costantino et al., 2015; Gallego et al., 2016;
Gane et al., 2017; McPhee et al., 2017; Bagaglio et al., 2018;
Sorbo et al., 2018).

CONCLUSION

In this study, NS5A RASs were identified at baseline in Iranian
patients with HCV-1a and -3a infection. The prevalence of
baseline RASs was in line with similar reports from other
countries. Recently, new drugs with a high genetic barrier
to resistance have been introduced to the pipeline as a
combination of pan-genotypic regimens. As a result, promising
anti-HCV treatment and even, elimination of HCV infection
could be achieved.
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Background: Hepatitis E virus (HEV) is a common cause of acute viral hepatitis
with significant morbidity and mortality, particularly in pregnant women. There are
four major genotypes which can cause disease in humans. Genotypes 1 and 2 are
usually associated with outbreaks and spread via facal/oral route or contaminated
water. Genotypes 3 and 4 are zoonotic and usually associated with handling of pigs
or consumption of contaminated pork. The strains circulating in Australia have never
been characterized.

Rationale/Aims: The aims for this project are to identify the HEV genotypes found in
Australia and link them to possible sources of transmission by phylogenetic analysis.

Materials and Methods: Between 2015 and 2020, 91 HEV isolates were sequenced
and genotyped using an in-house PCR. Sixty-six of these were also sequenced by
using the international HEVnet primers. Genotypes were determined using the BLASTN
program. Relatedness to other strains in Australia was determined by phylogenetic
analyses of the HEVnet sequences. Isolates were also stratified by state of origin,
gender, age, predisposing factors and travel history (if known).

Results: Of the 91 HEV isolates sequenced, 55 (60.4%) were genotype 1. There were
34 (37.4%) genotype 3 strains and two genotype 4 (2.2%). At least 20 of the genotype
1 strains have been linked to travel in India, and another three with Pakistan. Five of the
“Indian” strains were closely related and are suspected to have originated in Gujarat.
Phylogenetic analysis also showed that 12 genotype 3 strains were genetically related
and potentially acquired in/from New South Wales, Australia. The two genotype 4 strains
may have originated in China.

Discussion: This is the first study to describe the HEV isolates identified in Australia.
The results infer that HEV may be acquired during overseas travel as well as locally,
presumably from consumption of pork or pork-related products. The phylogenetic
analyses also reveal clusters of infection originating from India and Pakistan. This study
provides some insight into the source and epidemiology of HEV infection in Australia
which may be used to guide public health procedure and enable the implementation of
measures to deal with potential outbreaks of infection.

Keywords: hepatitis E virus, Australia, phylogenetics analysis, autochthonous, zoonotic
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INTRODUCTION

Hepatitis E virus (HEV) is a major cause of acute hepatitis
worldwide and is associated with significant morbidity and
mortality in pregnant women and people with chronic liver
disease or immunosuppression. Previously, HEV was thought
to predominantly circulate in developing countries, causing an
estimated 3.4 million symptomatic cases and 70,000 deaths
annually (Rein et al., 2012), with cases in industrialized countries
linked to travel in HEV endemic regions. In the last decade,
mounting evidence has demonstrated that zoonotic HEV is
endemic in many developed countries including France, England,
Bulgaria and Japan, and it is estimated that there are as many
as two million cases of autochthonous HEV in Europe annually
(European Association for the Study of the Liver, 2018).

HEV is a small, non-enveloped, RNA virus with a positive-
sense 7.2kb genome containing a 5" untranslated region (UTR),
three open-reading frames (ORF) and a polyadenylated 3’
UTR. ORF1 encodes a non-structural protein, ORF2 encodes
a capsid protein of 660 amino acids and ORF3 encodes a
small phosphoprotein, which enables release of virions from
hepatocytes (Nagashima et al., 2011). As a member of the
Hepeviridae family (Lu et al, 2006), HEV is classified as a
species of Orthohepevirus A in the Orthohepevirus genus. Recent
revisions have proposed eight genotypes and 36 subtypes that
infect mammals, with genotypes 1-4 being a major cause of
disease in humans (Smith et al., 2020).

The epidemiology, clinical presentation and reservoir of HEV
can vary depending on the viral genotype. HEV-1 and -2
exclusively infect humans and are transmitted by the faecal-oral
route via contaminated water in low-middle-income countries
within Africa and Asia, typically causing symptomatic infection
in patients aged 15-40 years (Kamar et al., 2014). Large outbreaks
of HEV-1 infection are most common in South and East Asia and,
whilst HEV-2 is less prevalent, it has been linked to outbreaks in
Mexico, Nigeria and Namibia (Maila et al., 2004; Lu et al., 2006).

In contrast, HEV-3 and -4 are highly diverse, zoonotic viruses
that have been isolated worldwide in humans and animals
including wild boar, pigs and deer. Transmission in humans
is primarily associated with the consumption of contaminated,
undercooked pork or game (wild-caught) meat but has also
been linked to shellfish consumption. In addition, transfusion-
transmission has been reported for HEV-3 infection (Hewitt
et al., 2014; Forgan-Smith and Macdonald, 2019). Whilst HEV-
3 is thought to be asymptomatic in up to 98% of cases, it is
associated with symptomatic disease in older men or people
with liver damage (Kamar et al., 2014) and can cause chronic
infection in immunosuppressed patients, which can lead to
cirrhosis (Kamar et al, 2008a,b). HEV-3 has been reported
in multiple countries on six continents (excluding Antarctica).
HEV-4 has been found in human and swine populations in
mostly Asian countries (Lu et al., 2006; Zhu et al., 2014) but has
also been detected in France (Colson et al., 2012) and Switzerland
(Fraga et al., 2018).

There is limited data about the genotype distribution of
HEV in Australia or the incidence of autochthonous HEV.
Hepatitis E has been a notifiable disease in Australia since

1999 and, over the last 10 years, approximately 30-60 cases of
Hepatitis E infection have been reported to the Commonwealth
Department of Health annually, with 250 total cases reported
between 2015 and 2020 (Australian Government Department
of Health, 2020). The HEV seroprevalence in Australian blood
donors has been reported as 5.9% (Shrestha et al., 2014), which
is comparable to New Zealand (9%) (Hewitt et al., 2018) and
Scotland (6.1%) (Thom et al., 2018) and lower than that seen
in South Western France (52%) and The Netherlands (30%). In
Australia, most cases of Hepatitis E infection have previously
been ascribed to travel to a HEV endemic region (Gunaratnam
et al., 2014). However, locally acquired infection with HEV-
3 does occur, with a previous report of HEV transmission by
blood transfusion (Speers et al., 2015) and a small outbreak
in 2013/4 linked to consumption of undercooked pork at
a New South Wales (NSW) restaurant (Yapa et al, 2016).
Phylogenetic analysis was used to genotype a single HEV-3 isolate
in a 2016 study investigating the prevalence of HEV RNA in
Australian blood donations (Shrestha et al., 2016). However,
there has not been any comprehensive phylogenetic analysis of
Australian HEV isolates. This study aims to characterize the
isolates of HEV positive samples sent to the Victorian Infectious
Disease Reference Laboratory (VIDRL) from laboratories across
Australia within the last 5 years and link them to possible
sources of transmission by comparing the genetic relatedness
of the isolates.

MATERIALS AND METHODS

Patient Samples

VIDRL is a specialized laboratory that performs HEV molecular
testing for most states and territories of Australia with the
exception of Queensland (QLD). Serum samples may be sent
specifically for primary or confirmatory HEV RNA testing, or
referred from the VIDRL serology laboratory after a reactive
IgG result is obtained. Ninety one HEV RNA positive samples
tested at VIDRL between 2015 and 2020 were sequenced for
genotype determination using an in-house PCR and Sanger
sequencing as below. We were able to perform subsequent
sequence analysis using the HEVNet primers on 66 of these
and phylogenetic analysis. These 66 isolates (phyloanalysis
population) were compared to demographic details and relevant
clinical history of the patient. Ethics approval for this study
was granted by the Melbourne Health Human Research Ethics
Committee (HREC/62312/MH-2020).

Serological Testing

Anti-HEV IgG was tested using the HEV ELISA 4.0 kit, (MP
Biomedicals Asia Pacific Pte Ltd, Singapore, formerly Genelabs
Diagnostics Pte) as per manufacturer’s instructions. The test
results are expressed as the absorbance of the patient sample to
the assay cut-off (s/co value). A sample with a s/co value greater
than 1.0 is considered reactive and less than 1.0 is considered
negative. As per VIDRL protocol, prior to 2018 serum/plasma
samples with a s/co value of greater than 3 were automatically
referred on for PCR testing, as these samples were considered
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more likely to reflect current HEV infection (Zaaijer et al.,
1993). This practice was amended in 2018 to include all samples
with reactive IgG.

Molecular Testing

Serum or plasma samples for HEV PCR were stored at —70°C
before assaying. RNA was extracted from 140 pL of serum with
the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany)
as per manufacturer’s instructions. Between 2015 and 2020, 909
samples were screened for HEV RNA. The qualitative RealStar
HEV RT-PCR Kit (Altona Diagnostics, Hamburg, Germany) was
used from 2015 to 2018 and the quantitative RealStar HEV RT-
PCR Kit 2.0 from 2018 onward.

For 91 HEV RNA positive samples, genotypes were
determined prospectively by sequencing a 191bp fragment
of the ORF2 in an in-house PCR as described previously (Erker
et al, 1999) and using the BLASTn program on the NCBI
BLAST web server.

Sixty-six of the 91 HEV positive serum samples were assayed
in a two-step, nested RT-PCR using the HEVnet primers shared
by RIVM (Rijksinstituut voor Volksgezondheid en Milieu,
Nederlands) (Mulder et al, 2019). A 493 nt amplicon to the
HEVORF2 region was generated with Superscript III Reverse
Transcriptase (Invitrogen, Waltham, MA, United States) and
HotStarTaq DNA Polymerase (Qiagen, Hilden, Germany) as
previously described (Bruni et al., 2018). Purified PCR product
was sequenced using ABI-Prism 3730 Genetic Analyser (Applied
Biosystems, Life Technologies, Ltd, Paisley, United Kingdom)
with capillary electrophoresis performed by Micromon,
Monash University. The 66 HEVNet sequences (phyloanalysis
population) were also analyzed phylogenetically.

Genotype and Phylogenetic Analysis

Using the sequence analysis program SeqScape version
2.1.1 (Applied Biosystems, Life Technologies, Ltd, Paisley,
United Kingdom), a consensus sequence was generated for all
isolates by aligning the forward and reverse sequence strands
of the amplicon of sample to the stored reference HEV genome
sequences NC_001434 and AB248521 from Genbank. For
phylogenetic analyses, HEVnet sequences obtained from the
66 patient samples (phyloanalysis group) were multi-sequence
aligned with full-length HEV sequences downloaded from
GenBank (Benson et al, 2014) using the MAFFT program
(Katoh et al., 2002) implemented in the bioinformatics software
platform Geneious v7.1.9'. The alignments were then manually
trimmed to the same length of the amplicon sequences. Subtype
confirmation and assessment of phylogenetic relationships
between the HEV sequences were performed using Maximum
Likelihood (ML) phylogenetic trees constructed in IQtree
(Nguyen et al., 2015). The best-fit substitution model used for
each sequence data set was determined using ModelFinder
(Kalyaanamoorthy et al., 2017) based on Bayesian Information
Criterion. Clade support was assessed using 1,000 pseudo-
replicates generated with the UFBoot non-parametric bootstrap
procedure (Hoang et al., 2018) implemented in IQ-TREE. The

Uhttps://www.geneious.com

ML tree used to confirm HEV genotype of patient isolates
determined by screening primers, was constructed using
the GTR + F + R10 model by assessing their phylogenetic
relationships with 594 reference HEV genome sequences from
GenBank, including the proposed set of reference HEV sequences
for each subtype (Smith et al., 2020).

Once the genotype was confirmed, a ML phylogenetic tree
was generated separately for HEV genotypes 1, 3, and 4 with
the sample isolates and four to five representative sequences
for each subtype, using the TNe + I + G4 model for HEV-1,
the TIM3e + I 4+ G4 model for HEV-3 and the TIM2e + G4
model for HEV-4 as recommended by the ModelFinder
(Kalyaanamoorthy et al., 2017) option on IQtree, with bootstrap
replicates of 1000 using UFBoot (Hoang et al., 2018).

Sample isolates that were unable to be subtyped were uploaded
to the HEVnet typing tool® for further analysis.

The nucleotide sequences of this study were deposited in
GenBank (Accession number MW355681 - MW355746).

RESULTS
Laboratory Data

Between 2015 and 2020, a total of 909 serum or plasma samples
were tested at VIDRL for HEV RNA with samples sent from
laboratories across all states and territories except for QLD. Of
these, 91 samples had detectable HEV RNA with 55 isolates
identified as HEV-1 (60.4%); 34 (37.4%) as HEV-3, and 2 (2.2%)
as HEV-4 based on the 191nt in-house PCR amplicon of ORF2.

Serology Data

Anti-HEV IgG serological data was also available for 34/91
HEV RNA positive samples (data not shown), with 24/34 (71%)
having a s/co value greater than 3. Eight samples had a s/co
value less than 3 including four with a s/co value below 2. Two
additional samples did not have detectable anti-HEV IgG at the
time that HEV RNA was detected including one patient who was
immunosuppressed.

Genotyping and Phylogenetic Analyses
Sixty-six of the 91 HEV RNA positive samples were available
for testing using the HEVnet protocol while 25 samples had
insufficient serum for testing. Table 1 shows the demographic
and clinical characteristics of these 66 cases (phyloanalysis
population) including average patient age, travel history and
genotype distribution with 42 (63.6%) isolates identified as HEV-
1,22 (33.3%) as HEV-3 and 2 as HEV-4 (3.0%). This is consistent
with the genotype distribution of the 91 HEV RNA positive
samples tested with the in-house protocol at VIDRL.

HEV Genotype 1

Figure 1 shows the result of the phylogenetic analysis of 42
HEV-1 VIDRL isolates and the HEV-1 subtype references. This
tree shows that the reference sequences are consistently grouped
into the correct subtypes despite the short amplicon length.

Zhttps://www.rivm.nl/mpf/typingtool/hev/
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TABLE 1 | Demographic and clinical history of HEV RNA positive cases, divided by genotype.

HEV-1 HEV-3 HEV-4 Total
Number of isolates (% of total number) 42 (64%) 22 (33%) 2 (3%) 66
Median Age (range), years 30.6 (17-66.9) 61.7 (35-82.1) 63.5 (63.5)
Gender
Male 22 (562.4%) 11 (50.0%) 1 (60%) 34
Female 14 (33.3%) 8 (36.4%) 1 (50%) 23
Unknown 6 (14.3%) 3(13.6%) 0 9
State/Territory of Origin
Victoria 12 (28.6%) 3 (13.6%) 1(50%) 16
NSW 15 (35.7%) 14 (63.6%) 1 (60%) 30
Western Australia 9 (21.4%) 4(18.2%) 0 13
South Australia 4 (9.5%) 0 0 4
Tasmania 1(2.4%) 0 0 1
ACT 0 1(4.5%) 0 1
Northern Territory 1(2.4%) 0 0 1
Recent travel
India 20 (47.6%) 0 0 20
Pakistan 3(7.1%) 0 0 3
China 0 0 1 (60%) 1
Japan 1(2.4%) 0 0 1
Portugal 0 1(4.5%) 0 1
England 1(4.5%) 1
Singapore 0 1(4.5%) 1
Undisclosed travel 2 (4.8%) 0 0 2
Unknown 16 (38.1%) 13 (569.1%) 1 (60%) 29
Locally acquired 0 6 (27.3%) 0 6

Phylogenetic analysis showed that six isolates clustered within
the 1f subtype with bootstrap support of 99% but the majority of
VIDRL isolates (n = 36/42, 86%) cluster with the subtype 1g with
97% bootstrap support. This includes a cluster of five sequences
(100% bootstrap value) from unrelated individuals who had all
traveled to Gujarat, India within a similar time period. However,
most cases that are genetically related were identified from
different years. More than 60% (1 = 26/42) of patients diagnosed
with HEV-1 reported a history of travel including 23/42 (54%)
patients who had traveled to India or Pakistan.

HEV Genotype 3

Figure 2 shows the phylogenetic relationship of 22 HEV-3
isolates with the reference HEV-3 subtypes. Despite the short
amplicon length, the reference sequences clustered appropriately
into subtype groups. All 22 study isolates clustered within HEV-3
group 2 (HEV-3 abchij) but only five isolates could be subtyped.
Three of the five isolates clustered to subtypes that have been
reported in European countries. Of these, two isolates were
identified as subtype 3c, one of whom had a history of travel
to the United Kingdom during the incubation period. The third
isolate was identified as subtype 3m and the patient had reported
recent travel to Portugal. The two remaining isolates that could
be subtyped had clustered with 3a sequences previously reported
in Singapore. One patient was confirmed to have traveled to
Singapore in the incubation period.

Twelve isolates collected between 2015 and 2020 from patients
in Western Australia (WA), Victoria (VIC), NSW and Australian

Capital Territory (ACT), formed a unique clade in the HEV-
3 group 2 (HEV-3 abchij) monophyletic group and could not
be subtyped. This clade included the index case from the
2013/4 NSW HEV-3 outbreak that was linked to consumption of
undercooked pork (Yapa et al., 2016). Two distinct clusters were
observed in this clade. The first cluster had seven isolates (>98%
bootstrap support) that shared a common ancestor with the
NSW outbreak index strain and had pairwise sequence homology
that ranged between 97.2 and 99.2%. Two of these patients
were suspected to have locally acquired infection. A related
second cluster of 3 isolates from NSW and ACT (100 bootstrap
support) shared a common ancestor with the 2013/4 NSW HEV-
3 outbreak sequence with 93.8-94.6% sequence identity. Two of
these patients were suspected to have locally acquired infection.

Additionally, five isolates collected from NSW patients in 2019
and 2020 formed a second unique clade with a bootstrap value
of 99% within the HEV-3abchij group. These isolates formed
a sister clade with the European subtype 3h sequences, which
has been reported in humans, pigs and wild boar (Adlhoch
et al., 2009; Smith et al., 2020). Three of these isolates were
collected within a 6-week period in NSW and shared 100%
sequence homology. Whilst no clinical information was available
for these cases, a fourth isolate suspected of being locally
acquired, shared 97.4% homology with these sequences. A fifth
isolate, collected from an NSW patient in 2020 and believed
to be locally acquired, also clustered with this group with 90%
sequence identity.
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FIGURE 1 | A maximum likelihood phylogenetic tree of the hepatitis E virus (HEV) ORF2 region (493nt) showing the inferred relationship between the HEV-1
sequences isolated from this study, and HEV sequences of known genotype 1 retrieved from Genbank. The tree was constructed using the model TNe + | + G4, and
branches are annotated with UF bootstrap support (1,000 replicates). Significant bootstrap values (>70) are reported. Accession numbers and country of origin of
the sequences downloaded from Genbank are indicated on the tree. Subtypes are indicated by color. The HEV sequences from this study are depicted in bold, with
known country of origin or recent travel indicated.

HEV Genotype 4

Figure 3 shows the two HEV-4 isolates cluster with subtypes 4b
and 4d, respectively, with strong bootstrap support.

DISCUSSION

This is the first study to characterize the genotype distribution
and perform phylogenetic analysis of HEV in Australia. The
phyloanalysis demonstrates that the majority of HEV infections
in Australia are associated with overseas travel (n = 48, 73%),
however, autochthonous infections continue to occur annually.
As expected, the majority of HEV infections tested at VIDRL were
genotype 1 (n =55, 60.4% of all isolates, 64% of the phyloanalysis
group), which is prevalent in South Asian countries including
India and Pakistan, where more than 54% (n = 23/42) of the
phyloanalysis population with HEV-1 had reported recent travel.
Whilst travel history was not provided for 16/42 (38%) of this
group with HEV-1, the phylogenetic analysis indicates that these

isolates are related to 1g or 1f sequences previously reported in
India, Pakistan, and Japan (Nishizawa et al., 2017; Pathak and
Barde, 2017). This is consistent with previous publications in
which 88% of people diagnosed with hepatitis E in NSW had
reportedly traveled to South Asia (Gunaratnam et al., 2014).

Phylogenetic analysis further revealed a cluster of five HEV-1
sequences, classified as subtype 1g, which shared 99.9% sequence
identity and were collected from unrelated patients in South
Australia (SA), WA and NSW, who had all traveled to Gujarat,
India in 2019 and 2020. Outbreaks of hepatitis E infection are
common in India and have been linked to faecal contaminated
water, with subtypes 1a, 1c, and 1f most commonly identified
(Gurley et al., 2014; Tripathy et al., 2019; Malhotra et al., 2020).
HEV subtype 1g was first proposed as a new subtype in 2017 and
has retrospectively been identified as the cause of a hepatitis E
outbreak in Nepal and Mongolia in 2014 and 2015, respectively
(Nishizawa et al., 2017).

Patients with HEV-1 were more likely to be younger with an
average age of 30.6 years compared to 61.7 years for patients with
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FIGURE 2 | A maximum likelihood phylogenetic tree of the hepatitis E virus (HEV) ORF2 region (493nt) showing the inferred relationship between the HEV-3
sequences isolated from this study, and HEV sequences of known genotype 3 retrieved from Genbank. The tree was constructed using the model TIM3e + | + G4,
and branches are annotated with UF bootstrap support (1,000 replicates). Significant bootstrap values (>70) are reported. Accession numbers and country of origin
of the sequences downloaded from Genbank are indicated on the tree. Subtypes are indicated by color. The HEV sequences from this study are depicted in bold,

[

Suspected Autochthonous Cases

HEV-3 as has previously been described (Kamar et al., 2017).
Where gender was known, males were more likely to be infected,
representing 61.1% of HEV-1 cases and 57.9% of HEV-3 cases.
This is consistent with previous studies where symptomatic HEV-
3 infections affect males in 75% of reported cases (Dalton et al.,
2008). It is important to note that two of the female patients were
receiving immunosuppressive therapy and another two women
were >70 years of age. In our analysis, ten patients had only
weakly reactive anti-HEV IgG, including two patients who were
immunocompromised, so if HEV is clinically suspected, it is
important to consider molecular testing even if the serological

results are not indicative of current infection. IgG is used at
VIDRL in favor of IgM, which is not recommended in settings
where HEV infection is uncommon (Lin et al., 2000). However,
it may have been useful in this case and its implementation
may be considered. Nonetheless follow-up samples are routinely
requested when the s/co is <3 to detect potential sero-converters.

In this report 34 (37.4%) (or 22, 33% phyloanalysis group)
strains over the 6-year study period in Australia were classified
as genotype 3. This is lower than that reported in other
industrialized nations where HEV-3 is the dominant cause of
hepatitis E infections including Belgium (92%), England (85%)
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FIGURE 3 | A maximum likelihood phylogenetic tree of the hepatitis E virus (HEV) ORF2 region (493nt) showing the inferred relationship between the HEV-4
sequences isolated from this study, and HEV sequences of known genotype 4 retrieved from Genbank. The tree was constructed using the TIM2e + G4 model and
branches are annotated with UF bootstrap support (1,000 replicates). Significant bootstrap values (>70) are reported. Accession numbers and country of origin of
the sequences downloaded from Genbank are indicated on the tree. Subtypes are indicated by color. The HEV sequences from this study are depicted in bold, with

and Bulgaria (98%) (Bruni et al., 2018; Oeser et al., 2019; Suin
etal,, 2019). Indeed, a 2016 investigation of HEV RNA prevalence
in Australian blood donors was estimated to be 1 in 74,131, which
was lower than the HEV RNA prevalence estimates reported by
other developed countries (Hoad et al., 2017). Prior to 2013,
there had only been one published case of locally acquired
HEV-3 in Australia in 1995 (Heath et al., 1995), with a further
two unpublished reports in 2005. In this analysis, there were
potentially 17 cases of HEV-3 that were locally acquired, Figure 2,
with at least six of these having reported a clinical suspicion
of local acquisition. The phylogenetic analysis shows that these
isolates formed two distinct clusters in the GT3 group 2 clade.
These isolates could not be subtyped based on the reference
sequences or by the HEVnet typing tool and may actually

represent new “Australian” subtype/s. This certainly warrants
further investigation.

As HEV-3 is considerably diverse the subtype classification
continues to be updated and recent revisions have proposed
13 HEV-3 subtypes and six unclassified isolates (Smith et al.,
2020). For a new subtype to be designated, at least three full-
length HEV sequences are required from sources that are not
epidemiologically linked. Whilst 17/22 (77%) of HEV-3 isolates
in this study could not be subtyped, full genome analysis will
be attempted in future analyses to ascertain if these isolates
constitute new Australian subtype/s. Nonetheless, results here
suggest that there are at least two genetically distinct HEV strains
circulating in Australia. The first group of cases consisted of five
HEV-3 isolates that were all collected in NSW within a 12-month
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period. Whilst three of these cases did not have travel history
provided, they shared a common ancestor with two cases with
suspected local acquisition. For the second group, ten of the HEV-
3 study isolates shared a common ancestor with the index case
of the 2013/4 NSW HEV outbreak, sharing 93.8-99.2% sequence
identity. This supports our findings that these cases are likely
to be autochthonous infections. There were another two isolates
that were genetically related to this group, sharing 89.6-90.1%
sequence identity with the outbreak sequence inferring that these
cases may also have been locally acquired.

The 2013/4 HEV outbreak in NSW was linked to consumption
of undercooked pork liver sourced in Australia (Yapa et al., 2016).
Indeed, all fresh pork consumed in Australia is locally sourced
and imported pork products must be cooked to inactivate any
pig diseases (Australian Pig Farmers, 2020). Previous studies,
in China and the Nordic region of Europe, have shown high
similarities between HEV strains isolated from patients and pigs
in the same geographical region (Norder et al., 2009; Fu et al,,
2010). In our study, 13/17 (76%) of suspected locally acquired
HEV-3 infections occurred in patients from NSW and ACT,
which was a surprising observation given that NSW produces
only 16% of the total number of Australian pigs annually
(Australian Pork Limited, 2019). It is not known if NSW is
over-represented in autochthonous HEV-3 cases due to a higher
incidence of HEV circulating in NSW pigs or perhaps due to
enhanced surveillance for locally acquired hepatitis E following
the 2013/4 outbreak. Interestingly, in a 1999 seroprevalence
study of anti-HEV IgG in Australian pigs, four of six farms
included were in NSW, including two where 90-95% of pigs were
seropositive for HEV antibodies by 16 weeks of age (Chandler
et al, 1999). A research pig farm from VIC was used as a
HEV negative control in this study and wild pigs from the
Northern Territory (NT) were also sampled but no pig farms
from other states or territories were included. As such, further
investigation is needed to ascertain the current prevalence of
HEV in pigs across Australia as well as characterizing the
circulating HEV strains.

In this analysis, only 5/22 (23% phyloanalysis group) HEV-
3 cases were believed to have been acquired overseas based
on travel history and phylogenetic analysis. Two isolates, that
were collected 2 years apart and from different states, were
subtyped as 3a based on phylogenetic analysis and clustered
with sequences reported in Singapore. This concurs with the
travel history of one of these patients who had traveled to
Singapore within the incubation period. HEV genotype 3a strains
have been isolated from patients and pigs in Singapore, where
HEV-3 is the dominant genotype (Wong et al., 2019). Similarly,
two isolates were identified as subtype 3c, which has been
reported in European countries including France and England
and was consistent with the travel history reported for one of
the patients. Interestingly, the second patient was chronically
infected with HEV and had previously received a liver transplant.
No travel history was available for this patient and we cannot rule
out that the infection was acquired through transplantation or
transfusion, which has previously been described (Speers et al.,
2015). Alternatively, HEV infection may have contributed to the
patient’s liver failure prior to transplantation.

Finally, this analysis showed that infection with HEV-4 is rare
in Australia, with two cases in the last 5 years. This is consistent
with industrialized countries in Europe, where HEV-4 has been
infrequently reported, such as Belgium (<2%), England (<1%)
and Switzerland (3.6%) (Fraga et al., 2018; Oeser et al., 2019; Suin
et al., 2019). In this study, phylogenetic analysis indicates that
both isolates clustered with sequences identified in China, which
is consistent with the travel history of one of the patients. HEV-
4 is largely confined to Asia and a study in Eastern China found
that 93.5% of hepatitis E infections were caused by the zoonotic
HEV-4 (Lu et al., 2006; Zhu et al., 2014).

A limitation of this study is that it only represents HEV
positive samples that were tested at VIDRL. No samples from
QLD were analyzed and NSW laboratories were most likely to
send samples that were suspected of being locally acquired as
recommended by the Department of Health. QLD only reported
the first published case of locally acquired HEV-3 in 2019 (Taylor
et al., 2020). As such, the incidence of HEV-3 may be over-
represented in this analysis. Nonetheless, this study has shown
that small numbers of locally acquired infections continue to
occur annually and it is important to screen for HEV infections in
patients presenting with unexplained hepatitis with and without
travel history.

CONCLUSION

This study characterizes the HEV isolates detected in
Australia thereby contributing to the global understanding of
autochthonous HEV-3 and confirming the acquisition of HEV-1
during travel to endemic areas. Results also suggest the presence
of a new “Australian” subtype/s of HEV-3 which requires further
investigation. This provides valuable information to clinicians
and scientists with respect to diagnosis of HEV infection and
may prepare us to implement public health measures should an
outbreak occur. The morbidity and mortality associated with
HEV infection, particularly in immunosuppressed individuals
and pregnant women, reaffirms the need to screen for HEV both
locally and in travelers.
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Hepatitis B virus (HBV) co-infection is possible in patients who are positive for human
immunodeficiency virus (HIV) since both share similar transmission routes. Furthermore,
through the continuous risk of exposure, they potentially can be infected by mixtures of
distinct HBV genotypes which can result in the presence of two or more genotypes in a
single patient. This study aimed to specify the frequency of mixtures of HBV genotypes
and their potential clinic importance in HIV-infected Mexican patients. HBV infection
was assessed by serological testing and molecular diagnostics. HBV mixtures were
detected by multiplex PCR and DNA sequencing. Liver fibrosis was evaluated using
transitional elastography, the Aspartate aminotransferase to Platelets Ratio Index score,
and Fibrosis-4 score. Among 228 HIV-infected patients, 67 were positive for HBsAQ.
In 25 HBV/HIV co-infected patients, 44 HBV genotypes were found: H (50.0%, 22/44),
G (22.7%, 10/44), D (15.9%, 6/44), A (9.1%, 4/44), and F (2.3%, 1/44). Among these,
44.0% (11/25) were single genotype, 36.0% (9/25) were dual and 20.0% (5/25) were
triple genotype. The most frequent dual combination was G/H (44.4%, 4/9), while
triple-mixtures were H/G/D (60.0%, 3/5). The increase in the number of genotypes
correlated positively with age (Spearman’s Rho = 0.53, p = 0.0069) and negatively
with platelet levels (Spearman’s Rho = — 0.416, p = 0.039). HBV viral load was higher
in triply-infected than dually infected (31623.0 IU/mL vs. 1479.0 IU/mL, p = 0.029)
patients. Triple-mixed infection was associated with significant liver fibrosis (OR = 15.0
95%Cl = 1.29 — 174.38, p = 0.027). In conclusion, infection with mixtures of HBV
genotypes is frequent in HIV patients causing significant hepatic fibrosis related to high
viral load, especially in triple genotype mixtures.

Keywords: liver fibrosis, hepatitis B virus, co-infection, HBV genotype, HBV genotype mixtures, human
immunodeficiency virus

Frontiers in Microbiology | www.frontiersin.org 67

March 2021 | Volume 12 | Article 640889


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.640889
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.640889
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.640889&domain=pdf&date_stamp=2021-03-03
https://www.frontiersin.org/articles/10.3389/fmicb.2021.640889/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jose-Abrego et al.

HBV Genotype Mixtures in HIV Patients

INTRODUCTION

One severe clinical issue in patients with human
immunodeficiency virus (HIV) is the high frequency of
liver diseases, particularly those caused by chronic HBV infection
(Sherman et al., 2017). Intravenous drug use and sexual behavior
are some of the important risk factors associated with HBV/HIV
co-infections. In hospitalizations related to liver complications,
HBV/HIV co-infection is associated with poor clinical outcomes
(Rajbhandari et al., 2016). It has also been observed that the
progression of chronic HBV to cirrhosis or hepatocellular
carcinoma is more rapid in HBV/HIV co-infected patients than
in those who are HBV mono-infected (Thio et al., 2002). It is
probably linked to an immunosuppression state by reducing the
frequency of spontaneous recovery and increasing the risk of
chronicity (Seetharam et al., 2014). Also, the clinical management
in HBV/HIV co-infected patients can be difficult because they
present a more insufficient response to interferon-alpha, have
a high risk of HBV post-therapy reactivation, or develop HBV
resistance mutations (Di Martino et al., 2002; Mendes-Correa
et al,, 2010; Tengan et al., 2017).

On the other hand, people with HIV who lack protective
immunity present many risk factors exposing them to different
HBV genotypes, leading to a mixed infection (Thio et al,
2002). Besides, the common factors mentioned above are social
determinants, such as unemployment or living in poverty
affect infection risk (Jose-Abrego et al, 2017). These can
lead individuals engaging in high-risk behaviors for infection,
such as prostitution and intravenous drug use, which may
favor infection by different HBV genotypes. Together, with the
immunological status of the HIV-infected individual, a mixture
of HBV genotypes could develop. Mixtures of genotypes are
when more than one HBV genotype is detected in the blood
resulting in a simultaneous infection or superinfection (i.e., when
a second genotype is detected after a single HBV genotype
infection) (Cunningham et al, 2015). HBV genotype mixtures
have been reported in some groups, such as patients treated with
interferon and injection drug users (Hannoun et al., 2002; Chen
et al., 2004). Toan et al. (2006) showed the clinical importance of
HBYV genotypes mixtures in people negative to hepatitis C virus
and HIV. Data on the frequency of mixtures of HBV genotypes
among HBV/HIV co-infected patients remains understudied.

Approximately 220,000 persons live with HIV in Mexico.
Between 24 and 29% have evidence of HBV chronic infection
(Torres-Baranda et al., 2006; Jose-Abrego et al., 2017; The Joint
United Nations Programme on HIV/AIDS, 2019). Furthermore,
previous studies have reported a high prevalence of occult
hepatitis B (OBI) in HIV cohorts. Torres-Baranda et al. (2006)
reported an OBI prevalence of 18.4% in West Mexico. In
central Mexico, the prevalence of OBI varied between 36%
and 49% (Alvarez-Munoz et al., 2014; Enriquez-Navarro et al.,
2020). Although the endemic genotype H is common (64%)
among HBV/HIV co-infected patients, other genotypes such as
G (16%), A2(12%), F1b (4%), and D4(4%) have been reported
(Jose-Abrego et al, 2017). This finding suggests that new
introductions have occurred, requiring molecular epidemiology
studies to decipher if mixed genotypes in HBV infections prevail.

Furthermore, in our country, people who inject drugs and
are MSM have a high risk of HBV/HIV co-infection (Jose-
Abrego et al., 2017). These factors suggest that some people with
HIV might acquire infections with different HBV genotypes.
Therefore, in this study, we aimed to detect HBV genotypes’
mixtures and their impact on viral load and liver damage in
Mexican patients with HIV.

MATERIALS AND METHODS

Study Design and Socio-Demographic
Data

This cross-sectional study included 228 patients with a serological
or molecular diagnosis of HIV. All patients were attended at
the Department of Molecular Biology in Medicine and the
HIV Clinic of the Civil Hospital of Guadalajara “Fray Antonio
Alcalde” from January 2014 to December 2016 (Jose-Abrego
et al., 2017). Written informed consent was obtained from all
participants. Demographic and clinical information, such as
gender, age, HIV viral load, and the combination antiretroviral
therapy (cART) received during recruitment, were obtained
from the patients’ medical records. The levels of liver enzymes,
platelets, albumin, CD4 cells, and CD8 cells were obtained from
our hospital’s general laboratory. Also, hepatitis C virus (HCV)
infection was assessed by the presence of anti-HCV antibodies
(AxSYM®, Abbott Laboratories, Abbott Park, IL, United States).
The methodological summary of this study is shown in Figure 1.

HBV Serological Markers and Viral Load

All serum samples were tested for hepatitis B surface antigen
(HBsAg) using an enzyme-linked immunosorbent assay
(MONOLISA™ HBsAg Ultra, Bio-Rad, Poincaré, MC, France)
according to the manufacturer’s instructions. In samples positive
to HBsAg, HBV viral load was quantified by real-time polymerase
chain reaction (RT PCR) (COBAS® Ampliprep/COBAS®
TagMan® HBYV test (Roche, V2.0), which has a detection limit
between 20 and 170 million IU/mL (1IU corresponding to 5.82
genomic copies). Levels > 2,000 IU/mL was considered as high
viral load and <2,000 IU/mL as low viral load.

Extraction of HBV DNA

In the samples with detectable HBV viral load, total viral DNA
was extracted using the QITAamp DNA Mini Kit (Qiagen Science,
Hilden, Germany) according to the manufacturer’s instructions.
Additionally, a carrier DNA (1 pg/pL) (Qiagen Science, Hilden,
Germany) and an elution volume of 50 L were used to improve
the extraction yield.

Qualitative Detection of HBV DNA

The yield of DNA extracts was tested by nested PCR. The
amplification reaction was prepared with 5 uL of DNA, 1 pL of
each primer (10 wM) (Supplementary Table 1), 0.5 L.L of ANTPs
mix (10 mM each), 1 pL of MgCl, (50 mM), 2.5 pL of PCR buffer
(10x), 13.8 uL of water and 0.2 pL of Tag DNA polymerase
(5U/nL) (Invitrogen, San Diego, CA, United States) in a final
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FIGURE 1 | Workflow used to detect mixtures of HBV genotypes in patients with HIV. First, serum samples were collected from all patients. These samples were
analyzed by ELISA to evaluate the presence of HBsAg. Next, in the positive samples from the previous step, the viral load levels were measured by real-time PCR.
A nested PCR was used to confirm HBV infection in the samples with detectable viral load. After that, a multiplex PCR was used to detect the predominant HBV
genotypes in Mexico. Finally, the products were sequenced and genotyped by Sanger’s method and phylogenetic analysis, respectively.

volume of 25 L. The first round amplified a 418-bp fragment of
the surface gene under the following conditions: 94°C for 3 min
followed by 40 cycles of 94°C for 30 s, 55°C for 30's, 72°C for 30 s,
with a final extension step of 72°C for 5 min. The second round
amplified a 232-bp product under the same conditions.

Identification of HBV Genotype Mixtures

DNA extracts were genotyped by multiplex PCR to identify the
most predominant HBV genotypes in Mexico (H, G, A, and D)
(Roman et al., 2014). These PCRs amplified different parts of the

polymerase gene, a 370 bp fragment for genotype A, 147 bp for
genotype D, and 279 bp for H, while a 584 bp fragment of the core
gene was amplified for genotype G (Supplementary Table 1).
The reaction was prepared with 2 pL of DNA extract, 1 L of
each genotype-specific primer set (10 wM), 8.5 wL of water, and
12.5 of 2x Hot StarTaq Master Mix (Qiagen Science, GmbH,
Hilden, Germany). Thermal cycling conditions were as followed:
preheating at 95°C, 15 min and 35 amplification cycles at 94°C
for 1 min, 60°C for 1 min, 72°C for 2 min, and a final extension
at 72°C for 10 m. DNA amplicons were run on a 2% TBE-agarose
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gel stained with SYBR Safe DNA gel (Invitrogen, Carlsbad, CA,
United States) and evaluated under UV light. The sizes of PCR
products were estimated based on the migration pattern of a
50-bp DNA ladder (Invitrogen, Carlsbad, CA, United States).
Quality control procedures included adding positive and negative
controls in each PCR assay, and standard precautions were taken
to avoid cross-contamination. The primer sequences designed
for genotypes H and G were previously published (Panduro
et al., 2013; Roman et al., 2014), whereas primers for genotypes
A and D were used as published by Kirschberg et al. (2004)
(Supplementary Table 1). Mixtures of HBV genotypes were
defined as finding two or more products in agarose gel, and
the genotype was determined according to the band’s size of
the amplified DNA.

HBV-DNA Sequencing and Phylogenetic
Analysis

Hepatitis B virus genotypes identified by multiplex PCR were
confirmed by DNA Sanger sequencing. The bands were cut
and purified with Illustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare, Pittsburgh, PA, United States).
The bidirectional sequencing reaction was prepared with 1 pL
of each purified band, 2 uL of each genotype-specific primer
(I M), 1 pL of sequencing buffer (5x), 4 L of water, and 2 pL
of BigDye® Terminator v3.1 (Applied Biosystems, Foster City,
CA, United States). Thermal cycling conditions were as followed:
preheating at 96°C, 1 min and 35 amplification cycles at 96°C for
10's, 50°C for 5 s, 60°C for 4 min, and a final extension at 60°C
for 1 m. Finally, the products were analyzed on an ABI 3130 DNA
Sequencer (Applied Biosystems, Foster City, CA, United States).
HBV DNA sequences were genotyped by phylogenetic analysis
using the Molecular Evolutionary Genetic Analysis software,
MEGA 10.0'. The reference sequences used in this study were:
X02763, X51970, and AF090842 for genotype A; AF100309 and
AB033554 for genotype B; AB014381, X04615, and AY123041
for genotype C; M32138, X65259, and X85254 for genotype D;
X75657 and AB032431 for genotype E; X69798, AF223965, and
AB036910 for genotype F; AB064310 and AB625342 for genotype
G; and AY090460, AB516395, and AB516394 for genotype H.
ClustalW method was used for multiple sequence alignment,
while Maximum Likelihood method was used to construct the
phylogenetic tree with a bootstrap test of 1000 replicates. The
substitution model was General Time Reversible with Gamma
Distribution and Invariants Sites (GTR + G + I). Accession
numbers submitted to GenBank? of the HBV samples identified
in this study appear as MH780886-MH780888, MF150683 for
genotype A2; MH780889-MH780897, MF150677 for genotype
G; MH780898-MH780909, MF150649-MF150650, MF150658-
MF150659, MF150666-MF150669, MF150672-MF150673 for
genotype H; MF150685 for genotype D4 and MF150688 for
genotype F1b. An alternative sequencing strategy was required
for the Flb and D4 sub-genotypes (Mendes-Correa et al,
2010). This strategy was necessary as the D multiplex products

Uhttp://www.megasoftware.net/
Zhttp://www.ncbi.nlm.nih.gov

were untypeable by direct sequencing. While, for the F1b sub-
genotype, we did not expect to find genotype F in Mexico.

Assessment of Liver Damage

Liver fibrosis was assessed through three non-invasive methods:
transitional elastography (TE), Aspartate aminotransferase (AST)
to Platelets Ratio Index score (APRI), and Fibrosis-4 score (FIB-
4). TE was carried out using a FibroScan® instrument (Echosens,
Paris, France). Liver stiffness measurement (LSM) expressed in
kiloPascals (kPa) was performed by the same qualified physician.
LSM was considered reliable if ten successful measurements were
obtained, and the success rate was >80%. APRI was calculated
considering the upper limit of normal (ULN) serum AST for men
equal to 40 IU/in the equation AST IU/L/(ULN AST/(Platelets
count 10° L) x 100 (Sandrin et al., 2003; Borsoi Viana et al., 2009).
FIB-4 was calculated with the equation (Age-years) (AST level
IU/L)/(Platelets count 10°L) (ALT)!/2 IU/L) (Kim et al., 2010).
APRI cut-off value > 0.7 was considered significant hepatic
fibrosis, while FIB-4 cut-off value > 3.25 was interpreted as
advanced fibrosis (Sterling et al., 2006; Lin et al., 2011). Also, LSM
was classified as F1 (<7.1 kPa), F2 (>7.1 kPa), F3 (>9.3 kPa),
and F4 or cirrhosis (>12.3 kPa). F1-F2 was taken as mild liver
fibrosis and F3-F4 as advanced liver fibrosis (Hawkins et al.,
2013). Levels of liver enzymes, platelets, HIV viral load, CD4,
and CD8 lymphocytes were attained by routine analysis from the
hospital’s Central Laboratory.

Statistical Analysis

Continuous variables were expressed as the median and
interquartile range, while categorical variables were expressed in
frequency or percentage. Categorical variables were compared
using the x2 test or Fisher’s exact test where appropriate.
Data normality was calculated using the Shapiro-Wilk test.
Non-parametric continuous variables were tested by Mann-
Whitney or Kruskal-Wallis test. All correlations were tested
with Spearman’s Rho, and the cut-off of quantitative values was
calculated with Receiver Operating Characteristic (ROC) curve
analysis. All statistical tests were performed with the Statistical
Program for Social Sciences software (SPSS 22.0, IBM, Inc.,
Armonk, NY, United States). For all statistical tests, a P-value of
<0.05 was considered significant.

Ethics

The Ethics Committee of the University Center for Health
Sciences of the University of Guadalajara approved this protocol
(#CI-07218). Furthermore, this study was carried out by the
principles of the Helsinki Declaration.

RESULTS

General Characteristics of the Study

Population

A total of 228 patients with HIV were analyzed; most of
them were men (86.4%, 197/228) between 32 and 46 years
of age (Table 1). At the time of this study, 82.0% (187/228)
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TABLE 1 | Demographic data of patients with HIV and HIV/HBV.

Total HIV alone HIV/HBV p-value
(N = 228) (N =161) (N =67)

Gender
Female 31 (13.6%) 30 (18.6%) 1(1.5%) <0.001"
Male 197 (86.4%) 131 (81.4%) 66 (98.5%)
Age (years)
Mean (SD) 39.9 (10.9) 39.7 (11.7) 39.2 (9.7) 0.7582
Age group (years)
<15 1(0.4%) 1(0.6%) 0(0.0%) 1.0008
15-20 4 (1.8%) 4 (2.5%) 0 (0.0%) 0.3228
21-25 10 (4.5%) 7 (4.4%) 3 (4.5%) 1.0008
26-30 32 (14.3%) 23 (14.6%) 9 (13.6%) 1.000%
31-35 41 (18.3%) 29 (18.4%) 12 (18.2%) 1.000°
36-40 47 (21.0%) 29 (18.4%) 18 (27.3%) 0.1513
41-45 29 (12.9%) 21 (13.3%) 8(12.1%) 1.0008
46-50 24 (10.7%) 17 (10.8%) 7 (10.6%) 1.0008
51-55 17 (7.6%) 11 (7.0%) 6(9.1%) 0.789°
56-60 9 (4.0%) 8(5.1%) 1(1.5%) 0.288°
61-65 5(2.2%) 4 (2.5%) 1(1.5%) 1.000°
>66 5 (2.2%) 4(2.5%) 1(1.5%) 1.0008

!Pearson’s Chi-squared test.

2T-student test.

SFisher Exact test.

Age had a normal distribution. SD, standard deviation; HBV, hepatitis B virus; HIV,
human immunodeficiency virus.

of the participants were on antiretroviral therapy, with
a median HIV viral load of 40.0 IU/mL [Interquartile
range (IQR): 39.0-326.0 IU/mL]. Among the 187 treated
patients, the medical records revealed that cART was
tailored individually in which none were monotherapy.
All received at least one drug that is known to affect
the HBV’s life cycle, such as tenofovir, lamivudine, or
emtricitabine. However, the most frequent combinations
were tenofovir + emtricitabine + efavirenz in 39.6% (74/187),
followed by tenofovir + emtricitabine + lopinavir 4 ritonavir
in 11.2% (21/187) and 49.2% (92/187) received diverse unique
combinations with these and other antiviral drugs. Also, 62
individuals out of 132 had evidence of hepatitis C virus (HCV)
infection (Table 2). Overall, liver injury was detected in 24.6%
(31/126), of which 18.3% (24/131) had significant liver fibrosis,
6.9% (9/130) had advanced fibrosis, and with liver stiffness,
22.5% (11/71) had advanced liver fibrosis (F3-F4) (Table 3).

HBV Infection Status

Of the 228 HIV individuals, 67 were positive for HBsAg; these
were considered HBV/HIV co-infected patients (Table 2).
HIV/HBV co-infection cases were detected between 21 and
25 vyears, while the maximum age was reached in persons
between 36 and 40 years. Overall, the HBV viral load was
detected in 71.6% (48/67) of the cases, with a median HBV
viral load of 145.0 IU/mL (IQR: 20.0-166616.0 IU/mL).
A low HBYV viral load (<2,000 IU/mL) was detected in 66.6%
(32/48) of HBV/HIV patients, while 33.3% (16/48) had a
high HBV viral load (>2,000 IU/mL). In this study, 89.1%
(57/67) of these HBsAg positive cases were under antiretroviral
treatment. Among these, 43.9% (25/57) were treated with

tenofovir + emtricitabine + efavirenz, followed by 10.5% (6/57)
receiving tenofovir + emtricitabine + lopinavir + ritonavir,
and 45.6% (26/57) received as mentioned above several
unique combinations with other drugs. The liver enzyme
profile was similar between HIV alone (without HBV
or HCV) and HBV/HIV patients. However, ALT levels
were higher in HBV/HIV co-infection than HIV alone
(30 TU/L (IQR: 22 - 52.5 TU/L) vs. 24.5 (IQR: 17.0-36.2),
p = 0.006). Among the HBV/HIV cases, the frequency of
liver inflammation was 18.2% (10/55), 15.3% (9/59) had
significant liver fibrosis, 5.2% (3/58) had advanced fibrosis,
and with LSM, 19.1% (9/47) had advanced liver fibrosis
(F3-F4) (Table 3).

Distribution of HBV Genotypes and

Mixtures

Among the 48 patients with detectable HBV viral load, 25
cases were positive to the nested PCR assay in which 44 HBV
genotypes were detected by multiplex PCR (Figures 2A, B).
According to our methodology, the minimum viral load for
HBV genotyping was 82.0 IU/mL [Area Under the Curve,
(AUC) = 0.93, p = 5 x 107°] (Supplementary Figure 1A). The
predominant HBV genotype was H (50.0%, 22/44), followed
by G (22.7%, 10/44), D (15.9%, 6/44), A (9.1%, 4/44), and F
(2.3%, 1/44). Figure 2C illustrates the phylogenetic tree built
for each genotype of the 38 strains confirmed by direct DNA
sequencing. All genotypes A were sub-genotyped as A2, one
genotype F was classified as F1b, and one D was D4. Among
typeable samples, 44.0% (11/25) had a single genotype (10 were
H and one G), whereas 36.0% (9/25) had dual-mixtures (four
were G/H), two were D/H, two were A2/H, and one was A2/G)
Moreover, 20.0% (5/25) were triple-mixtures (three were H/G/D,
one was A2/D/G, and one was H/D/F1b). G/H (44.4%, 4/9) and
H/G/D (60.0%, 3/5) were the most frequent genotype mixtures.
Nineteen out of 25 genotyped cases were under cART in which
five mono-infected, three dual-mixed, and one triple-mixed
were treated with tenofovir 4 emtricitabine 4 efavirenz.
Two triple-mixed cases treated with
tenofovir + emtricitabine + lopinavir + ritonavir whereas
three mono-infected, four dually infected and one triple-
mixed case received diverse combinations. Interestingly,
ten patients had high HBV viral loads (>2,000 IU/mL)
despite receiving a tenofovir-based regimen; five were mono-
infected, (four H and one G), one dual-mixed (A/G), and
four were triple-mixed (two D/G/H, one A/D/G, and one
D/H/F1b).

were

Relationship Between HBV Mixtures and
Clinical Characteristics

We compared different clinical parameters as dependent
variables relative to the number of HBV genotypes (Figures 3A-
C and Supplementary Table 2), finding a positive correlation
between increasing age and mixtures (Spearman’s Rho = 0.53,
p =0.0069) (Figure 3A). Interestingly, the median age of patients
with two HBV genotypes was 37.0 years, while the age-associated
with triple-mixed cases was >42.0 years (AUC = 0.805, p = 0.038)
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TABLE 2 | Baseline clinical characteristics of patients with HIV and HIV/HBV.

Total (N = 228) HIV alone (N = 161) HIV/HBV (N = 67) p-value
cART
Without cART 32 (14.0%) 25 (15.5%) 7 (10.4%) 0.3711
With cART 196 (86.0%) 136 (84.5%) 60 (89.6%)
HBYV viral load (IU/mL)
Median (Q1, Q3) 145.0 (20.0, 18312.5) NA 145.0 (20.0, 18312.5)
HIV viral load (IU/mL)
Median (Q1, Q3) 40.0 (39.5, 303.5) 40.0 (40.0, 388.0) 40.0 (34.8, 137.5) 0.5202
HCV infection
Negative 132 (68.0%) 73 (65.7%) 59 (93.7%) <0.001"
Positive 62 (32.0%) 58 (44.3%) 4 (6.3%)
ALT IU/L
Median (Q1, Q3) 27.0(20.0, 44.0) 24.5(17.0, 36.2) 30.0 (22.0, 52.5) 0.006?
AST IU/L
Median (Q1, Q3) 30.0 (24.0, 43.0) 30.5 (24.0, 48.5) 29.0 (24.0, 40.0) 0.7342
GGT IU/L
Median (Q1, Q3) 41.0 (24.2, 61.8) 44.0 (29.0, 82.0) 34.0 (24.0, 48.0) 0.1262
ALP IU/L
Median (Q1, Q3) 97.0 (80.2, 126.0) 95.0 (73.0, 135.0) 100.0 (85.0, 119.5) 0.996
Platelets cells/pL
Median (Q1, Q3) 226.0 (181.0, 293.0) 232.0 (179.0, 309.0) 224.5 (187.5, 281.0) 0.6972
Albumin g/dL
Median (Q1, Q3) 3.8(3.2,4.1) 3.6 (2.6, 3.9 3.9 (3.7,4.1) <0.0012
CD4 cells/mm3
Median (Q1, Q3) 299.0 (179.2, 547.8) 273.0(92.2, 447.2) 339.0 (236.5, 607.5) 0.0072
CD8 cells/mm3
Mean (SD) 954.7 (553.4) 908.3 (555.2) 1039.0 (565.2) 0.129°

! Pearson’s Chi-squared test.
2Wilcoxon-Mann-Whitney test.
ST-student test.

Patients with HCV were excluded for the comparison of laboratory data. CD8 levels had a normal distribution. NA, not available; SD, standard deviation;, cART, combination
antiretroviral therapy; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus. ALT, alanine aminotransferase; AST, aspartate aminotransferase;
GGT, gamma-glutamyl! transferase; ALF, alkaline phosphatase; CD4, lymphocyte CD4 count; CD8, lymphocyte CD8 count; Q1, quartile 1; Q3, quartile 3.

(Supplementary Figure 1B). Moreover, platelet levels were
negatively correlated with the increase in the number of HBV
genotypes (Spearman’s Rho = — 0.416, p = 0.039) (Figure 3B).
HBYV viral load (31623.0 IU/mL vs. 1479.0 IU/mL, p = 0.029)
was higher in triple-mixtures than dual-mixtures (Figure 3C).
Regarding liver damage, the degree of fibrosis was similar
between single and dual genotype mixtures (LSM, p = 0.34, FIB-
4, p = 0.97), while the liver fibrosis grade was significantly higher
in triple-mixtures than dual-mixtures (APRI, p = 0.029; FIB-
4, p = 0.007) (Figures 3D-F). Based on APRI, patients with
HIV and three HBV genotypes had a high risk of presenting
significant liver fibrosis (OR = 15.0 95%CI = 1.29 - 174.38,
p = 0.027) compared with dual-mixtures or single genotype
infection (Table 4).

DISCUSSION

Previously, we reported the frequency of HBV infection and its
risk factors associated with co-infection in this HIV cohort (Jose-
Abrego et al., 2017). However, the frequency of liver fibrosis

and the proportion of patients with HBV genotype mixtures
remained unknown. In this study, the assessment of LSM with
transitional elastography detected more cases of liver fibrosis than
APRI or FIB-4. Overall, the frequency of advanced liver fibrosis
in Mexican patients with HIV was 22.5%, while among HBV/HIV
co-infected patients were 19.1%. This proportion was slightly
lower than that found in two HBV/HIV co-infected Nigerian
studies with frequencies of 22.1 and 22.6% each. Using liver
biopsy, Sterling and colleges reported 22% of advanced fibrosis in
populations from the United States and Canada (Hawkins et al.,
2013; Grant et al., 2017; Sterling et al., 2019). The high frequency
of advanced liver fibrosis may be due to inadequate evaluation
and diagnostics of hepatitis B in our population. Furthermore,
the high frequency of asymptomatic and OBI (Torres-Baranda
et al., 2006; Enriquez-Navarro et al., 2020) may facilitate the
non-detection of co-infections with other hepatotropic viruses.
Alcohol consumption, drug abuse, and potential hepatotoxicity
of cART drugs can also be involved (Neff et al., 2006). In regards
to liver enzymes, significantly higher levels of ALT but not AST
or GGT were found in the HIV group compared to the HIV/HBV
co-infected patients. This finding may be due to an insufficient

Frontiers in Microbiology | www.frontiersin.org

72 March 2021 | Volume 12 | Article 640889


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jose-Abrego et al.

HBV Genotype Mixtures in HIV Patients

TABLE 3 | Baseline non-invasive markers of liver damage in HIV and HBV/HIV patients.

Total (N = 228) HIV alone (N = 161) HIV/HBV (N = 67) p-value
APRI value
Median (Q1, Q3) 0.3(0.2,0.5) 0.3(0.2,0.6) 0.3(0.2,0.5) 0.9212
FIB-4 value
Median (Q1, Q3) 0.9(0.7,1.4) 1.1(0.7,1.6) 0.9(0.7, 1.3 0.4072
Liver stiffness (Kpa)
Median (Q1, Q3) 6.1(4.8,8.6) 6.1 (4.5,9.5) 6.8 (5.0, 8.2) 0.7662
Liver inflammation
ALT or AST or GGT < 40 IUi/mL 95 (75.4%) 50 (70.4%) 45 (81.8%) 0.1417
ALT or AST or GGT > 40 IUi/mL 31 (24.6%) 21 (29.6%) 10 (18.2%)
APRI class
Without significant liver fibrosis (<0.7) 107 (81.7%) 57 (79.2%) 50 (84.7%) 0.4117
With significant liver fibrosis (>0.7) 24 (18.3%) 15 (20.8%) 9 (15.3%)
FIB-4 class
Without advanced fibrosis (<3.25) 121 (93.1%) 66 (91.7%) 55 (94.8%) 0.480"
With advanced fibrosis (>3.25) 9 (6.9%) 6 (8.3%) 3(5.2%)
Liver stiffness class
F1 44 (62.0%) 16 (66.7%) 28 (569.6%) 0.614°
F2 11 (156.5%) 1(4.2%) 10 (21.3%) 0.262°
F3 5 (7.0%) 4 (16.7%) 1(2.1%) 0.0428
F4 11 (15.5%) 3(12.5%) 8 (17.0%) 0.739°

!Pearson’s Chi-squared test.
2Wilcoxon-Mann-Whitney test.
SFisher Exact test.

Patients with HCV were excluded from the analyses. HBV, hepatitis B virus; HIV, human immunodeficiency virus; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; GGT, gamma-glutamyl transferase; APRI, AST to Platelet Ratio Index; FIB-4, fibrosis-4 score; Q1, quartile; Q3, quartile 3.

sample size per group to achieve statistical differences. Another
reason from a clinical viewpoint, it is known that altered ALT
levels or transaminitis is a marker of liver damage than AST
whereas abnormal GGT is seen in cases of alcoholic liver disease.
In the HIV mono-infected group, high ALT levels could be due to
several factors such as medication-related hepatotoxicity, alcohol
abuse, drug use, non-alcoholic steatohepatitis or HIV itself.

Our results provide evidence for reconstructing a part of HBV
infection’s natural history in patients with HIV. It is known that
HIV patients are infected near the age of 15 (Wilson et al., 2010).
Later, due to injection drug use or high-risk sexual behavior
including men who have sex with men (MSM) (Jose-Abrego
et al., 2017), they are infected with hepatitis B between 21 and
25 years. In our cohort, no patient was positive to HBsAg before
the age of 20, the first cases of HBV/HIV co-infection (4.5%)
occurred around 21, then the maximum frequency of HBV/HIV
co-infection was reached at 36-40 years (27.3%). These data
suggest that HIV infection occurs before HBV infection. Future
longitudinal studies are necessary to demonstrate or refute this
observation. Nonetheless, if patients co-infected with HBV/HIV
do not change their risk factors, they could acquire HBV
genotypes mixtures. Furthermore, our findings show that HIV
patients could be co-infected with two HBV genotypes near the
age of 37 and up to three HBV genotypes at older ages (42 years).
Using PCR multiplex and sequencing, we found that 56% of HIV
patients with typeable HBV were infected with more than one
HBV genotype. This frequency is higher than those reported in
Swiss people and the Netherlands, with 14 and 37%, respectively

(Van Der Kuyl et al,, 2013; Bihl et al., 2015). This difference is
mainly due to our study population’s characteristics, who are
people with very low-income. Many of them are sex workers,
and most do not have access to social security (Jose-Abrego
et al., 2017). Another difference with those studies is the type
of mixture. A/G mixtures predominate in European HBV/HIV
co-infected people, whereas H/G mixtures were predominant in
our results. The reason is that genotype H is endemic to Mexico,
and genotype G is strongly related to the MSM population as
well (Panduro et al., 2013; Roman and Panduro, 2013). Also, we
identified five HIV patients who were infected with three HBV
genotypes. This evidence indicates that HBV genotype mixtures
may be more common than expected in populations with HIV
from Mexico and Europe.

In patients without HIV, the mixture of HBV genotypes
has been associated with different clinical outcomes, especially
high viral load levels (Toan et al, 2006). In this HBV/HIV
cohort, high viral load levels predominate in patients with
three genotypes than those with dual or single genotype
infection. We did not find a clear association with viral load
in patients with two genotypes, probably due to tenofovirs
or lamivudine’s antiviral effect. The molecular mechanism
explaining the high HBV viral load in patients with mixtures
has been documented in in vitro models showing that different
genotypes interact to increase their replication. For example,
genotype G uses the core promoter and core protein from
sub-genotype A2 to replicate efficiently. Also, genotype G is
abundantly expressed when co-transfected with a construct
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FIGURE 2 | (A) Different size bands were expected for the nested PCR. In patients with high viral loads, both bands’ presence is evident (418 bp and 232 bp), but
only the second band is visualized in patients with relatively low viral load. (B) Multiplex PCR results, after the molecular weight marker, the first four lanes show a
patient’s results with one HBV genotype (patient 0.256), while the next four lines show a mixture of two HBV genotypes (patient 0.632). Finally, the lanes of patient
0.553 show a typical result of a person infected with three HBV genotypes. Based on the band intensity, we noted that each HBV genotype has a different viremia
level, and one genotype is usually dominant over others. (C) Phylogenetic trees are used for genotyping and sub-genotyping of sequenced multiplex PCR products.
The numbers in the trees represent the bootstrap values of each node. Since different genomic locations classified each genotype, four phylogenetic trees were built.
The cross symbol indicates the type of infection in which the genotype was detected: +, single-infected sample; ++, dual-infection sample; +++, triple-infection

that expresses the genotype D core protein. D. This occurs
because the core promoter of genotype G cannot generate
enough core protein for its replication and it may also
be defective, affecting the synthesis of virions (Sakamoto
et al, 2013). It is plausible that genotype H wuses the
same mechanism since the replication of genotype G in
chimeric mice is enhanced when co-infected with genotype
H (Tanaka et al., 2008). Interestingly, our study found patients
with G/H, G/A2, and H/G/D mixtures suggesting that in some

HIV patients, the high HBV viral load may be due to HBV
genotypes mixtures.

This study found a negative correlation between platelet levels
and the increase of HBV genotypes; this is understandable as
thrombocytopenia is one of the most frequent complications
in patients with advanced liver disease (Nusrat et al., 2014).
Also, we associated the presence of three HBV genotypes with
significant liver fibrosis. The liver damage linked to HBV
mixtures could be explained from an immunological viewpoint.
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FIGURE 3 | (A) Shows a significant relationship between increasing age and the presence of a mixture of HBV genotypes. (B), Platelet levels decreased while
increasing the number of HBV genotypes. (C) Shows viral load levels by type of mixes. (D-F) Shows the comparison of the degree of fibrosis in patients with one,
two, and three HBV genotypes, evaluated through the APRI, FIB-4, and LSM, respectively. The boxes’ middle lines represent the median, while the outer lines
represent 25 and 75 quartiles. Black dots indicate each patient studied. LSM, liver stiffness measurement.

TABLE 4 | Association between the number of HBV genotypes and liver fibrosis in patients with HIV/HBV co-infection.

APRI FIB-4 LSM
Without With Odds ratio Without With Odds ratio Mild liver Advanced Odds ratio
significant liver significant liver (95% CI) advanced advanced (95% ClI) fibrosis liver fibrosis (95% CI)
fibrosis (<0.7) fibrosis (>0.7) p-value? fibrosis fibrosis p-value! (F1-F2) (F3-F4) p-value’
(<3.25) (>3.25)
HBV genotypes
Single n (%) 7 (43.8) 3(37.5) 0.771 10 (45.5) 0(0.0) 0.857 6 (50.0) 3 (42.9) 0.750
(0.136-4.391) (0.692-1.062) (0.115-4.898)
p =0.561 p =0.330 p =0.570)
Dual n (%) 8(50.0) 1(12.5) 0.143 9 (40.9) 0(0.0) 0.867 5(41.7) 2(28.6) 0.560
(0.014-1.444) (0.711-1.057) (0.076-4.144)
p =0.087 p =0.380) p =0.474
Triple n (%) 1(6.3) 4(50) 15.0 3(13.6) 2(100.0) 1.667 1(8.3) 2 (28.6) 4.4
(1.290-174.386) (0.815-3.409) (0.319-60.614)
p=0.027 p =0.036) p =0.296)

! Fisher Exact test.

APRI, AST to Platelet Ratio Index; FIB-4, fibrosis-4 score; LSM, liver stiffness measurement.

First, the increase of viral load due to interaction among
HBV genotypes can activate resident liver macrophages. Then,
these cells release cytokines, which recruit more macrophages
and induce hepatic stellate cell activation. Finally, these signs
stimulate the extracellular matrix’s proliferation and deposition,
triggering fibrosis development (Koyama and Brenner, 2017).
If the immune response or antiviral therapy does not control
the infection, people with a mixture of HBV genotypes could
eventually develop cirrhosis or liver cancer. In this context, our
results indicate that HIV patients may be living with two or
more genotypes that could have been acquired simultaneously or
through successive contacts. This data is relevant because HBV

mono-infected individuals (without HIV), such as heterosexual
individuals with multiple partners, people born in HBV endemic
areas, or patients under hemodialysis (Trepo et al., 2014), could
also present a mixture of HBV genotypes. Perhaps, these groups
may be at risk of developing liver damage related to mixtures, as
in our HIV cohort. This highlights the importance of assessing
the presence of a mixture of HBV genotypes in other risk groups.

Another clinical importance of HBV genotype mixtures is that
it can impact treatment outcomes. During treatment, lamivudine,
emtricitabine, or tenofovir may only suppress sensitive HBV
genotypes, favoring viral persistence due to antiviral resistance
mutations (Mendes-Correa et al., 2010; Singh et al., 2017). In
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this study, four triply-infected patients and one dually infected
case had high HBV viral load (>2,000 IU/mL) despite receiving
tenofovir combined with lamivudine or emtricitabine. This
finding suggests that in some HBV/HIV co-infected patients,
virological failure may be caused by the presence of mixtures
of HBV genotypes. However, in this study, the frequency of
potential resistance mutations was not evaluated. Thus, further
research will be necessary to increase the number of mixed-
genotype cases and evaluate the presence of antiviral resistance
mutations.

In addition to the risk of fibrosis, high viral loads, and the
emergence of resistance mutations, HBV genotype mixtures may
play a key role in the origin of new viral strains. This event
can occur when a cell is infected with different HBV genotypes
that exchange genetic information, resulting in a recombinant
genotype (Simmonds and Midgley, 2005). Whole-genome studies
have reported HBV recombinant genotype infection in China
(Liu et al, 2017), South Africa (Matlou et al, 2019), Japan
(Kojima et al, 2015), Argentina, and Brazil (Araujo et al,
2013), particularly in patients with HIV. Currently, a total of
24 phylogenetic recombinant forms are recognized (Simmonds
and Midgley, 2005). If recombination confers replicative and
spreading advantages, this new virus could fixate in a population
and follow its evolutionary path independent of its precursor
genotypes, giving rise to new HBV genotypes.

On the other hand, HBV genotypes found in mixtures
could accelerate the appearance of mutations (Lok et al., 2000).
This event could be due to antivirals that rapidly change
the intracellular environment and inhibit viral replication. In
response to this selective pressure, HBV genotypes accumulate
mutations in the reverse transcriptase domain of the polymerase
gene that allow them to change their protein structure and escape
antivirals (Locarnini and Yuen, 2010). These features suggest that
HBYV evolution can occur very quickly when natural selection is
robust. Under this approach, the presence of mixtures of HBV
genotypes would have biological importance, functioning as a
mechanism of HBV diversity.

CONCLUSION

In conclusion, a high frequency of advanced liver fibrosis was
detected in Mexican patients with HIV. Among the HBV/HIV
co-infected, we confirmed the presence of a mixture of HBV
genotypes. This infection type was associated with significant
liver fibrosis and high viral load levels, especially when three HBV
genotypes were detected.
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Hepatitis E virus (HEV) genotypes 3 and 4 are the major causes of acute hepatitis
in industrialized countries. Genotype 3 is mainly found in Europe and America, while
genotype 4 is predominant in Asia. Several Japanese studies have suggested that
genotype 4 is more virulent than genotype 3. We investigated this aspect by analyzing
the clinical and biological data for 27 French and Belgian immunocompetent patients
infected with HEV genotype 4. Their infections were probably acquired locally, since
none of these patients reported traveling outside France or Belgium during the 2-
8 weeks before symptoms onset. Each patient was matched for age (+5 years) and
gender with two patients infected with HEV genotype 3. Bivariate analysis indicated that
the HEV genotype 4-infected patients had significantly higher alanine aminotransferase
(ALT) (2067 1U/L) and aspartate aminotransferase (AST) (1581 |U/L) activities and total
bilirubin concentrations (92.4 wmol/L) than did those infected with HEV genotype 3
(1566 IU/L, p = 0.016; 657 IU/L, p = 0.003 and 47 wmol/L, p = 0.046) at diagnosis. In
contrast, more patients infected with HEV genotype 3 reported dark urine (71% vs. 39%,
p = 0.02) and experienced asthenia (89% vs. 58%, p < 0.01) than did those infected
with HEV genotype 4. Two HEV genotype 4-infected patients died of multi-organ failure,
while none of the genotype 3-infected patients died (p = 0.035). Finally, stepwise
regression analysis retained only a greater increase in ALT (odds-ratio: 1.0005, 95%
confidence interval: 1.00012-1.00084) and less frequent fever (odds-ratio = 0.1244;
95% confidence interval: 0.01887-0.82020) for patients infected with HEV genotype 4.
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Micas et al. HEV-4 Severity in Europe
We conclude that HEV-4 infections are likely to be associated with higher ALT activity
than HEV-3 infections. Additional immunological and virological studies are required
to confirm these findings and better understand the influence, if any, of genotype on
HEV pathophysiology.

Keywords: hepatitis E virus, genotype 4, pathogenicity, immunocompetent, Europe, acute hepatitis

INTRODUCTION

Hepatitis E is the main cause of viral hepatitis worldwide. The 20
million cases that occur each year include more than 3 million
symptomatic cases and 60,000 fatalities (Kamar et al., 2017). The
virus is responsible for disease in both developing countries with
suboptimal sanitary conditions and in industrialized countries
where its transmission is mainly zoonotic (Kamar et al., 2017).
The eight hepatitis E virus (HEV) genotypes (HEV-1 to HEV-8)
that infect mammals include four major ones (HEV-1-4) each
with distinct characteristics (Kamar et al., 2017). Smith et al.
recently proposed reference sequences for HEV subtypes (HEV-
1 to HEV-7), including six subtypes (la-1f) in HEV-1, two (2a
and 2b) in HEV-2, eleven (3a-3j and 3ra) in HEV-3 and nine
(4a-4i) in HEV-4 (Smith et al., 2020). HEV-1 and HEV-2 infect
only humans, mainly in resource-limited areas. HEV-3 and HEV-
4 include zoonotic strains that infect both animals and humans
(Doceul et al., 2016; Kamar et al., 2017).

The major transmission routes in industrialized countries
are zoonotic. Eating contaminated food like undercooked
pork products or game meat is probably the major mode of
transmission (Kamar et al., 2017). Veterinarians and farmers
working with pigs are more likely to have anti-HEV antibodies
due to exposure to infected animals than are blood donors (Meng
et al., 2002; Christensen et al., 2008). However, a contaminated
environment could be another transmission route as the HEV
genome and infectious virus have been found in sewage water and
rivers (Clemente-Casares et al., 2003; Rutjes et al., 2009). Lastly,
HEV has also been transmitted via blood and organ donations
(Kamar et al., 2017).

HEV is a major cause of human disease in European Union
countries. For the European Food Safety Authority, between
2007 and 2017 more than 21,000 HEV acute clinical cases with
28 fatalities were notified in European Union (Efsa Panel on
Biological Hazards (Biohaz) et al., 2017). HEV-3 is the prevalent
genotype and subtypes 3f and 3c the main infectious agents in
the EU (Efsa Panel on Biological Hazards (Biohaz) et al., 2017;
Izopet et al., 2019), while HEV genotype 4 is predominant in
Asia, particularly China and Japan (Doceul et al., 2016; Kamar
et al., 2017; Primadharsini et al., 2019). Several autochthonous
cases of HEV-4 have been reported in Europe, in both humans
(Wichmann et al., 2008; Colson et al., 2012a,b; Tesse et al., 2012;
Garbuglia et al., 2013; Jeblaoui et al., 2013; Bouamra et al., 2014;
Midgley et al.,, 2014) and pigs (Hakze-van der Honing et al.,
2011), over the past 10 years or so. The first HEV-4 reports
came from a single autochthonous case in Germany (HEV-4f)
and from surveys of swine in Belgium (HEV-4b) (Wichmann

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
HEYV, hepatitis E virus; IFN- A3, interferon lambda 3; RNA, ribonucleic acid.

et al., 2008; Hakze-van der Honing et al., 2011). In 2011, an
outbreak in Italy affecting five people living in the same area with
no history of traveling to areas where HEV-4 is endemic was
identified as due to HEV-4d, a strain that is similar to Chinese
swine isolates (Garbuglia et al., 2013). The authors suggest that
autochthonous HEV-4 infections are emerging in Europe and
have been transmitted by at least two distinct sources.

Hepatitis E produces a benign infection in most
immunocompetent people. Classic forms can have a wide
range of symptoms, including fever, nausea, anorexia, asthenia,
vomiting, abdominal pain, and icterus (Kamar et al., 2017).
Liver function tests are often abnormal, with signs of hepatic
cytolysis (increased transaminases), cholestasis, and sometimes
even liver failure. However, severe acute or fulminant hepatitis
is rare, usually occurring in patients with underlying chronic
liver disease and pregnant women with an HEV-1 or HEV-2
infection (Wu et al., 2020). The virus can also produce extra-
hepatic symptoms like neurological disorders, renal failure,
pancreatitis, and hematological disorders (Kamar et al., 2017).
The biological and clinical manifestations are usually less
severe in immunocompromised patients, but in few cases
HEV infection can become chronic and lead to cirrhosis
(Kamar et al., 2017).

A few Japanese studies (Mizuo et al., 2005; Ohnishi et al., 20065
Murata et al., 2019) and a single European one (Jeblaoui et al.,
2013) have investigated the differences in the pathogenicities
of genotypes 4 and 3. Some studies conducted in Japan
demonstrated higher peak aminotransferase activities (Mizuo
et al., 2005; Ohnishi et al., 2006; Murata et al., 2019), shorter
prothrombin times (Mizuo et al., 2005; Ohnishi et al., 2006;
Murata et al., 2019) and higher total bilirubin concentrations
(Mizuo et al., 2005; Murata et al., 2019) in HEV-4 infected
patients. A study conducted in France reported higher ALT
activities and more icterus among HEV-4 infected patients
(Jeblaoui et al., 2013). However, all the above-mentioned studies
compared only a limited number of HEV-3/HEV-4 infected
patients. This study assesses the differences in the severity of
disease caused by HEV-3 and HEV-4 infections by analyzing the
clinical and biological data for two groups of immunocompetent
patients diagnosed with acute hepatitis E in France and Belgium.

MATERIALS AND METHODS

Patients

Plasma samples and data from HEV IgM positive patients
from French or Belgian hospitals or laboratories were
sent to our reference centeres for HEV RNA detection
and genotyping. We included all the immunocompetent
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HEV-4-infected patients reported to the Belgian and French
reference centeres between January 2017 and August 2019.
We collected the biological, virological and clinical data
for these 27 patients, 3 Belgian and 24 French, none of
whom had travelled outside France or Belgium during the
2-8 weeks before symptoms onset. Immunocompromised
patients were excluded.

Each HEV-4-infected patient was matched for age (&5 years)
and gender with 2 HEV-3-infected patients selected randomly
from the HEV-3 immunocompetent cases reported to the
French national center. We collected the clinical symptoms
(asthenia, anorexia, fever—defined as a temperature >38°C,
abdominal pain, nausea, vomiting, icterus, dark urine, discolored
stools, itching) for all the patients by telephone or from their
medical reports. We recorded both extrahepatic manifestations
(renal failure, pancytopenia, pancreatitis) and neurological
manifestations (neuralgic amyotrophy, neuropathic pain,
facial paralysis). Hepatic encephalopathy was not classified
as a neurological manifestation per se as it is linked to
hepatic failure. We recorded several biological parameters,
including plasma virus load, transaminase activities [alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST)], prothrombin time and total bilirubin) at the time of
diagnosis. We also looked for evidence of existing underlying
liver disease (cirrhosis or steatosis). Lastly, we recorded the
outcome of the hepatitis E infection: hospitalization or the
patient’s death.

Virological Methods

The frozen plasma samples collected at the Belgian and French
reference centers from suspected HEV infected patients were
analyzed in Toulouse or Brussels. HEV RNA was extracted
from 500 pl plasma using the MagnaPure 96 instrument
(France, elution volume 50 pl), or from 140 pl plasma with
the EasyMag instrument (Brussels, elution volume 60 l).
The HEV RNA concentration in 25 pl aliquots of extract
was measured using the RealStar HEV RNA 2.0 kit from
Altona (Abravanel et al., 2013). The HEV genotype and
subtype were determined by population sequencing of open
reading frame 2 (ORF2) (Legrand-Abravanel et al, 2009;
Suin et al, 2019) and by phylogenetic analysis based on
the reference sequences proposed by Smith et al. (2020).
A 345 nt fragment of ORF2 (nucleotides 5,994-6,294 of the
M73218 genome) was amplified with a hemi-nested PCR
protocol (Legrand-Abravanel et al., 2009; Suin et al., 2019). For
phylogenetic analysis, nested RT-PCR was performed, targeting
the ORF2 region (structural proteins), using primers HEV5944S
(5'-GTGGCYGAGGAGGAGGCKAC-3") and HEV-6484AS (5'-
CCCTTRTCCTGCTGNGCATTCTCGACAGA-3') in the first
round and HEV-5930S (5-CCCTTRTCCTGCTGNGCATTCT
CGACAGA-3') and HEV-6320AS (5-TGYTGGTTRTCAT
AATCCTG-3') in the second round. The PCR products of
these amplifications were purified and sequenced using the
fluorescent dye terminator method for Big DyeTerminator
cycle sequencing (Applied Biosystems, Paris, France) with the
same primers as those used for amplification on an Applied
Biosystems ABI 3130 XL analyzer. The nucleotide alignments

were performed using ClustalX v2.0'. The tree was constructed
using the MEGA v5.0 software’ with the neighbor-joining
method. Reference sequences of avian HEV were included as
an outgroup to root the tree. The final tree was prepared using
the bootstrap method (bootstrapped with 1,000 replicates). The
sequences have been submitted to Genbank (accession numbers:
MW655496 to MW 655522).

Statistical Analysis

The anonymized data were analyzed using Stata version
14 (StataCorp LP, College Station, TX, United States). The
x>-test was used for categorical variables and the Mann-
Whitney U-test or Wilcoxon rank-sum test were used to
compare continuous variables. A P-value of < 0.05 was
considered to be statistically significant. We used stepwise
logistic regression analysis to identify variables independently
associated with HEV-4 infections. The model takes into
account all the % or Mann-Whitney test parameters with
p-values of < 0.20.

RESULTS

All 27 immunocompetent HEV-4-infected patients were infected
with subtype 4b (Figure 1). They were matched with 42 patients
infected with HEV-3f, 9 with HEV-3c, and 3 with HEV-3l.

The median age of the 27 HEV-4-infected patients and
54 HEV-3-infected patients was 60 years (range 31-84 years).
Their median ALT and AST activities were 1,652 (range 37-
8,900 IU/L) and 1022 IU/L (range 22-11,401 IU/L); their
total median bilirubin, prothrombin, and HEV RNA plasma
concentrations were 68.9 pmol/L (range 3.8-446 pmol/L), 91%
(range 19-100%) and 636 000 UI/mL (range 1,110-146.000.000
UI/mL), respectively.

More HEV-3-infected subjects appeared to suffer from
asthenia than did those infected with genotype 4 (p = 0.002)
and more of them also reported dark urine than did the HEV-
4 patients (p = 0.017). There were no other significant differences
in the clinical manifestations of the two groups; particularly no
difference in their neurological manifestations or other extra-
hepatic disorders. Two HEV-4 patients with underlying cirrhosis
died of multi-organ failure, while none of the genotype 3 patients
died (p = 0.035).

Bivariate analysis found that the HEV-4 patients had
significantly higher ALT (2,067 IU/L) and AST (1,581 IU/L)
activities and total bilirubin (92.4 wmol/L) concentrations than
did the HEV-3 patients (ALT: 1,566 IU/L; p = 0.016; AST: 657
IU/L; p = 0.003; bilirubin: 47 wmol/L; p = 0.046) at diagnosis
(Table 1). We found no genotype-dependent differences in
existing chronic disease, prothrombin time, or virus load.

Stepwise logistic regression indicated that genotype 4
infections were associated with higher ALT concentrations
(OR = 1.0005; p = 0.01) and fewer fevers (OR = 0.1244; p = 0.03)
than were HEV-3 infections (Table 1).

Thttp://www.clustal.org/download/current/
Zhttp://www.megasoftware.net/
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FIGURE 1 | Phylogenetic tree constructed using 345-nt-long partial sequences within ORF2. Genetic distances were calculated using the Kimura two-parameter
method, phylogenetic trees were plotted by the neighbor-joining method. Bootstrap values acquired after 1,000 replications are shown (branch lengths measured in
the number of substitutions per site). Patients’ sequences, with the accession number highlighted in gray, were compared to the reference sequences of subtypes 3
proposed by Smith et al. (2020). Accession numbers, genotype and subtypes of the reference sequences are in bold.
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DISCUSSION

France demonstrated, based on the logistic regression analysis,
that the HEV-4 infected patients had significant higher
ALT activities.

The evaluation of clinical and biological data of 27 cases
of HEV-4 infections matched for age and gender with
54 cases of HEV-3 infections detected in Belgium and

HEV-4 is predominant in Asia, but this genotype has also
been found in human populations in several European countries
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TABLE 1 | Patient characteristics according to HEV genotype.

HEV-4 infected HEV-3 infected P value Odds-ratio Standard error P>z 95% Confidence
patients N = 27 patients N = 54 interval

Gender

men 18 36 1.0

women 9 18

Median age in year 60 (12.5) 60 (13.1) 0.9

(standard deviation)

Existing chronic liver 5 (18.5%) 6(11.1%) 0.36

disease

Hospitalization 22 (81.5%) 38 (71.7%) 0.34

Asthenia 14 (58.3%) 47 (88.7%) 0.002

Anorexia 9 (37.5%) 30 (565.6%) 0.14

Fever> 38°C 5 (20.8%) 21 (38.9%) 0.12 0.1244 0.12 0.03 0.018-0.82

Nausea 6 (25%) 21 (38.9%) 0.23

Vomiting 4 (16.7%) 21 (38.9%) 0.05

Abdominal pain 13 (54.2%) 17 (31.5%) 0.06

Mucosal icterus 16 (66.7% 27 (50%) 0.17

Colored urine 7 (38.9%) 34 (70.8%) 0.02

Discolored stool 6 (37.5%) 22 (45.8%) 0.561

Pruritus 4 (16.7% 17 (31.5%) 0.17

Extrahepatic 4 (15.4%) 5(12.5%) 0.74

manifestations (except

neurological)

Neurological 2 (8.3%) 11 (20.4%) 0.19

manifestations (except

hepatic

encephalopathy)

Median Virus load 996 000 453 000 0.63

(U/mL)

Median ALT on entry 2067 1566 0.016 1.0005 0.0002 0.01 1.00012-1.00084

(UL

Median AST on entry 1581 657 0.003

(UL

Median total bilirubin (. 92.4 47 0.04

mol/L) on entry

(Wichmann et al., 2008; Colson et al., 2012a,b; Tesse et al.,
2012; Garbuglia et al,, 2013; Jeblaoui et al., 2013; Bouamra
et al., 2014; Midgley et al., 2014). Japanese studies suggest that
HEV-4 infections are associated with more severe hepatitis,
higher peak aminotransferase activities (Mizuo et al., 2005;
Ohnishi et al., 2006; Murata et al., 2019), shorter prothrombin
times (Mizuo et al., 2005; Ohnishi et al., 2006; Murata et al.,
2019) and higher total bilirubin concentrations (Mizuo et al,
2005; Murata et al, 2019). A previous European study also
found higher ALT activities and more icterus among HEV-
4 infected patients (Jeblaoui et al, 2013). However, these
studies of the two zoonotic genotypes often involved limited,
unbalanced patient groups. The Japanese studies included only
a few (< 11) HEV-3-infected patients (Mizuo et al, 2005;
Ohnishi et al., 2006; Murata et al., 2019), while the French
study compared 9 cases of HEV-4 with 208 cases of HEV-
3 (Jeblaoui et al, 2013). The results of our bivariate and
multivariate analyses agree with those of previous studies (Mizuo
et al., 2005; Ohnishi et al., 2006; Jeblaoui et al., 2013; Murata
et al, 2019): HEV-4 infections were associated with higher

ALT activities. These patients also suffered fewer episodes of
fever than did patients with HEV-3 infections; this clinical
manifestation was not investigated in previous Japanese and
French studies. Bivariate analysis also indicated that HEV-4
infected-patients had higher AST activities and greater total
bilirubin concentrations. Surprisingly, more of the HEV-3-
infected patients reported producing dark urine and suffered
from asthenia than did the HEV-4-infected patients. The
numbers of severe hepatitis cases (defined as a prothrombin
level < 50%) in the two groups were similar. However,
two deaths were recorded among HEV-4 infected patients
while none among HEV-3 infected patients. This observation,
although statistically significant, was not confirmed by the
multivariate analysis, probably because of the small number of
deaths recorded. It is always possible that the deaths of our
genotype-4-infected patients were linked to other comorbidities
that were not recorded by our questionnaire. In this regard,
no difference in the mortality rate was reported in a study
performing a systematic review and pooled analysis of acute
liver failure caused by HEV-3 and HEV-4 (Haffar et al.,, 2018).
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Further studies are needed to determine whether genotype
can influence the mortality rate in HEV infected patients in
industrialized countries.

We previously reported that different HEV-3 subtypes could
influence the clinical and biological features of an HEV
infection (Subissi et al., 2019; Abravanel et al., 2020). In this
study, immunocompetent patients infected with HEV subtype
3f suffered more from fever, had higher virus loads and
required hospitalization than did those with subtype 3¢ infections
(Abravanel et al., 2020). All the genotype 4-infected patients in
the present study were infected with subtype 4b. Therefore, the
influence of the HEV-4 subtype was not investigated.

Interestingly, we found that HEV-3-infected patients were
more likely to have a fever than HEV-4 infected patients.
This observation, although possibly influenced by many other
factors, might be due to genotype-linked differences in the innate
and inflammatory responses. Indeed, several studies reported
HEV genotype-dependent stimulation of immune mediators
(Syedbasha and Egli, 2017; Gouilly et al., 2018; Murata et al,,
2019), possibly leading to differences in pathogenicity.

The main limitations of our study concern data that were
not collected, such as the influence of patient comorbidities.
The severity of an infection could be altered by conditions like
obesity or diabetes and we were unable to assess the histological
severity of the liver disease, as liver biopsies were not taken.
Another limitation is a lack of information on the possible
sources of infection.

CONCLUSION

We conclude that HEV-4 infections are likely to be associated
with higher ALT activity than HEV-3 infections. Additional
immunological and virological studies are now required to fully
describe the pathophysiology of the main HEV genotypes.
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Recent interest in the origins and subsequent evolution of the hepatitis B virus (HBV) has
strengthened with the discovery of ancient HBV sequences in fossilized remains of humans
dating back to the Neolithic period around 7,000 years ago. Metagenomic analysis
identified a number of African non-human primate HBV sequences in the oldest samples
collected, indicating that human HBV may have at some stage, evolved in Africa following
zoonotic transmissions from higher primates. Ancestral genotype A and D isolates were
also discovered from the Bronze Age, not in Africa but rather Eurasia, implying a more
complex evolutionary and migratory history for HBV than previously recognized. Most
full-length ancient HBV sequences exhibited features of inter genotypic recombination,
confirming the importance of recombination and the mutation rate of the error-prone viral
replicase as drivers for successful HBV evolution. A model for the origin and evolution of
HBV is proposed, which includes multiple cross-species transmissions and favors
subsequent recombination events that result in a pathogen and can successfully transmit
and cause persistent infection in the primate host.

Keywords: hepatitis B virus, genotype, evolution, human migration, ancient DNA

INTRODUCTION

Infection of the human host with the hepatitis B virus (HBV) can result in a diverse spectrum
of clinical outcomes ranging from asymptomatic hepatitis through to cirrhotic liver disease
and hepatocellular carcinoma (HCC). Hepatitis B remains a major public health challenge
with over 257 million people worldwide presently chronically infected, of whom more than
880,000 persons will die directly each year (World Health Organisation, 2017). Chronic hepatitis
B causes almost 40% of cases of HCC and is the second leading cause of cancer-related
mortality globally (Stanaway et al., 2016). Long-term outcomes of chronic hepatitis B can vary
widely but viral biomarkers, such as HBV genotype and signature mutation profiles in the
HBV genome, and serological biomarkers, such as viral load and quantitative levels of Hepatitis
B surface antigen (HBsAg) and Hepatitis B e antigen (HBeAg), can predict eventual clinical
outcomes (Chen et al, 2007; Yuen et al., 2008; Kramvis, 2014). In terms of host factors,
progression to chronic infection is inversely related to age at the time of infection (McMahon
et al., 1985; Hyams, 1995), but the final outcome for the exposed individual is dependent on
the interaction between host and virus. The more important viral factors include viral genetic
variation, viral genotype, and HBeAg status.

In this article, the authors review current theories for the origins of the primate hepadnaviruses
putting them in the context of several recent discoveries including advances in recovering
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HBV DNA sequences from ancient human skeletal and
mummified remains (Kahila Bar-Gal et al., 2012; Krause-Kyora
et al, 2018; Muhlemann et al., 2018; Patterson Ross et al.,
2018) as well as evolutionary processes considered to be involved
in the emergence of the major modern HBV genotypes. Finally,
we propose a model of HBV origins and diversity drawing
on the importance of cross-species transmission and subsequent
recombination events not only for the recently discovered
ancient HBV (aHBV) strains but also the more contemporary
isolates of the virus.

THE FAMILY HEPADNAVIRUSES

General Considerations

Human HBV is the prototype member of the family
Hepadnaviridae, which presently includes five genera: the
Orthohepadnavirus  genus that infects mammals, the
Avihepadnavirus genus that infects birds, the Parahepadnavirus
and Metahepadnavirus genera, which infect teleost fish, and
the Herpetohepadnavirus genus whose members infect reptiles
and frogs (Magnius et al., 2020). All members have similar
ultra-structural and molecular genomic features including virion
size and morphology, and an enveloped nucleocapsid, which
contains a relaxed circular double-stranded DNA genome of
3.0-3.4 kb. This DNA genome is replicated via a process of
reverse transcription of the key intermediate pregenomic RNA
in hepatocytes (Summers and Mason, 1982; Tiollais et al,
1985). Another important feature of hepadnaviral replication
is the organization of the DNA into a minichromosome in
the nucleus of infected hepatocytes (Bock et al., 1994; Newbold
etal., 1995). The HBV genome is organized into four overlapping,
but frame-shifted open reading frames (Figure 1). Hepadnaviruses
infecting other hosts have recently been identified including
bats frogs, lizards, fish, and the capuchin monkey (MacDonald
et al., 2000; Drexler et al., 2013; Lauber et al., 2017; de Carvalho
Dominguez Souza et al, 2018). The phylogenetic relatedness
and relationships within the Hepadnaviridae are shown in
Figure 2, with the emphasis of this review on the primate
hepadnaviruses, human and non-human.

Mutation Rate of the Hepadnavirus
Genome

Varying interpretations of phylogenetic data have led to
uncertainty about the evolutionary history of HBV in humans
and non-human primates (NHP; Fares and Holmes, 2002;
Starkman et al., 2003) including variable estimates of mutational
rates. To some extent, this has been attributed to the anatomy
of the HBV genome with overlapping reading frames and the
underlying RNA structures embedded within the genome (e.g.,
epsilon), influencing the evolution of particular regions
(Mizokami et al., 1997; Simmonds and Smith, 1999). Estimates
obtained for the substitution rate inferred by comparing mother-
to-baby transmission infections indicated lower substitution
rates in the HBeAg-positive phase (anti-HBe-negative) than
the HBeAg-negative phase (Hannoun et al, 2000;
Harrison et al, 2011) by around one order of magnitude.

in

This variance in substitution rates between HBeAg-positive
and HBeAg-negative chronic hepatitis B was confirmed by
Tedder et al. (2013). The “red queen” hypothesis proposed by
these investigators shows that many of the mutations observed
in HBV genomes do not generate variability but are reversions
back to the genotype consensus (Tedder et al, 2013). The
authors concluded that HBV probably behaves as a self-
normalizing meme in vivo and most of the mutations do not
lead to significant changes over time in persistent infection.

Complementing the “red queen hypothesis”, there is increasing
evidence that short-time scale studies can artificially inflate
evolutionary rates (Li et al., 2017) and the viral genetic diversity
rate may decrease over longer time scales; this is referred to
as the time-dependent rate phenomenon (Ho et al., 2011;
Aiewsakun and Katzourakis, 2016). This reduction rate was
found to be consistent with a power-law relationship between
substitution rate and observational period (Aiewsakun and
Katzourakis, 2017), and all recently identified aHBV fitted
remarkably well within this relationship (Simmonds et al., 2019).

Primate Hepadnaviruses: Modern
Genotypes and Subgenotypes

The primate hepadnaviruses are indigenous to their hosts
(Norder et al., 1996; Lanford et al., 1998; Warren et al., 1999;
Grethe et al., 2000; Robertson and Margolis, 2002; Sall et al., 2005),
and the phylogenetic analysis of full-length genomes from the
different primate HBVs, both human and non-human, reveals

PreS
o /

()

DR1 DR2

FIGURE 1 | Schematic representation of the HBV genome. The inner circles
represent the partial double-stranded DNA molecule and location of the direct
repeat (DR) sequences, while the solid gray arrows illustrate the four open
reading frames in the HBV genome: polymerase (P), precore (preC), core (C),
hepatitis b X protein (X), and envelope (preS1, preS2, and S).
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FIGURE 2 | Phylogenetic tree of Hepadnaviridae. Phylogenetic analysis of representative hepadnavirus full-length genome sequences from each of the host
species known to harbor hepatitis viruses including the HBV genotypes from humans. In general, all HBVs from the same host species cluster together with
strong bootstrap support (>80%; with the exception of WSHBYV, an enveloped HBV from fish). Based on the available HBV genome sequences, the
enveloped and non-enveloped HBVs had distinct evolutionary histories following divergence from their most recent common ancestor (MRCA). The
enveloped HBVs are further divided into two major clusters, mammals and fish and amphibians, reptiles, and birds sharing another MRCA. Of these genome
sequences, 34 were sourced from GenBank and 14 were annotated sequences from the supplementary data files of Lauber et al. (2017), representing new
isolates. The maximum-likelihood (ML) phylogenetic tree was estimated using IQ-TREE v1.6.5 (Nguyen et al., 2015), which is packaged with ModelFinder
(Kalyaanamoorthy et al., 2017) and UFBoot (Hoang et al., 2018). Clade support was assessed using 1,000 pseudo replicates generated with the UFBoot
non-parametric bootstrap procedure. Branch lengths are scaled to the number of nucleotide substitutions per sequence site. (From (Revill et al., 2020);

modified, with permission from the author).
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that they essentially cluster according to the geographical
locations of host habitats, particularly for NHP HBV (Starkman
et al., 2003; Kramvis, 2014). For example, HBV from central
chimpanzees (Pan troglodytes) are genetically more related
to HBV collected from gorillas, with whom they share an
overlapping geographical range (the region south of the Sanga
River in Cameroon and west of the Oubangui River in
Congo, Zaire; Figure 3A; Hu et al, 2001), than to HBV
from other common chimpanzee subspecies in Africa
(Figure 3A). Likewise, HBV isolated from central, eastern
(Pan troglodytes schweinfurthii), and Nigerian-Cameroon (Pan
troglodytes ellioti and vellerosus) chimpanzees, with adjacent
habitats, formed sister clades. While HBV sequences from
western chimpanzee (Pan troglodytes verus, west of the Niger
River) formed the most distal clade of all African NHP
HBYV, and their habitat is the most distant from the other
common chimpanzees (Figure 3A). Surprisingly, no HBV
isolates have been identified from the bonobo (Pan paniscus)
chimpanzee. The same observations are seen with the Southeast
Asian NHP, where the orangutan HBV sequences cluster
more closely with those from Bornean gibbons (Hylobatidae
muelleri and Hylobatidae albibarbis) and Island Southeast

Asian gibbon (Hylobatidae agilis; Figure 3B). The other
gibbon species from mainland areas of Southeast Asia form
a separate group.

The phylogenetic relationships of the NHP HBV are reflected
in the nucleotide divergence data. The highest divergence is
found between the African and Asian NHP HBVs, which
diverge by 10-11% at the nucleotide level. Within the African
groups, the divergence between the various chimpanzee and
gorilla HBV species is 5-7%, while within the Asian species,
orangutan, and gibbon HBV species, the divergence is slightly
higher at 7-9%. The gibbon HBV sequences can be further
split into mainland species, where the divergence is 7-8%,
compared to the island species, where the divergence is slightly
higher at 8-9%. Using the accepted definition for human HBV
genotypes of >7.5% divergence, each of these NHP HBV species
is regarded as individual genotypes.

Phylogenetic analysis, including both human and NHP HBYV,
shows both groups form unique clades, separate but interspersed
(Figure 4; Locarnini et al., 2013). The nucleotide divergence
between human and Old World NHP HBVs range 10-15%,
but is substantially higher when compared to New World NHP
HBVs. The level of nucleotide divergence between HBV from
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FIGURE 3 | Maximum likelihood (ML) phylogenetic tree of full-length HBV genome sequences extracted from non-human primates (A) in Africa and (B) Southeast
Asia, and reference HBV subgenotype sequences obtained from GenBank. The natural habitat locations of the non-human primates are shown in the corresponding
maps, with same the color code used on the ML trees for the different host species. The trees were inferred using IQ-TREE v1.6.5 (Nguyen et al., 2015). The best-fit
models determined by ModelFinder (Kalyaanamoorthy et al., 2017) were GTR+F+R2 and GTR+F+R4, respectively. Clade support was assessed using 1,000
pseudo replicates generated with the UFBoot non-parametric bootstrap procedure (Hoang et al., 2018), and bootstrap values >70% are shown by a color scale on
the tree branches. The ML tree was annotated using iTOL v5.7 (Letunic and Bork, 2019). Branch lengths are scaled to the number of nucleotide substitutions per
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Woolly Monkey and Capuchin Monkey, when compared to
all other primate HBV sequences are 28% (Lanford et al., 1998)
and 20% (de Carvalho Dominguez Souza et al., 2018), respectively.
It is worth noting that NHP HBV has several distinctive
amino acid replacement features compared to a consensus
sequence derived from each of the human genotypes (Robertson
and Margolis, 2002), and some of these features were also
detected in the NHP-like aHBV (Table 1). The NHP HBV
distinctive amino acid replacement features include:

1. Pre-S region: a glutamic acid (E) at position 16 in chimpanzee,
gorilla, and gibbon isolates.

2. S-region: three amino acid changes (L133, I/L/Y134, and
A177) in the chimpanzee, gorilla, and gibbon HBV isolates.

3. Core antigen: the typical precore stop codon at position 28
(associated with HBeAg negativity) has a leucine (L) at this

position in contrast to tryptophan (W) in all the human isolates.
Likewise, in the core region itself, glutamine (Q) at position
113 of the chimpanzee and gorilla HBVs replaces a leucine
(L) in human HBV. In addition, Takahashi et al. (2000)
highlighted a proline (P) alanine (A) motif within five amino
acids from the termination of the core protein (C-terminal)
found in all NHP HBV sequences as well as human genotypes
E and F/H and genotype G (Stuyver et al., 2000).

. Pol region: an 11 amino acid deletion in the pol gene and

the N-terminal portion of the Pre-S1, which is shared with
the human genotype D strains.

. X-gene: three amino acid changes (T11, K107, and T110) in

chimpanzees and two (K107 and T110) found in gorilla sequences.

Interestingly, the Pre-S1 deletion, the precore amino acid

at position 28, the core amino acid position at L113Q, and
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FIGURE 4 | Maximum likelihood (ML) phylogenetic tree of full-length HBV genome sequences (@HBV has shown in bold red font) extracted from human and non-
human primate hosts, and reference HBV subgenotype sequences obtained from GenBank. For aHBV, the number after ID represents the approximate age of the
source fossil samples. The tree was inferred using IQ-TREE v1.6.5 (Nguyen et al., 2015), which is packaged with ModelFinder (Kalyaanamoorthy et al., 2017) and
UFBoot (Hoang et al., 2018). The best-fit model determined by ModelFinder was GTR+F+R5. Clade support was assessed using 1,000 pseudo replicates
generated with the UFBoot non-parametric bootstrap procedure, and bootstrap values >70% are shown by a color scale on the tree branches. The ML tree was
annotated using iTOL v5.7 (Letunic and Bork, 2019). Branch lengths are scaled to the number of nucleotide substitutions per sequence site.
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the “PA” motif at the 3' end of core are also identified as
“finger-print” differences in the NHP aHBV. The distinctive
amino acid motifs in the S-region and core antigen in NHP
compared to human sequences may be a result of species-
specific responses to host immune pressure; both the surface
and core antigens are highly immunogenic. These motifs could
also be potentially a result of convergent evolution as they
appear in both the African and Asian NHP HBV lineages,
which are separated by human HBV genotypes. The modification
at precore position 28 could be associated with a lack of disease
in NHP, as a mutation at this position results in complete
abrogation of expression of the HBeAg. The HBeAg negative
phase in human genotypes is associated with liver disease
progression, which does not generally occur in primate HBV

infection and so these substitutions could be acting as
compensatory changes [see section The Extinct Neolithic
Genotype (5-7 kya) and Table 1]. Finally, the 11 amino acid
deletion in the Pre-S1 gene and overlapping polymerase region
could possibly have some effect on species-specific viral entry,
as this is adjacent to the essential NTCP binding element on
the viral surface gene.

Human HBV is currently grouped into nine genotypes (designated
A-I) and one putative genotype J, based on a full genome diversity
of more than 7.5% at the nucleotide (nt) level (Okamoto et al.,
1988; Norder et al.,, 1994; Tran et al., 2008; Tatematsu et al.,, 2009;
Kramvis, 2014), and the phylogenetic analyses of aligned full genome
sequences are shown in Figure 4 (Miyakawa and Mizokami, 2003;
Norder et al, 2004; Olinger et al, 2008). HBV genotypes are
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TABLE 1 | Key distinctive amino acid replacement features in non-human primate HBV sequences of aHBV compared to sequences derived from human genotypes.

Host species or

Approximate

Precore amino Precore amino Core amino

Ancient isolate Arc!‘leologlcal sample age  Genotype PreS1 deletion acid position acid position 2 acid position “PA” motif at 3'
Period (Pol overlap) end of Core
ID (years) 28 113
) . Q- o RESQC" except
Human HBV Modern - A-J OnlyinGenoD W/ Mostly “L Geno E, F/H, G
Q “Q” in African
NHP* HBV Modern - NHP Present Mostly L “L”in Southeast PASQC"
Asian
Korean Mummy  Early modern 330 c2 Undetermined W Q Undetermined
Italian Mummy Early modern 439 D3 Present W Q RESQC*
DA29 Medieval 822 D3 Present W Q- L RESQC*
Petersberg Medieval 935 D4 Undetermined W Q L RESQC*
DA222 Medieval 1,167 D3 Present W Q L RESQC*
DA119 Medieval 1,567 A Absent wW Q L RESQC*
DA27 Iron 1,610 D5 Present W Q L RESQC*
DA45 Iron 2,120 B1 Absent W Q L RESQC*
DA51 Iron 2,297 D Present W Q L RESQC*
DA195 Bronze 2,645 A Absent W Q L RESQC*
RISE386 Bronze 4,188 A (ancient) Absent W Q L RESQC*
RISE387 Bronze 4,282 A (ancient) Absent W/* ’ L PASQC*
RISE154 Bronze 3,851 NHP (extinct) Undetermined L Q Q PASQC*
RISE254 Bronze 4,009 NHP (extinct) Present L Q Q PASQC*
RISE563 Bronze 4,488 NHP (extinct) Present L : Q PASQC*
Sorsum Neolithic 5,238 NHP (extinct) Undetermined L Q Q PASQC*
Karsdorf Neolithic 7,025 NHP (extinct) Undetermined L ! Q PASQC”

*indlicates stop codon.

geographically distributed across the globe (Figure 5). Generally,
Generally, HBV genotypes are associated with distinct clinical
outcomes ranging from mild hepatic disease (subgenotypes
B1 and B5) to rapid progression to liver failure and malignancy
(genotypes F and C). Also affected by genotype are HBeAg
seroconversion rates and the emergence of mutation profiles
in the basal core promoter and precore regions of the viral
genome associated with HBeAg loss (Rodriguez-Frias et al,
1995; Chu et al., 2003; Liaw and Chu, 2009).

Phylogenetic analyses have shown that most of the genotypes
have sufficient diversity to be categorized into subgenotypes
differing by at least 4% (Kramvis and Kew, 2005) of their
full genome sequence. Genotypes E, G, and the putative ]
are not subdivided into subgenotypes and this might reflect
idiosyncratic or uniquely different epidemiological patterns
such as a more recent origin or re-introduction following
a relatively recent extinction or loss. The distribution of
HBV subgenotypes is also generally geographical (Figure 5).
For example, subgenotype Al is found mainly in Africa,
Asia, and Latin America with dispersal outside Africa suggested
to have occurred as a result of the slave trade (Kramvis
and Paraskevis, 2013), while A2 is in Europe and North
America (Sugauchi et al, 2004); Bl is found in Japan,
especially in the south, while B2, a recombinant with genotype
C in the precore-core region, is found in the rest of Asia
(Sugauchi et al., 2004); C1 is the dominant strain in South
and Southeast Asia, while C2 is found mainly in North
Asia especially Korea (Huy et al., 2004; Chan et al., 2005).
Subgenotype C4 is found exclusively in Australian Indigenous
persons and its envelope protein is possibly regarded as the
original “Australia Antigen” (Littlejohn et al., 2014), while

C3 is found only in Melanesian populations of the South Pacific.
Subgenotypes C3 and C4 most probably diverged from
ancestors of subgenotypes C1 and C2 prior to being carried
south and east to Melanesia and Australia (Yuen et al., 2019).
Subgenotypes D1-D4 are widely distributed globally (Kimbi
et al, 2004; Banerjee et al, 2006), with D3 common in
Europe and the Mediterranean region while D4 is the dominant
subgenotype in Polynesia and Micronesia (Jackson et al.,
2020), and also found in India and the Arctic Denes
(Banerjee et al., 2006; Osiowy et al., 2011).

ANCIENT HBV ISOLATES

Over the last decade, technological advances have allowed
larger-scale analysis of next-generation sequencing data (Qin
et al, 2010) including multiple studies utilizing fossilized and
mummified tissue and skeletal remains for metagenomics
composition. This has provided deeper insights into the
identification of diseases from which that particular individual
suffered (Cho and Blaser, 2012; Lynch and Pedersen, 2016).
Although the analysis can be limited by variations in sample
preservation as well as the presence of environmental
contamination, studies have obtained well-preserved microbial,
viral, and human DNA especially from the dental calculus
(Preus et al, 2011; Warinner et al., 2014; Ozga et al, 2016).
This has enabled the simultaneous study of pathogen and host.
Mummified remains have also presented an opportunity to
detect specific pathogens and perform human and microbial
genome reconstruction, when combined with genome-wide
DNA capture approaches (Bos et al, 2011) such as the
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FIGURE 5 | Global distribution of HBV. The map shows the predominant genotype and subgenotypes that have been identified in different countries around the world.

identification of an ancient Helicobacter pylori genome from
the 5,000-year-old Tyrolean Iceman (Maixner et al., 2016).

For aHBYV, the oldest reconstructed genomes have been dated
to the Neolithic, 5,000-7,000 years ago (kya; Krause-Kyora et al.,
2018) and the Bronze Age 3-4 kya (Muhlemann et al, 2018)
using dental and skeletal remains. It is likely that these represent
exogenous HBV genomes rather than HBV integrated into the
human genome based on the fact that the samples were extracted
from teeth. aHBV has also been detected in two preserved
mummies, one from Korea and the other from Italy (Kahila
Bar-Gal et al,, 2012; Patterson Ross et al, 2018) dated from
around 400 years ago (ya). Phylogenetic reconstruction of HBV
isolated from these samples revealed that the oldest HBV genomes,
which were from the Neolithic period and appear extinct, are
most closely related to the HBV of African NHP (Table 1;
Krause-Kyora et al., 2018; Muhlemann et al,, 2018). The oldest
classifiable genotype was aHBV-A found in Russia dated around
4,200 years ago. For further comparisons, the aHBV from these
two studies as well as the isolates identified from the Italian
and Korean mummies can be grouped under the following time-
frame categories: (a) Extinct Neolithic Genotype, (b) Bronze Age
Genotype, (c) Medieval Genotype, and (d) Early Modern Genotype
(Table 1).

The Extinct Neolithic Genotype (5-7 Kya)

Two isolates were identified from fossils across a narrow
geographical range in Western Europe mainly in present-day
Germany at Karsdorf (7 kya) and Sorsum (5.2 kya). Although
the age of these two strains were estimated to be 2,000 years
apart, they showed a higher genomic similarity (6%) to each

other and African NHP HBV (<8%) than to any modern
human HBV (Figure 4; Krause-Kyora et al., 2018). The authors
identified some fragments of the two aHBV genomes showing
high similarity to human HBV genotypes E and G and proposed
that the aHBV from Karsdorf may have been a distant source
for the younger Sorsum virus. Given the genetic distances of
these aHBV were <8% from African NHP HBV they were
not classified as a novel genotype. Nonetheless, they could
be classified as an extinct subgenotype of HBV, given they
are no longer found circulating in humans. Both these sequences
displayed the sequence motifs detected in modern NHP. Although
the Karsdorf sequence has a leucine at precore position 28,
it also has the BCP mutations at 1762/1764 as well as a precore
stop codon (PC_Q*2), which would abrogate expression of
the viral HBeAg.

Bronze Age Genotype (Approx. 2-4 Kya)
Isolates RISE563 (Germany), RISE254 (Hungary), and RISE154
(Poland) identified from an independent study (Muhlemann
et al,, 2018) were also found to be genetically related to
the Neolithic aHBV discussed above and are closely related
to the African NHP HBV with the corresponding sequence
motifs although the RISE563 sequence has a stop codon in
the precore gene (PC_Q*2; Table 1; Figure 4). Given European
great apes have been extinct since the late Miocene (at
least 7 million years ago (mya); DeMiguel et al., 2014), the
presence of HBV most closely related to African NHP HBV
in these locations suggest at some stage in the evolutionary
history, a possible African origin for these extinct
aHBV genotypes.
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Phylogenetic testing of the Bronze Age isolates showed the
RISE386/387 samples, which were collected from Bulanovo
Russia, had clustered as basal partners within clade genotype A.
Interestingly, the RISE387 has some, but not all NHP sequence
motifs, while the RISE 386 has predominantly human HBV
sequence motifs (Table 1). Although the isolate RISE387 does
not consistently cluster with genotype A as shown by Datta
(2020), it is <8% genetically different from contemporary
genotype A isolates. This suggests the geographical origin of
genotype A may have been Central Asia, in agreement with
studies using contemporary sequences, which also concluded
a Middle East/Central Asia origin for genotype A (Kramvis
and Paraskevis, 2013; Paraskevis et al, 2013; Kostaki et al.,
2018). In this scenario, Muhlemann et al. proposed that the
ancestors of subgenotype Al and quasi-subgenotype A3 would
have been carried into Africa following migration from Eurasia
(Muhlemann et al., 2018). In addition, the oldest isolate of
genotype D (DA51) was identified from a 2,000-year-old Iron
Age fossil, and it was considered by these investigators as the
ancestral genotype D (Muhlemann et al, 2018). This aHBV
was collected from a fossil in Kyrgyzstan, Central Asia, and
has all human HBV sequence motifs. Also of interest from
this study was the identification of the isolate DA45 that was
classified as subgenotype B1 from Mongolia, East Asia, indicating
that this non-recombinant subgenotype may have originated
in other parts of East Asia before becoming the dominant
genotype B in Japan. This finding also indicates that the Asian
dominant strains like genotype B had already established their
geographical niche over 2 kya.

Medieval Genotype (Approx. 1 Kya)

Both the Krause-Kyora et al. (2018) and Muhlemann et al.
(2018) studies identified HBV genomes from fossil samples
dated around 1,000 years old. These included a HBV-D4 from
Petersburg, Russia, and two HBV-D3 from Kazakhstan in
Central Asia (DA29 and DA222). Of interest, the two isolates
that were over 1,000-year old clustered as basal taxons in the
subgenotype clades, while isolate DA29 (829-year old) clustered
among the contemporary HBV-D3.

Early Modern Genotypes

Ancient DNA studies have also provided new perspectives on
the more recent evolutionary history of HBV. HBV genomes
have been sequenced from a Korean child mummy radiocarbon
dated to 330-year BP (+70 years), translating to ca. 1,682
(1,612-1,752; Kahila Bar-Gal et al, 2012) and a 439-year BP
(260 years) Italian mummy from Naples, Italy around the same
time frame (Patterson Ross et al., 2018). Phylogenetic analysis
of the HBV DNA from the mummified Korean child positioned
it within the cluster of modern subgenotype C2 (Figure 4).
Likewise, the phylogenetic analysis of HBV sequence from the
Italian mummy (Figure 4) revealed that the HBV sequence
reads were of subgenotype D3. These phylogenetic results
suggest low long-term mutation rates, with genotypes diversifying
over many thousands of years (Paraskevis et al., 2013). This
finding highlights that the genomic structure of HBV has strong

selective constraints as described in section “The Family
Hepadnaviruses.” There was no evidence of recombination from
either the Korean mummy or Italian mummy HBV genome
sequences (Patterson Ross et al., 2018).

MIXED CO-INFECTIONS AND
RECOMBINATION

Mixed/Co-infection of HBV

The co-existence of different HBV genotypes, resulting from
multiple exposure and super-infection, can lead to exchange of
genetic material between two viral strains infecting the same
cell resulting in a recombination event (Fares and Holmes, 2002;
Hannoun et al, 2002). The actual mechanism by which inter-
genotype recombination occurs remains unknown but there are
multiple occasions throughout the HBV life cycle, where this
may occur (Newbold et al, 1995; Yang and Summers, 1995;
reviewed in Littlejohn et al., 2016).

Modern HBV Recombinants

Several HBV recombinants have been assigned their own
genotype or subgenotype and are endemic in certain geographic
regions. Interestingly, the majority of known HBV recombinants
involve HBV genotype C either as a major or minor parental
sequence (Figure 6). Most notable is the HBV subgenotypes
B2-B4, which are recombinants between isolates of HBV
genotypes B and C (Sugauchi et al., 2002). These contain the
precore and core genes of HBV genotype C and are found
throughout Asia (Figure 6; Sugauchi et al., 2002). As highlighted
above, the subgenotypes Bl and B5 are not recombinants and
are mainly confined to Japan and the circumpolar Arctic,
respectively, while HBV genotype I has been reported as a
triple recombinant containing elements from genotypes A, G,
and C and are predominantly found in Vietnam and Southern
China (Tran et al., 2008). Recognized HBV recombinants that
localize to specific geographical regions have also been described
including the various C/D-recombinants circulating in Tibet
(Cui et al., 2002; Wang et al., 2005; Zeng et al., 2005). Other
genotype C recombinants are shown in Figure 6.

The overlapping reading frames and viral regulatory elements
embedded within coding regions of HBV genomes give rise
to alternating regions of variable and conserved domains that
can be described as mosaic structures (Bowyer and Sim,
2000). The more variable of these domains have been associated
with recombination events rather than the result of point
mutation accumulation. Simmonds and Midgley (2005) have
also described the HBV genome as modular, representing a
blend of small segments from genomes of different human
and primate HBV strains. It is possible that genome mosaicism
is an important driving force in the evolutionary history of
HBV genotypes. Pathogenesis of chronic hepatitis combined
with host-virus interaction among different host populations
can result in the selection of different combinations of allelic
modules with different properties that would improve viral
fitness (Littlejohn et al., 2016).
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FIGURE 6 | Schematic representation of known HBV genotype C recombinants, showing the conserved regions of the major and minor components. Sequences
are color coded by genotype: genotype B (green), C (orange), D (blue), G (pink), J (red), and chimpanzee (purple). The space between the conserved regions is due
to uncertainty about the precise recombination breakpoints and is indicated in gray.

Simmonds and Midgley (2005) developed the TreeOrder
scan methodology to enable a large number of DNA sequences
to be simultaneously analyzed for potential recombination
events, on HBV genomes. Most (90%) of the recombinants
detected were either hybrids of genotypes B/C or A/D with
A and C showing a higher tendency for recombination than
other genotypes. These studies mapped up to eight breakpoint
hotspots in HBV genomes, where inter-genotype recombination
tend to occur. A comprehensive review on global HBV inter-
genotypic recombinants has been published, drawing on over
400 complete HBV sequences (Araujo, 2015), highlighting some
of the challenges in studying and developing models for the
origins of HBV. Inter-species recombination events between
human and chimpanzee HBV have also been described. Studies
have characterized an HBV recombinant that was isolated from
a wild-caught chimpanzee (P t. schweinfurthii) in East Africa
(Vartanian et al, 2002; Figure 6). The segment of human
HBYV subgenotype C2 detected in the HBV polymerase genome
region of this isolate (FG, Figure 6) support the occurrence
of recombination among various primate HBV strains. Such
recombination events may have played an important role in
the current distribution of HBV genotypes and subgenotypes
following Homo sapiens exit from Africa and subsequent global
diaspora. It is interesting to note that Datta, (2020) observed
components of chimpanzees and subgenotype C2 HBV in aHBV
samples from the Bronze Age (RISE 386/387) that were distantly
related to the ancestral genotype A, from around 4 kya isolated
from Bulanovo, Russia.

Ancient HBV Recombinants

From the sequences of aHBV published by Krause-Kyora
et al. (2018) dating from the Neolithic period, a number
of recombination events were identified. Fragments of the
Karsdorf sequences showed high similarity to modern human

HBV genotypes G and E as well as NHP HBV sequences.
Part of the Sorsum HBV genome showed high similarity
to the human genotypes G, E, and B. Likewise, Muhlemann
et al. (2018) found strong evidence that aHBV sequence of
DA51 (ancestral D) and an unknown parent recombined
to form the ancient genotype A sequence. Their predicted
recombination break points corresponded closely to the
polymerase gene implying that the polymerase from an
unknown parent and the remainder of the genome from
an HBV DAS51 ancestor recombined to form ancestral genotype
A about 7.4-9 kya (ancestral A).

An independent analysis by Datta (2020) confirmed and
extended these findings and suggested a RISE563-like sequence
could have contributed to existing genotype I sequences, which
is composed of genotypes A, C, and G. Again, this analysis
suggested NHP-like HBV sequences were major contributors
to the Neolithic and early Bronze Age aHBV sequences with
minor contributions from HBV genotype D (subgenotype D6)
and E-like sequences. Furthermore, sequences similar to
genotype C (subgenotype C2) and gibbon HBV were detected
in Neolithic and Bronze Age aHBV isolates from Europe/
central Asia (Datta, 2020). Considering genotype I is a triple
recombinant of genotype A, C, and G, these findings may
not be that surprising after all.

The Australia Antigen and HBV-C4

Indigenous Australians have the oldest continuous living culture
outside of Africa with studies showing both Melanesian and
Australian Indigenous populations have ancient mitochondrial
DNA haplotypes (Merriwether et al., 2005). These two major
populations of Sahul are associated with infection with unique
HBV genotypes, HBV-C4 for Indigenous Australians and HBV-C3
for Indigenous Melanesians. Davies et al. (2013) reported that
HBYV isolated from Indigenous Australians who reside in the
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Northern Territory (NT) of Australia are exclusively infected
with HBV-C4 and this subgenotype has not been found in
any other population. HBV-C4 is a recombinant subgenotype
containing a genotype C backbone with a genotype ] surface
gene (Littlejohn et al,, 2014). Given genotype ] is most similar
to HBV isolated from SEA gibbons and orangutans (Tatematsu
et al., 2009) and these primates are only found west of the
Wallace Line (Wallace, 1876), the faunal boundary line that
separates the eco-zones of Asia and Australia. The presence
of the HBV-J surface gene in the HBV-C4 recombinant and
the exclusivity of HBV-C4 in Indigenous Australians from the
NT suggests the recombination event occurred during the
migration of anatomically modern humans (AMH) to Australia
approx. 50 kya (Yuen et al, 2019). The HBV-C3 in contrast
is not a recombinant virus, but is almost universally associated
with the Indigenous Melanesian population of Sahul and the
Solomon Islands.

PRIMATE ORIGINS, EVOLUTION, AND
MIGRATIONS

Given the origin of HBV in primates may be associated with
host evolution, it would be reasonable to propose that primate
origins, evolution, and migrations may have a role in the
evolutionary history of HBV. Nonetheless, further studies are
required to allow a definitive conclusion. It is worth noting
that co-evolution may be unlikely as the data in Figure 4
shows the relationships between human and NHP HBV do
not follow host phylogeny, thus not supporting a co-evolution
theory. A proposed timeline in primate and human evolution
based on fossil evidence is shown in Table 2.

Asian Primates Origins: Middle Eocene
It is generally held that stem anthropoids arose in Asia 45 mya
and that one or several anthropoid groups later migrated to

TABLE 2 | The fossil evidence proposes the following timeline in primate and
human evolution.

Timeline Primate and human evolution
Primates evolved in Asia and rapidly dispersed and colonized in
45 mya )
Africa 2©
35 Old World and New World monkeys split 9
20.4 Gibbons split ©
16.7 Orangutans split ©
8.8 Gorillas split from the human-bonobo-chimpanzee ancestor ©
6.4 Australopithices/Homo ancestors split from the bonobo-chimpanzee
' lineage ©
18 Homo erectus emerged from Africa and dispersed and colonized
' China (Peking Man) and Java (Java Man) f
>400 kya  Homo sapiens neaderthalensis emerged in the Levant ¢
>300 kya  Homo denisova detected in Siberia/Tibet Plateau "
>200 kya  Homo sapiens sapiens emerged in Africa '

aBeard et al. (1994); *Kay (2012); °Chaimanee et al. (2012); Godinot (2020);
eKumar and Hedges (2011); 'Zaim et al. (2011) and Zhu et al. (2018); 9Green et al. (2010);
"Reich et al. (2010); 'Bergstrom et al. (2021).

Africa in the late Eocene (Kay, 2012); there is no convincing
evidence for the existence of anthropoids in Africa before
38 mya. Specifically, Beard et al. (1994) discovered a fauna of
primates from the Eocene dated to around 45 mya from deposits
in Shanghuang, Jiangsu Province, China. These fossils included
the first Eocene Tarsier as well as fossils subsequently shown
to form the basal simians (anthropoids/higher primates), which
became known as the Eosimias. These findings established Asia
as the biogeographical origin for primate evolution and were
subsequently confirmed from fossil discoveries made in Myanmar
in 2012 with the identification of Afrasia djidjidas, a new form
of anthropoid primate that was at least 40 million years old
(Chaimanee et al., 2012). Interestingly, this fossil find resembled
another early anthropoid, Afrotaesius lybicus that had been
discovered in the Sahara Desert of Libya (Jaeger et al., 2010)
and dental examinations revealed Afrasia to be more primitive
than Afrotarsius, further establishing that early anthropoids
originated in Asia first and then quickly colonized Africa. The
movement into Africa by these early anthropoids was crucial
for subsequent primate and human evolution, with the subsequent
emergence of more advanced apes and hominoids there. This
ancient migration required the crossing of the Tethys Sea that
separated Africa from Eurasia in the late Middle Eocene (Jaeger
and Marivaux, 2005). The successful colonization of Africa by
Asian anthropoids across the Tethyan marine barrier was
possibly by island hopping, similar to that proposed for the
arrival of the ancestors of the New World monkeys into the
Americas (Table 2).

New World Monkeys

Two New World monkeys have been found to be infected
with their own hepadnaviruses; capuchin monkeys and woolly
monkeys. The woolly monkeys comprise the genus Lagothrix
with four species: Lagothrix lagotricha, L. cana, L. lugens, and
L. poeppigii. These animals are found throughout the northern
humid rainforests of South America in Bolivia, Colombia,
Ecuador, Venezuela, and Peru. The woolly monkey species
L. lagotricha was shown in 1998 to be infected with the woolly
monkey HBV (WMHBYV) found in captive woolly monkeys
housed in the Louisville KY zoo (Lanford et al, 1998).
Interestingly, six monkeys had been obtained from a zoo in
Scotland in 1985. Inoculation of WMHBYV into spider monkeys
and chimpanzees resulted in the detection of virus replication
in both animals and the development of anti-HBc positivity
in the spider monkeys. However, no evidence of raised liver
function tests (LFT) was obtained detectable hepatic disease.
More recently, Souza and colleagues (de Carvalho Dominguez
Souza et al.,, 2018) sampled multiple sites in Bahia State, Brazil
and identified a new HBV in the species Sapajus (family
Cebidae), the capuchin monkey (or the “organ grinder” monkey).
Maximum likelihood phylogenetic analysis of full-length primate
HBV genomes revealed that the capuchin monkey HBV
(CMHBV) and WMHBYV clustered together with high statistical
support, forming a basal sister lineage to the HBV genotypes
(Figure 4; de Carvalho Dominguez Souza et al., 2018). The
high level of nucleotide divergence between these New World
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NHP HBV and other primate HBV may be associated with
an early divergence followed by very long-term isolation, possibly
soon after the split between Old and New World monkeys
around 35 mya. Importantly, though the modern human HBV
genotypes F and H are predominantly found in the Americas,
the phylogenetic analysis strongly suggests their origin is in
the Old World with no evidence of cross-species transmission
with the New World NHP HBV.

A frequently asked question is “How did these New World
animals arrive in South America from West Africa?” The
order Simiiformes split into the Platyrrhini (New World
monkeys) and Catarrhini (apes and Old World monkeys)
about 33-35 mya in Africa and Eurasia. Furthermore, it has
been suggested that the ancestors of the Platyrrhini migrated
to South America either on a raft of vegetation or via a
land bridge (Beard, 2004). Two possible rafting routes have
been suggested, either across the Atlantic Ocean from Africa
(then the Afro-Arabian plate; Godinot, 2020; Seiffert et al.,
2020) or across the Caribbean from North America. The
former would have the New World monkey ancestors sail
on the south equatorial paleo current (SEC), 35-32 mya
during the Oligocene (Godinot, 2020). The land bridge route
would need to rely on the existence of Atlantic Ocean ridges
and a significant fall in the sea level during the Oligocene.
At that time, the Atlantic Ocean was less than its present
2,800 km width, by about one-third, at around 1,000 km or
less (Beard, 2004). This may have resulted in either a single
land bridge or a series of mid-Atlantic islands that could
act as stepping stones.

African Origins and Out-of-Africa: Again
and Again

Around 6-8 mya, the ancestors of modern humans began
to evolve in Africa (Table 2), approximately around the
same time that Australopithices split from the bonobo-
chimpanzee lineage. Homo sapiens emerged in Africa around
200 kya while the Neanderthals (H. sapiens neanderthalensis)
evolved from H. heidelbergensis around 400 kya, not in
Africa but probably in the Levant (Middle East) or Western
Asia region. Neanderthals went extinct around 30 kya with
the last evidence for their existence in caves in and around
Gibraltar. Complete nuclear genomes of archaic humans have
been successfully reconstructed from fossil remains of not
only Neanderthals (Green et al., 2010), but also Denisovans
from the Denisova cave in Southern Siberia (Reich et al.,
2010), and an archaic human who lived in Nigeria (Hammer
et al., 2011). All three genomes were more than 35,000 years
old with clear genetic evidence of interbreeding among
archaic humans on at least three occasions (Reich, 2018).
Potentially then, as AMH evolved in and left Africa by
around 40 kya (northern dispersal route), they interbred
with Neanderthals in the Middle East or Arabia before
spreading out into Asia and Europe (Green et al., 2010;
Figure 7). Another group of humans had earlier left Africa
around 70 kya (Rasmussen et al., 2011; southern dispersal
route) and these humans headed east along the coastal route

toward Australia and Melanesia interbreeding with the
Denisovans on the way (Figure 7). Thus, Indigenous
Melanesians inherited DNA from both the Neanderthals and
Denisovans during the first wave of expansion into Melanesia,
having up to 8% of their DNA coming from these archaic
peoples (Reich et al., 2010), which is distinct to the second
wave during the Neolithic period (10,000-3,000 BC) when
people migrated from East Asia during the Austronesian
Expansion to expand into Polynesia (Kirch, 2017). Other
populations in Southeast Asia and Oceania have also been
found to carry Denisovan admixture, including Indigenous
Australians, Polynesians, Fijians, East Indonesians, and
Mamanwa but not mainland East Asians, Western Indonesians,
Jehai, or Onge (Reich et al., 2011). The successful sequencing
of an Indigenous Australian’s 100-year-old lock of hair enabled
Rasmussen et al. (2011) to confirm the genomic findings
discussed above (Figure 7). Importantly, they were unable
to detect any evidence of European admixture and concluded
that Indigenous Australians were descendants of that earlier
human dispersal into eastern Asia 62-75 kya. Furthermore,
these investigators demonstrated that this dispersal was
separate from the one that gave rise to modern Asians
25-38 kya and supported the view that present-day Indigenous
Australians descended directly from the earliest humans to
occupy Australia, thus representing the oldest continuous
population outside of Africa. Finally, the data do support
multiple dispersal models with separate dispersals of AMH
into eastern Asia; that is, the founder group for the Indigenous
Australians and the ancestors of most present-day East Asians.

Spread of Modern Humans: From Great

Steppe Nomads to Bronze Age Farmers

The Great Steppe (Mammoth Steppe) stretched from the
Atlantic Coast of Europe in the west to Hokkaido in the
east. It was the vast steppe ecoregion of Eurasia with extensive
temperate grasslands, savannas, and shrublands biome. It
supported almost limitless herds of large herbivores such
as wild horses, reindeer, musk-ox, and saiga antelopes as
well as the woolly mammoth, steppe bison, and woolly
rhinoceros. The environment readily supported the hunter-
gatherer lifestyle (Oppenheimer, 2003), but it was bitterly
cold. By 30 kya, a substantial population of hunter-gatherers
was living on and along the Great Steppe. However, by
around 18 kya, the Last Glacial Maxim (LGM) began to
drive temperatures down even further, causing massive
movement of peoples south into Central and Southern Europe
taking refuge from the coming of the Ice Age, and adopting
a predominantly farming lifestyle by around 5 kya. Agriculture
arose independently in at least 11 “centres of origins” scattered
over all inhabited continents except Australia from around
11-12 kya (Larson et al., 2014). The benefits of farming
over hunter-gathering methods for food triggered the
agricultural expansion which spanned over 6,000 years.
However, many controversies exist regarding the dispersal
process from these regions. The Fertile Crescent (Mesopotamia
and Ancient Egypt) in the Levant is considered as one of
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FIGURE 7 | A schematic representation of the genus Homo evolution timeline over the last 700,000 years, showing the admixture relationships between Homo
sapiens, during migration out of Africa, and other archaic humans. At the end of each lineage, circle marks represent modern humans and rod marks represent
archaic humans who are now extinct.

the earliest “cradle of civilization,” and the early domestication  distribution of modern-day humans, and by association, the
of plants and animals began in the region around 11 kya.  distribution of HBV genotypes.

Based on craniofacial form studies, it was also one of the

earliest “centre of origin,” where the early farming populations

migrated westward into Europe and North Africa, northward THEORIES OF HBV EVOLUTION

to Crimea, and also eastward to Mongolia (Brace et al,

2006). Of these, the Neolithic transition from the Near East A number of theories have been proposed for the origin
into Europe that spanned between 9 and 5.5 kya has been  and evolution of HBV, as reviewed by Simmonds (2001).
the most studied. However, both archeological (Brace et al.,  However, the discovery of hepadnaviruses in a number of
2006) and genetic (Dupanloup et al., 2004) studies have reptile and amphibian species has radically altered the reasoning
confirmed that the Neolithic and Bronze Age peoples of behind these theories, revealing deep ancestry across the
Europe are not closely related to the modern inhabitants. animal kingdom. The presence of endogenous hepadnavirus
Nonetheless, these studies supported by mathematical species in birds and reptiles suggests an origin >200 mya
modeling (Fort, 2015) revealed that the transition took place  followed by co-evolution with the host species within the
via demic and cultural diffusion. The contribution levels  reptile/fish/bird host lineages (Geoghegan et al., 2017; Lauber
of Paleolithic and Neolithic populations to the gene pool etal, 2017). The orthohepadnaviruses detected from a number
of modern European populations were sufficient to support  of bat species, which are genetically most related to primate
the theory that as the Neolithic populations diffused from  HBYV, also support co-evolution of hepadnaviridae in the
the Near East into Europe, they had lived and interbred mammalian lineage (Drexler et al., 2013).

with the existing hunter-gatherers who had inhabited the When it comes to HBV evolution within the primate
regions since Late Pleistocene, and who over time had lineage, a theory involving co-evolution is unlikely. The lack
absorbed the cultures and agricultural way of life of these  of distinct evolutionary pathways between human HBV and
migrants. Although the dispersion routes from the other those from African and Southeast Asian NHP species
“centres of origins” around the globe have not been studied  undermines it (Rasche et al., 2016). Cross-species transmission
as extensively, it is likely that demic and cultural diffusion  cases have been reported in multiple studies (Grethe et al., 2000;
had also played an important role in the geographical Hu et al, 2000; Takahashi et al., 2000; Magiorkinis et al., 2005;
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Simmonds and Midgley, 2005; Dupinay et al., 2013). It is
also worth noting that geographical regions, where there are
increased opportunities for HBV transmission between human
and NHP tend to be areas, where HBV prevalence is high
among humans (Southeast Asia and Africa), thus supporting
the notion that cross-species transmission may have played
an important role in the evolution of modern-day primate
HBV genotypes.

Until the discovery of aHBYV, it was presumed the modern
human HBV genotypes co-evolved and spread with AMH out
of Africa (Norder et al., 1994; Magnius and Norder, 1995).
However, the finding of five Neolithic and Bronze Age aHBV
in Central and Western Europe that could be classified as an
extinct genotype of NHP-like aHBV supports a substantially
more complex evolutionary history.

Primate HBV is the youngest lineage of the family
Hepadnaviridae, and its origin is likely to be sometime in the
Middle Pleistocene era. Paraskevis et al. had estimated an origin
time of 33.6 kya for the primate HBV of humans and Old
World NHP species (Paraskevis et al., 2013). However, Yuen
et al. had estimated an origin time of 59 kya for the HBV
subgenotype C4 alone (Yuen et al, 2019), thus implying the
origin time of primate HBV to be substantially older. Such a
large discrepancy between the two studies was probably the
consequence of different fossil calibration data and HBV sequence
datasets used during the phylogenetic inferencing process.
Nonetheless, combining the recent findings of aHBV from
Krause-Kyora et al. (2018) and Muhlemann et al. (2018) with
the knowledge of AMH migration histories have enabled the
proposition of an alternative model for the origin of primate
HBV. We propose the origin and evolution of modern-day
human and Old World NHP HBV could be driven by major
AMH migration events, including the early human migration
out of Africa during the Upper Paleolithic era (Bergstrom
et al,, 2021) and the agricultural expansion during the Neolithic
(Brace et al., 2006; Larson et al., 2014).

In the scenario, that the unique subgenotype of Indigenous
Australians HBV-C4 had originated in Island Southeast Asia
and entered Australia around 50 kya, as inferred by Yuen
et al. (2019), imply two important events. Firstly, ancestors of
the Asian dominant HBV (genotypes B and C) had already
been established in Asia during this time period. Secondly,
the origin time of Old World primate HBV is substantially
older, supporting the theory of an Out of Africa origin. The
current geographical distribution of human HBV genotypes
also supports the two main routes of human migration out
of Africa, with the northern route introducing the ancestral
strains of the European dominant HBV into Eurasia (genotypes
A and D) and the ancestral strains of Asian dominant HBV
introduced along the Indian Ocean coastline into Oceania and
Southeast Asia, often referred to as the southern dispersal
route. Although the origin of HBV genotypes F and H remains
enigmatic, the phylogenetic analysis supports their origin being
in the Old World and had diverged from the same common
ancestral strain of HBV that gave rise to the present-day human
and Old World NHP HBYV, and possibly followed by long-term
isolation. The long-term isolation event may be associated with

the “Beringian standstill” hypothesis (Tamm et al., 2007) that
suggests the ancestors of Native Americans had been
geographically isolated on the Beringian land bridge for millennia
during the past glacial maximum before dispersal into the
American continents.

The agricultural revolution that occurred throughout the
Neolithic and Bronze Age (Larson et al, 2014) had played an
important role in the global dispersion of HBV genotypes.
This has been previously noted in phylogeographic studies of
genotypes A and D (Kostaki et al., 2018). Prior to this, ancient
hunter-gatherer societies were likely to be small and sparsely
dispersed. The spread of farming societies during these time
periods coincided with population growth worldwide, which
in turn enabled the global spread of the ancestral strains of
human HBV. The discovery of a potentially extinct genotype
most closely related to African NHP HBV in human fossils
from the Neolithic and Bronze Age suggests numerous ghost
lineages may have existed in the past, and that the landscape
of HBV genotypes and subgenotypes in this era was vastly
different to today. This is an important fact to take into account
during the inferencing process of HBV evolutionary history.
The extinct African NHP-like genotype isolates detected in
human fossils with ages that spanned over 2,000 years in
Central and Western Europe also suggest that it may have
been endemic in the region and could have been introduced
from the Fertile Crescent, a region with frequent human traffic
between Africa and the Levant, as farming cultures diffused
from the Near East into Europe (Brace et al, 2006).

The final shaping of the current geographical distribution
of HBV genotypes was the result of numerous more specific
population-movements post-Bronze Age, rather than by a single
major migration event. These include the Medieval Great
Migrations in Europe during the first millennium AD, early
historical invasions, and slave trades.

SUMMARY AND CONCLUSION

The recent papers on aHBV from Krause-Kyora et al. (2018)
and Muhlemann et al. (2018) provide a unique contribution
to the HBV field and novel insights into the origin and
dispersal of HBV over the last 7,000 years. These Neolithic
and Bronze Age HBV genomes are most closely related to
those infecting African NHP, have no close relatives today,
possibly went extinct and appear to be generated by
recombination. Both papers clearly demonstrate that humans
throughout Eurasia have been widely infected with HBV for
1,000 years. Surprisingly, the geographical locations of a
number of aHBV genotypes did not match present-day genotypic
distribution. For example, genotype A aHBV was identified
in South West Russia over 4 kya and the authors propose
that it may have descended from an ancient Eurasian tribal
group derived from the western Scythian culture, who
themselves descended from a Western steppe population
(Damgaard et al., 2018), and not from African ancestors as
previously thought (Hannoun et al., 2005; Zehender et al., 2015).
Interestingly, the three oldest genotype A aHBV strains
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studied (DA195, RISE386, and RISE387; Muhlemann et al., 2018)
lacked the 6 nt insertion characteristic of modern genotype
A (Kramvis, 2014) as did the youngest isolate DA119 discovered
in this study. These investigators go on to suggest that the
ancestors of subgenotypes Al and A3 would have then been
carried via migration from Western Eurasia (Pickrell et al,
2014) subsequently, into Africa. The introduction of genotype
A into Africa from Western Eurasia is supported by the
phylogeographic analysis performed by Kostaki et al. (2018).

All genotype D isolates were found in Central Asia
including the ancestral genotype D isolate DA51 from
Kyrgyzstan around 2.2 kya supporting the notion of subsequent
spread into India and onto the Pacific. The two Neolithic
isolates discovered by Krause-Kyora et al. have closely linked
to African NHP over 7 kya with no human association.
These NHP sequences provided a major contribution to the
Neolithic and early Bronze Age aHBYV, suggesting an African
origin for these extinct genotypes (see Table 1). Finally,
Muhlemann et al. (2018) identified ancestral A in isolates
RISE386/387, while Datta (2020) further identified chimpanzee
and genotype C2 sequences. The ancestors of DA51 with
an unknown parent sequence combined to form ancestral
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Hepatitis delta virus (HDV) is a human pathogen, and the only known species in
the genus Deltavirus. HDV is a satellite virus and depends on the hepatitis B virus
(HBV) for packaging, release, and transmission. Extracellular HDV virions contain the
genomic HDV RNA, a single-stranded negative-sense and covalently closed circular
RNA molecule, which is associated with the HDV-encoded delta antigen forming a
ribonucleoprotein complex, and enveloped by the HBV surface antigens. Replication
occurs in the nucleus and is mediated by host enzymes and assisted by cis-acting
ribozymes allowing the formation of monomer length molecules which are ligated by
host ligases to form unbranched rod-like circles. Recently, meta-transcriptomic studies
investigating various vertebrate and invertebrate samples identified RNA species with
similarities to HDV RNA. The delta-like agents may be representatives of novel subviral
agents or satellite viruses which share with HDV, the self-complementarity of the circular
RNA genome, the ability to encode a protein, and the presence of ribozyme sequences.
The widespread distribution of delta-like agents across different taxa with considerable
phylogenetic distances may be instrumental in comprehending their evolutionary history
by elucidating the transition from transcriptome to cellular circular RNAs to infectious
subviral agents.

Keywords: hepatitis delta virus, delta-like agent, satellite virus, hepatitis B virus, helper virus, subviral agent

LIFE CYCLE OF HDV AND ITS DEPENDENCE ON HBV AS
HELPER VIRUS

Hepatitis delta virus (HDV) is a unique human pathogen, and has been the only known species in
the genus Deltavirus (Magnius et al., 2018), but was reclassified in a new family Kolmioviridae,
genus Deltavirus within one new realm Ribozyviria [International Committee on Taxonomy of
Viruses (ICTV), 2020]. Due to the possession of a circular RNA genome and its mechanism of
replication, similarities exist with viroids, which represent a large family of subviral plant pathogens
(Flores et al., 2016; Adkar-Purushothama and Perreault, 2019). But HDV is clearly distinguished
from the viroids by its larger genome size and the ability to encode a protein. The recent discovery
of delta-like agents in various animal species has broadened the views on the evolutionary history of
HDV (Wille et al., 2018; Chang et al., 2019; Hetzel et al., 2019; Paraskevopoulou et al., 2020; Bergner
et al.,, 2021; Iwamoto et al., 2021).

The existence of HDV was discovered in 1977 by the identification of a new antigen, the
delta antigen (HDAg), in liver biopsies and sera from patients with a severe form of hepatitis B
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(Rizzetto et al, 1977). Experimental transmission studies
(Rizzetto et al., 1980; Ponzetto et al., 1984), then the cloning of the
HDV genome (Denniston et al., 1986; Wang et al., 1986; Makino
et al,, 1987) demonstrated that the HDAg is associated with a
separate transmissible agent. HDV is a satellite virus and depends
on the human hepatitis B virus (HBV) surface proteins (HBsAg)
for packaging, release, and transmission.

Extracellular HDV virions exclusively contain genomic HDV
RNA, a single-stranded negative-sense and covalently closed
circular RNA molecule with a size of 1,668-1,697 nucleotides,
depending on the genotype (Le Gal et al, 2017) in contrast
to viroids with a size range between approximately 250-400
nucleotides (Flores et al., 2016). HDV does not encode for an
RNA-dependent-RNA polymerase (RdRp), but depends on host
DNA-dependent RNA polymerases (DdRp) to facilitate RNA-
directed RNA synthesis for transcribing and replicating the
genome in the cell nucleus (Modahl et al., 2000; Chang et al.,
2008; Sureau and Negro, 2016). The negative-sense, genomic
RNA is replicated by a rolling circle mechanism to generate
its complement, the positive-sense, antigenomic RNA, which
serves as a replication intermediate for the synthesis of the
genomic RNA (Figure 1A). Both de novo synthesized genomic
and antigenomic RNA molecules are processed into monomers
by intrinsic ribozymes, which are formed by nested double
pseudoknot structures (Kuo et al., 1988; Perrotta and Been, 1991;
Ferré-D’Amaré et al., 1998; Sureau and Negro, 2016). Monomer
synthesis is followed by the formation of circular RNA molecules
by intramolecular ligation (Sharmeen et al, 1989; Reid and
Lazinski, 2000).

The HDV genomic RNA and its antigenomic complement
are highly self-complementary and form unbranched rod-
like structures in native conditions with approximately 74%
intramolecular base pairing (Kos et al., 1986; Wang et al., 1986).
HDV shares the features of a circular self-complementary RNA
genome with viroids (Flores et al., 2016; Adkar-Purushothama
and Perreault, 2019). Contrary to viroids, HDV generates a
mRNA transcript which encodes the HDAg (Hsieh et al., 1990).
HDV expresses two HDAg forms, which interact with HDV RNA
to form ribonucleoprotein (RNP) complexes (Ryu et al., 1993)
but they play different roles during the HDV life cycle. The
small form of the HDAg (HDAg-S) is expressed throughout the
HDV infection, it is essential for HDV replication and HDV
RNA accumulation but does not exhibit a RdRp activity and
stimulates DdRp II elongation (Kuo et al., 1989; Hsieh et al., 1990;
Yamaguchi et al., 2001). During infection and HDV replication,
a site-specific editing event occurs at some antigenomic RNAs,
which allows the generation of mRNAs with the UAG stop codon
replaced with the tryptophan UGG codon (Figure 1B). The
extended HDAg open reading frame by 19 amino acids encodes
the large form of HDAg (HDAg-L) (Luo et al., 1990; Polson et al.,
1996; Wong and Lazinski, 2002). Following the editing event,
HDAg-L accumulates during HDV replication and facilitates
HDV assembly in the presence of the HBV HBsAg proteins
(Chang et al, 1991). The additional 19 amino acids contain
the carboxyterminal “CXXX” sequence motif allowing HDAg-L
farnesylation, which is essential for the assembly process (Glenn
et al,, 1992; Hwang and Lai, 1993; O’Malley and Lazinski, 2005).

The farnesyl group facilitates RNP attachment to the membrane
of the endoplasmic reticulum (ER), the site of HBsAg synthesis.
The proximity of the hepatitis delta RNPs and HBV surface
proteins allows the envelopment of the hepatitis delta RNPs at the
ER membrane to generate hepatitis delta virions. HDAg-L in the
absence of HDV RNA and HDAg-S can be packaged by HBsAg
proteins indicating that HDAg-L is the driver of HDV assembly
and release (Chang et al., 1991; Chen et al., 1992; Ryu et al., 1992).

HDV depends on the HBV envelope proteins for its life cycle
completion and the production of infectious HDV particles.
HBYV encodes three related surface proteins, the shortest surface
protein HBsAg-S is composed only of the S-domain, the middle
and large HBsAg proteins (HBsAg-M and HBsAg-L) contain
additional N-terminal extensions of the S-domain. In particular,
the dual topology of the preS1 domain of HBsAg-L is essential
for hepatitis B virion assembly and attachment to the host cell.
The preS1 domain of newly synthesized HBsAg-L proteins are on
the cytosolic side and interact with the hepatitis B nucleocapsid
allowing virion assembly. During the HBV budding process,
the HBsAg-L preS1 domain translocates across the viral lipid
layer to be surface exposed (Bruss et al, 1994; Ostapchuk
et al., 1994), which is essential for the preSl binding site
to be able to engage the viral receptor, “sodium taurocholate
cotransporting polypeptide” (NTCP) (Yan et al., 2012). As for
HBV, HDV requires the preS1 domain of HBsAg-L for binding
to the NTCP receptor (Yan et al, 2012). But in contrast to
the HBV morphogenesis, the preS1 domain is not required for
the HDV assembly and budding process. The presence of only
HBsAg-S proteins is sufficient for HDV assembly and release
of HDV particles, but in the absence of the HBsAg-L preS1
domain, they are non-infectious (Sureau et al., 1993). Several
HBV envelope S-domains are involved in HDV assembly and
secretion including the internal, cytosolic loop and a tryptophan-
rich C-terminal sequence (Jenna and Sureau, 1999; Komla-
Soukha and Sureau, 2006). Compared to HBV with a diameter
of approximately 42 nm, HDV is less dense and slightly smaller
in size, approximately 39 nm in diameter (He et al, 1989;
Hu and Liu, 2017).

The dynamics of HDV infections following orthotopic
liver transplantations provided evidence that HDV can cause
subclinical helper-independent or mono-infections (Ottobrelli
et al., 1991; Samuel et al., 1995) but HDV viremia requires the
HBV helper function (Smedile et al., 1998). The detection of
HDAg in the liver in the absence of HBV markers is possibly an
indicator of HDV latency in the liver (Mederacke et al., 2012).
Consistently, animal models demonstrated that HDV replicates
and also persists in helper independent- or mono-infection
contexts. The absence of HBV HBsAg or envelope proteins from a
closely related mammalian hepatitis B virus, woodchuck hepatitis
B virus (WHYV), allowed HDV replication but no progression to
viral assembly and release (Netter et al., 1993; 1994; Giersch et al.,
2014). Studies with the woodchuck animal model and humanized
mice showed that HDV during a mono-infection phase could be
rescued by inoculating the corresponding WHV or HBV helper
virus resulting in HDV viremia (Netter et al, 1994; Giersch
et al., 2014). Alternatively, integrated HBV DNA can provide
functional HBsAg-L and HBsAg-S transcripts and proteins to
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FIGURE 1 | (A) Overview of the hepatitis delta virus (HDV) replication cycle supported by the host DNA dependent RNA polymerase (DdRp) to replicate the genomic
(blue) and antigenomic (purple) circular single-stranded RNA molecules. The presence of the genomic and antigenomic ribozyme is indicated by filled circles. The
genomic RNA serves as a template for the synthesis of the mRNA which encodes the small or large delta antigen (HDAg-Small, HDAg-Large). An editing event at the
antigenomic RNA results in the formation of genomic RNAs for the synthesis of mMRNA molecules encoding HDAg-Small or HDAg-Large. The dependence of HDV
packaging on the hepatitis B virus (HBV) envelope (surface) proteins is indicated. (B) Steps of the editing outcome which converts the stop codon of the HDAg-Small
open reading frame to a tryptophan codon. The editing of the antigenomic RNA converts the adenosine of the “UAG” stop codon to an inosine, which prefers to pair
with cytosine during replication. The edited genomic RNA transcribes into a mRNA with the “UGG” tryptophan codon, which allows a 19 amino acid extension of the
open reading frame for HDAg-Large synthesis (Polson et al., 1996).

facilitate formation of infectious HDV in the absence of HBV
replication (Freitas et al., 2014).

A cell culture based study showed that HDV can be
pseudotyped with envelope proteins derived from various
viruses, including vesicular stomatitis virus (VSV), hepatitis
C virus (HCV), and Dengue virus. The VSV and HCV
envelope proteins supported the release and assembly of genomic
HDV RNA, also depending on HDAg-L farnesyl-mediated
targeting of cell membranes similar to the assembly process
supported by HBV envelope proteins (Perez-Vargas et al., 2019).
The HDV RNPs pseudotyped with HCV envelope proteins
and Dengue glycoproteins generated infectious HDV particles
supporting entry and replication in human hepatoma cells
HuH?7.5 and insect C6/36 cell lines, respectively. However, the
clinical relevance of these findings remain uncertain. A recent
study that involved 323 HCV RNA positive and HBsAg-
negative patients could only detect HDV markers in eight HBV
core antibody (anti-core) positive patients (evidence of past
acute HBV infections) and not among the remaining HBV
core antibody negative patients suggesting the occurrence of
replicative HDV infections in HCV mono-infected patients
is low (Pfliger et al, 2020). A similar study investigating a

cohort of 160 Venezuelan patients infected with HCV in the
absence of molecular markers for HBV detected two patients
with anti-HDAg antibodies, and for one patient low-level
circulating HDV RNA (Chemin et al, 2020), also indicating
that if HCV provides helper functions, it does not seem to
be an effective or potent helper virus. Furthermore, HDV
RNA and HDAg have been detected in the salivary glands of
patients with a primary Sjogren’s syndrome in the absence of
a past or current HBV infection, which leaves the unanswered
question of how HDV established an infection in these patients
(Weller et al., 2016). Interestingly, Perez-Vargas et al. (2019)
confirmed earlier studies that HDV replication is not restricted
to human liver cells. HDV replication in the absence of HBV
helper function for assembly and release has been reported for
human embryonic kidney cells, mouse skeletal muscle cells,
and hamster kidney cells (Bichko et al., 1994; Polo et al,
1995; Chang et al,, 2005) but HDV replication is restricted in
avian cells due to the cytotoxicity of the delta antigen (Chang
et al.,, 2000). The ability of HDV to replicate in different cell
types, the recent identificaton of HDV-like agents in diverse
vertebrate and invertebrate species (Chang et al., 2019) and the
presence of cellular ribozymes with structural similarities to the
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HDV-ribozyme (Riccitelli and Luptak, 2013) possibly suggests
that HDV originates from the cell transcriptome, due to a process
related to the biogenesis of cellular circular RNAs found in
eukaryotes (Kristensen et al., 2019).

HDV Genotypes and Delta-Like Agents
Natural HDV infections have only been described in humans,
and hence HDV most likely co-evolved with the helper HBV
in the human lineage. Experimental transmission of HDV and
HBV to chimpanzees (Rizzetto et al., 1980), and the acceptance
of mammalian hepatitis B viruses (genus Orthohepadnavirus),
such as the woodchuck hepatitis B virus (WHV) as alternative
helper viruses for HDV assembly and transmission allowed the
establishment of animal models to study HDV replication and
pathogenesis (Ponzetto et al.,, 1984; Netter et al.,, 1994; Gerin,
2001; Aldabe et al., 2015).

Eight distinct HDV genotypes have been documented in
human populations. The HDV genotypes differ in their genomic
sequence by 19-40% (Le Gal et al.,, 2017), and can be further
sub-categorized into two to four subgenotypes with the exception
of HDV genotype 3 (HDV-3). Their global distribution is
geographically distinct except for HDV-1d (Figure 2; Le Gal
et al., 2017). The subgenotype HDV-1d is prevalent worldwide,
and represents the dominant HDV strain in Europe and North
America. In contrast, HDV-1la and -1b are predominantely
found in Africa and the Middle East, while HDV-1c is the
dominant strain in the Western Pacific region (Han et al., 2014).
The subgenotypes HDV-2a, HDV-4a, and HDV-4b are mainly
distributed in Southeast Asia, China, Japan, and Taiwan; HDV-
2b in Russia (Siberia). HDV-3 is mainly located in the Northern
part of South America, and HDV-5 to HDV-8 are found in Africa
(Le Gal et al., 2017).

Based on full-length genome and deduced HDAg amino
acid sequences, HDV-3 seems to be the most distantly related
human HDV genotype and has the lowest similarity score when
compared to the other HDV genotyes (Casey et al., 1993). The
distant genetic relationship of HDV-3 to the other genotypes
is further indicated by the inability of the HDAg encoded
by HDV-3 to support replication of HDV-1, and vice versa
(Casey and Gerin, 1998). Depending on the genotype, HDV
can cause disease manifestations of different severity, HDV-2
is normally associated with a milder disease progession than
HDV-1. Infections with HDV-3 in combination with HBV
genotype F, which is the predominant HBV in the northern
part of South America are associated with an enhanced risk of
fulminant hepatitis (Casey et al., 1996). With the presence of
HDV genotypes 5-8, and sub-genotypes la and 1b, central Africa
around Cameroon is possibly the main site of HDV diversication
resulting in an ancient radiation of the African lineages (Radjef
et al., 2004; Le Gal et al., 2017).

Advances in metagenomics have lead to the discovery of
delta-like agents from the transcriptome libraries generated for
a number of non-human vertebrates and invertebrates in recent
years (Wille et al., 2018; Chang et al., 2019; Hetzel et al., 2019;
Paraskevopoulou et al., 2020; Bergner et al., 2021; Iwamoto et al,,
2021). Of the large number of libraries screened in these studies
to date, delta-like agents have been identified in at least nine

taxa including birds (gray teal, chestnut teal, Pacific black ducks,
zebra finch, Gouldian finch, canary, yellow-bellied tit), termite
(subterranean termite), fish (pooled sample from multiple
species), toad (Asiatic toad), newt (Chinese fire belly newt),
snake (boa constrictor, water python), rat (Tomes spiny rat),
woodchuck (Eastern woodchuck), bat (common vampire bats,
lesser dog-like bat), and deer (white-tailed deer). Surprisingly,
delta-like agents were not detected in non-human primates
indicating that HDV is the only known representative infecting
the order Primates (Bergner et al., 2021). The natural habitats
of the taxa mentioned above in relation to the geographical
location of the human HDV genotype and subgenotypes are
shown in Figure 2. The ability for these non-human delta-like
agents to transmit and replicate in nature remain unclear, but
it has been shown that the rodent delta-like agent is able to
replicate in vitro (Paraskevopoulou et al., 2020) and that the
bat delta-like agent can transmit to other members of the same
colony based on prevalence studies of bat colonies (Bergner et al.,
2021). As analyzed for delta-like agents identified in the Eastern
woodchuck (Marmota monax), canary (Serinus canaria), Zebra
finch (Taeniopygia guttata) and white-tailed deer (Odocoileus
virginianus), the read depths of predicted transcribed regions (the
coding region for the delta-like antigen) were greater than those
of other genomic regions indicating that most delta reads were
derived from delta mRNAs suggesting that the novel delta-like
agents replicate in their hosts (Iwamoto et al., 2021). Nonetheless,
no definitive helper virus for assembly and transmission of these
delta-like agents within their hosts have been identified to date.
It has been suggested that an alternative supply of envelope
proteins for the non-human delta-like agents may be provided
by endogenous viral elements (EVEs), which are encoded within
the host genome, or they may utilize strategies distinct from
those employed by HDV (Iwamoto et al., 2021). HBV EVEs
have been identitifed in the genome of birds of the order
Passeriforme including zebra finch (Gilbert and Feschotte, 2010)
and budgerigars of the order Psittaciformes (Cui and Holmes,
2012), however in vitro studies confirmed that the zebra finch
delta-like agent, also the woodchuck delta-like agent, did not use
the small HBsAg supplied in trans to generate infectious virions
(Iwamoto et al., 2021). Interestingly, the Eastern woodchuck
(Marmota monax) is the host for the woodchuck hepatitis B virus
(WHYV) which is an efficient helper virus providing the envelope
proteins for the assembly of infectious HDV in the woodchuck
animal model (Netter et al., 1994; Gerin, 2001). No natural
HDV infection has been reported in this animal population, and
there is no evidence that HBV supports packaging and release of
infectious woodchuck-derived delta-like agents (Iwamoto et al.,
2021). This strongly indicates that the presence of a potential
helper virus and a delta-like agent does not necessarily drive the
emergence of a satellite RNA virus. This finding supports the
proposition that non-human delta-like agents may use a novel
mechanism for assembly and transmission.

The phylogenetic relationships between HDV and the
delta-like agents have been consistent between studies
(Paraskevopoulou et al., 2020; Bergner et al., 2021; Iwamoto et al.,
2021), though minor clustering variations do occur between the
full-genome and HDAg phylogenetic trees. Based on full-genome
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FIGURE 2 | Map highlights the geographical distribution of HDV genotypes (HDV1-8) and subgenotypes (HDV1c, 1d; HDV-2a, b) and the worldwide distribution of
animal hosts of identified delta-like agents (Asiatic toad-Bufo gargarizans; Newt-Cynops orientalis; Yellow-bellied tit-Pardaliparus venustulus; Gouldian
finch—Erythrura gouldiae; water pyton-Liasis mackloti; Zebra finch—Taeniopygia guttata; subterranean termite-Schedorhinotermes intermedius, lesser dog-like
bat-Peropteryx macrotis; vampire bat-Desmodus rotundus; Tome’s spiny rat-Proechimys semispinosus; white-tailed deer-Odocoileus virginianus; Eastern
woodchuck-Marmota monax (Paraskevopoulou et al., 2020; Bergner et al., 2021; lwamoto et al., 2021). The pooled fish samples contain species from the classes
Actinopterygii, Chondrichthyes and Agnatha (Chang et al., 2019), and the waterfowl samples were collected from gray teal (Anas gracilis), chestnut teal (Anas
castanea), and pacific black duck (Anas superciliosa) (Wille et al., 2018). The map is adapted from Le Gal et al. (2017).
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phylogenetic trees, HDV and the non-human delta-like agents
formed two distinct clusters (Paraskevopoulou et al., 2020). In
this study, the delta-like agent genomes further clustered into
two distinct groups (the snake and rodent delta-like agents
vs. the newt, toad, fish, termite, and duck delta-like agents).
Interestingly, the HDAg amino acid sequences of the newly
discovered deer (Odocoileus virginianus), woodchuck (Marmota
monax), and one of the bat (Desmodus rotundus) genotypes
of delta-like agents were found to form a sister clade with
the human HDV (Bergner et al., 2021). The HDAg of these
delta-like agents shared a common ancestor with the HDAg of
a second bat (Desmodus rotundus) genotype, rodent (Proechimys
semispinosus), snake (Boa constrictor) and duck delta-like agents,
while the remaining delta-like agents formed a more distal
clade (derived from fish, newt and toad). However, despite
the low level of identity between the HDAg protein sequences
of delta-like agents from different taxa (14-67%) (Iwamoto
et al.,, 2021), no clear distinction between the vertebrate and
invertebrate delta-like agents could be detected by phylogenetic
analyses. In addition to the finding that the bat and rodent
delta-like agents were paraphyletic, cophylogenetic analyses
between delta-like agent and host trees did not support the
theory that delta-like agents had co-speciated with their hosts
but may have evolved by host shifting (Bergner et al.,, 2021;
Iwamoto et al., 2021).

Hypotheses of Origin
(i) Delta-Like Agents and Cellular Circular RNAs as Potential
Precurors of Subviral Agents.

Viroids were the first circular RNA discovered (Singer et al.,
1976), then followed by the discovery of cellular circular RNA

located in the cytoplasm of eukaryotic cells (Hsu and Coca-
Prados, 1979). Circular RNAs (circRNAs) can be generated
by alternative splicing or backsplicing and results in the
formation of different circRNA species composed of only exon
sequences (exonic circRNAs), circRNAs with both intron and
exon sequences (exon-intron circRNAs), and circRNAs with
only intronic sequences (ciRNAs). Alternatively, the formation
of circRNA can be assisted by ribozymes, such as the HDV-
related ribozymes, which have a widespread occurence in
eukaryotic genomes (Figure 3). CircRNAs with hammerhead
ribozymes have been identified in eukaryotic genomes, and it
has been hypothesized that they have given origin to infectious
circRNAs (De la Pena and Cervera, 2017). The covalently closed
ring structure confers stability avoiding exonuclease-mediated
degradation (Kristensen et al., 2019; Lasda and Parker, 2014). An
abundance of circRNAs have been identified in divergent animal
and plant species. For human fibroblast cells it was reported that
circRNA molecules originate from more than 14% of transcribed
genes (Jeck et al., 2013). The biogenesis of circular cellular
RNAs is antagonized by the RNA adenosine deaminase (ADAR)
by editing endogenous double-stranded (ds) RNA sequences.
ADAR faciliates in combination with an ATP-dependent RNA
helicase A (DHX9) the melting of dsRNA stems and hence
prevents the looping of intron sequences and the formation of
circRNA (Ivanov et al,, 2015). Interestingly, the circular HDV
RNA depends on ADAR editing for the completion of the viral
reproductive cycle. HDV antigenomic RNA requires editing to
generate mRNAs with an extended open reading for the synthesis
of HDAg-L, which is essential for the HDV envelopment by
the HBV surface proteins. ADAR targets the partially double-
stranded editing site of the circular HDV antigenomic RNA
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FIGURE 3 | Consensus secondary structure of hepatitis delta virus (HDV)-like
ribozymes. The catalytic core is boxed with gray background. The
base-paired regions are numbered with P1-P4, which are linked by
single-stranded regions, J1/2, J4/2, and J1.1/4. L stands for single-stranded
loop regions. Depending on the ribozyme, J1/2 region and P4 helix can be
expanded indicated by the dashed lines allowing sequence length variations.
The solid line represents direct connections without nucleotide insertions. The
arrows indicate the direction of the strands from 5" to 3'. The &’ end
highlighted by a lightning bolt marks the 5’-OH end after self-cleavage. N
stands for any nucleotide, R for purine, Y for pyrimidine, H for adenine,
cytidine or uracyl. The figure is adapted from Ferré-D’Amare et al. (1998) and
Webb and Luptak (2011).

(Polson et al., 1996) to ultimately convert the amber stop codon
to a tryptophan codon (Figure 1B). HDV editing by ADAR which
targets partially double-stranded RNA molecules and RNA loop
structures points together with the widespread distribution of the
HDV-like ribozyme and the prevalence of circRNA molecules in
eukaryotes toward a long evolutionary history of HDV.

The recent discovery of delta-like agents in metagenomic
samples from birds and snake, then in fish, amphibians and
invertebrates demonstrates that the RNA genomes are highly
divergent (Wille et al., 2018; Chang et al., 2019; Hetzel et al.,
2019; Bergner et al, 2021; Iwamoto et al., 2021). The delta-
like agents share common features with HDV, the circular
genome with a size of approximately 1.7 kb (between 1,547 and
1,735 nucleotides), self-complementarity to fold into rod-like
structures, and the presence of an open reading frame (ORF)
(Chang et al, 2019). Delta-like agents identified in tissues

from snakes (Hetzel et al., 2019), a rodent species (Proechimys
semispinosus) (Paraskevopoulou et al., 2020) and in combined
oropharangeal and cloacal samples from teals and ducks (Wille
et al.,, 2018) contain HDV-like ribozymes (Table 1). Importantly,
the presence of delta-like agents does not seem to be associated
with members of the hepatitis B virus family indicating that
HDV as a delta-agent possibly co-evolved with HBV in humans
and optimized the assembly efficacy and release. The HBV
envelope proteins provide hepatocyte-specific tropism (Bonino
et al., 1986; Yan et al., 2012) but the HDV genome retained the
ability to replicate in non-liver cells (Bichko et al., 1994; Polo
et al., 1995; Chang et al.,, 2005). In contrast, the snake delta-
like agent (sDLA) does not exhibit strict assembly requirements
as clearly demonstrated for HDV and its dependence on
the HBV envelope proteins. The inoculation of boa kidney
cells with sDLAs derived from an infected brain homogenate
passaged sDLAs in the presence of coinfecting Arenaviruses
(Hartmanivirus, Reptarenavirus). Transfection experiments with
glycoproteins from Arenaviruses and Orthohantavirus allowed
the formation of infectious sDLAs (Szirovicza et al., 2020). The
sDLA antigen (sDL-Ag) was identified in different tissues of
infected animals, and consistently, sDLA replication similar to
HDV replication, is supported by different cell types (Bichko
et al,, 1994; Polo et al., 1995; Chang et al., 2005; Szirovicza et al.,
2020). Rodent DLA (rDLA) was identified in blood samples,
not linked to liver tropism, and interestingly, predominantly
detected in reproductively active males living in continuous forest
sites, suggesting horizontal transmission linked to competitive
behavior. The study did not identify a helper virus and
transmission is possibly assisted by envelope proteins provided
by an unkown agent, or by extracellular vesicles, which include
microvesicles and exosomes (Kim et al., 2017; Paraskevopoulou
et al., 2020). It was proposed for retroviruses to exploit the
exosome exchange for a low efficiency mode of infection (Gould
etal., 2003). Hepatitis C virus (HCV)-RNA containing exosomes
have been identified for the export of viral RNA to plasmacytoid
denritic cells (Dreux et al., 2012), and importantly mediate
transmission of HCV between hepatocytes (Ramakrishnaiah
etal., 2013). Similarly, HBV virions were detected in extracellular
vesicles collected from infected patients (Kakizaki et al., 2018),
and HBV RNA in extracellular vesicles from HBV transfected
hepatocytes (Kouwaki et al., 2016). CircRNAs are present in
exosomes (Kim et al., 2017; Fanale et al., 2018; Veziroglu and
Mias, 2020), and hence delta-like agents could be transmitted
with low efficiency as proposed for retroviruses according
to the Trojan exosome hypothesis (Gould et al., 2003). The
exact mechanisms by which RNAs are loaded into exosomes
remain unclear but certain motifs and double-stranded stem-loop
secondary structure were proposed to be important for packaging
(Villarroya-Beltri et al., 2013; Kossinova et al., 2017).

Both the sDLAs and rDLAs studies demonstrated the
expression of the corresponding DL-Ags confirming that the ORF
is translated (Paraskevopoulou et al., 2020; Szirovicza et al., 2020).
Transfection of expression vectors with dimer genomes for delta-
like agents derived from woodchuck and Zebra finch resulted in
the expression of the corresponding delta-like antigens (Iwamoto
et al., 2021). The identified delta-like agents from vertebrates
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TABLE 1 | Characteristics of hepatitis delta virus (HDV), delta-like agents, cell-encoded circular RNAs, and plant viroids.

HDV Delta-like agents Cell-encoded circular RNA Viroids
Pospiviroidae Avsunviroidae
Single-stranded circular RNA v v v v v
Self-complementarity v v Formation of stem/loop structures possible v v
Unbranched rodlike structure v v v X
Host DdRpol assisted replication v v Derivatives from splicing events v v
Ribozyme v v With or without ribozyme (hammerhead) X v
HDV ribozyme/HDV-like ribozyme v vt X
OREF, encoding of protein v v With or without ORF X x

DdRpol, DNA-dependent RNA polymerase; ORF, open reading frame; *delta-like agents do not encode a polymerase, and most likely replication assisted by DdRpol.
*Delta-like ribozymes were not identified for delta-like agents derived from the toad (Bufo gargarizans), termite (Schedorhinotermes intermedius), newt (Cynops orientalis)

and fish (derived from a pool of fish species, Chang et al., 2019) hosts.

and invertebrates encode DL-Ags including additional in-frame
reading frames downstream of the stop codon or in alternative
reading frames demonstrating a high plasticity of the information
content of the genomes. The presence of exons in many circular
cellular RNAs supports the view that the HDAg and DL-Ags
originated from a host organism (Kristensen et al., 2019). A host-
derived protein-encoding sequence as proposed for the delta-
interacting protein A (DIPA) may have been incorporated into
a HDV ancestral genome (Brazas and Ganem, 1996; Long et al.,
1997). For both sDLAs and rDLAs proteins, larger versions of the
DL-Ags were not detected in contrast to the HDAg-S/-L versions
expressed by HDV. The presence of ORFs and also regulatrory
elements is not unexpected if the delta-like agents are related
to circRNAs (Chen et al, 2016). Remarkably, circRNAs can
be translated through different mechanisms, internal ribosome
entry site (IRES) dependent or supported by base modification
(Chen and Sarnow, 1995; Abe et al., 2015; Wang and Wang, 2015;
Pamudurti et al., 2017; Yang et al., 2017).
(if) HDV and Its Ribozyme

Self-cleaving RNA motifs or ribozymes play important roles
for facilitating rolling circle replication of circular RNAs such as
HDV RNA, viroids, or satellite RNAs. Self-cleaving ribozymes
are classified based on the secondary and tertiary structures
of the catalytic RNA motifs, which are unique for each family,
such as hairpin, hammerhead, HDV-like and twister (Jimenez
et al, 2015). HDV-like ribozymes are widespread and have
been identified in retrotransposons and various genomic loci
suggesting miscellaneous biological functions, possibly providing
an extra level of control for expression of the genes in which
they are located (Webb and Luptak, 2011; Riccitelli and Luptak,
2013). The HDV-ribozyme and related ribozymes are modeled
into pseudoknotted secondary structures (Perrotta and Been,
1991; Webb and Luptdk, 2011), the crystal structure of the related
HDYV genomic and antigenomic ribozymes revealed the presence
of a nested, double pseudoknot structure (Ferré-D’Amaré
et al., 1998; Wadkins et al., 1999) (Figure 3). A ribozyme with
structural similarity to the HDV ribozymes was first identified
in an intron of the human cytoplasmic polyadenylation
element-binding protein (CPEB3) gene and is possibly involved
in co-transcriptional processing of CPEB3 primary RNA
transcripts (Salehi-Ashtiani et al., 2006). The CPEB3 ribozyme

is highly conserved among mammals, but the CPEB3 ribozyme
sequences are substantially different to the HDV genomic and
antigenomic ribozyme sequences. Approximately 60 nucleotides
are required to form the conserved nested double-pseudoknot
structure, only six nucleotides are invariant (Webb et al,
2009). Structure-based searches identified CPEB3 related
sequences in non-mammalian genomes demonstrating their
wide distribution. HDV-like ribozymes have been identified in
all branches of life, and found in the genomes of the Anopheles
gambia, Drosophila species, the insect virus Chilo iridescent
virus, sea urchin Strongylocentrotus purpuratus, lamprey
Petromyzon marinus, lancelet Branchiostoma floridae, nematodes
Caenorhabditis japonica and Pristionchus pacificus, and outside
of the eukaryotics in the bacterium Faecalibacterium prausnitzii
(Webb et al., 2009; Eickbush and Eickbush, 2010; Ruminski et al.,
2010). Interestingly, HDV-like ribozymes have been located
at the 5'-end of retrotransposons suggesting that it represents
an ancient element, possibly involved in the cotranscriptional
processing of retroelements, and is spread by retrotransposition
(Webb and Lupték, 2011). For instance, HDV-like ribozymes
have been identified at the 5'-untranslated region of the R2
non-long terminal repeat (LTR) retrotransposon in Drosophila
(Eickbush and Eickbush, 2010; Ruminski et al., 2010), and at
the 5-end of the L1 and NAR retrotransposons identified in
Trypanosoma cruzi (L1Tc and NARTc, respectively) (Bringaud
et al., 2002; Sanchez-Luque et al., 2012; 2011). The R2 elements
are site-specific retrotransposons inserted into the 28S ribosomal
RNA (rRNA) genes of most insect species, and are co-transcibed
with the 28S rRNA (Moss et al., 2011). The presence of the
HDV-like ribozyme in the 5-untranslated region of the R2
allows self-cleavage of the 28S-R2 cotranscript at the junction
between the 28S rRNA and the R2 element (Eickbush and
FEickbush, 2010; Ruminski et al., 2010). Translation initiation
of the open reading frame of the uncapped R2 transcript is
possibly facilitated by the HDV-like ribozyme, which is thought
to act also as an IRES (Ruminski et al., 2011). The interaction
of the R2 protein with the R2 RNA to form a protein-RNA
complex is required to target the 28S rDNA to faciliate insertion,
which involves binding to the 3'- and 5'-sequences including
the R2 pseudoknot structure at the 5-end. The R2 elements
have been active in the Drosophila lineage since the origin
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of the genus 50 million years ago. Comparative studies on
the HDV-like ribozymes from different Drosophila species
revealed considerable sequence changes. Remarkably, 21 out
of 27 nucleotides of the R2 ribozyme catalytic core are the
same as those in the HDV ribozyme (Eickbush and Eickbush,
2010). Similarly, the L1Tc retrotransposon of Trypanosoma cruzi
contains a HDV-like ribozyme, which facilitates the release of
the transposon from a polycistronic RNA (Sdnchez-Luque et al.,
2012; 2011). Interestingly, L1Tc contains a dual promoter and
ribozyme system. The 77 nucleotides of the L1Tc HDV-like
ribozyme also act as an internal promoter (Pr77) at the DNA
level. The HDV-like ribozyme cleaves upstream of its catalytic
core (Ferré-D’Amaré et al., 1998; Perrotta and Been, 1991) and
hence, the regulatory sequence, which contains ribozyme and
promoter is preserved in the L1Tc RNA and after transposition
(Sanchez-Luque et al.,, 2012, 2011). Sequences downstream of
the L1Tc ribozyme can induce structural changes which interfere
with the ribozyme activity and may promote an conformational
switch to a possible IRES structure to facilitate initiation of
translation, as in the case of the R2 element (Sanchez-Luque
etal., 2012). The HDV ribozyme and HDV-related ribozymes are
common in diverse biological systems which are at different levels
of the evolutionary ladder with suggested various biological roles
supporting rolling circle replication, mRNA biogenesis and gene
regulation. The HDV ribozyme plays an integral role in HDV
replication to generate monomeric genomes and antigenomes.
The presence of HDV-like ribozymes in specific non-LTR
retrotransposons and the ability of HDV-like ribozymes to retain
their intact catalytic core after cleavage may have facilitated their
spread by retrotransposition. It is unclear whether the nested,
double knot ribozymes result from converged evolution. The
sequence is highly divergent but preserved a highly complex
structure with a higher level of constraints for retaining cleavage
activity compared to other classes of ribozymes (Legiewicz et al.,
2006; Nehdi and Perreault, 2006). The widespread distribution
of HDV-related ribozymes and their ability to provide multiple
functions beyond cleavage activity strongly suggests that several
factors contributed to the selection for the HDV-like ribozyme.
It is most likely that the ribozyme present in the HDV RNA
is derived from a host transcriptome, and then optimized for
cleavage to support the efficient replication of the HDV RNAs.
Although Hepadnaviruses from various mammals can provide
the helper function to support HDV assembly, natural HDV
infections have been so far only observed in humans. HDV
possibly originated from a circular RNA molecule, probably
a delta-like agent, which co-evolved with HBV in the human
lineage. The discovery of delta-like agents in divergent organisms
(Wille et al., 2018; Chang et al., 2019; Hetzel et al, 2019
Paraskevopoulou et al., 2020), the existence of cellular cirular
RNAs, and the presence of HDV-like ribozymes in cellular
transcripts points toward a cellular origin of HDV.
(iii) HDV and Viroids

Similarities between HDV and viroids have been recognized
based on their single stranded circular RNAs which possess a high
degree on self-complementarity. Intramolecular base-pairing
allows the formation of secondary structures, rod-like structures
(HDV and viroids of the family Pospiviroidae) or Y-shaped

or branched structures (viroids of the family Avsunviroidae).
The viroids replicate in two different cellular compartments,
the nucleus for the Pospiviroidae, and the chloroplast for the
Asunviroidae. HDV replication is restricted to the nucleus
(Flores et al., 2016; Adkar-Purushothama and Perreault, 2019).
Similar to HDV, the non-protein coding viroid RNAs attract
host DNA-dependent RNA polymerases for replication, which
is possibly facilitated by the rod- and branched-liked secondary
structures of the RNA molecules (Table 1). Members of the
Avsunviridae replicate by a symmetric rolling circle cycle
generating (4) and complement (-) circles, similar to the HDV
replication cycle producing circular genomic and antigenomic
HDV RNA molecules. This is in contrast to the asymmetric
replication cycle of viroids of the family Pospiviroidae, which
generate only (+4) circles followed by cleavage of oligomeric
strands by a host RNase III (Flores et al, 2009). HDV
RNA cleavage of the oligomeric (+) and (—) strands, or co-
transcriptional self-cleavage is assisted by cis-acting pseudoknot-
like ribozymes (Ferré-D’Amaré et al., 1998; Perrotta and Been,
1991). Structurally distinct cis-acting hammerhead ribozymes are
present in viroids of the family Avsunviroidae. The secondary
structures and short double strandedness of the RNA molecules
may have provided an evolutionary advantage to minimize
detection by double-stranded RNA-dependent protein kinases, to
provide resistance against endonucleases, and to exhibit motifs
for replication, and in addition for HDV, the editing site for
generating the extended ORF encoding HDAg-L. HDV shares
similarities with both viroid families, the rod-like secondary
structure and replication in the nucleus like the members of the
Pospiviroidae, and the symmetric replication mechanism and cis-
acting ribozyme activity is shared with the Avsunviridae, although
the ribozyme activiy is provided by differently structured
ribozyme types. Sequence complementary of viroids with the
cellular 7S RNA, a component of the signal recognition particle,
and a corresponding sequence similarity of the HDV antigenomic
RNA and its human counterpart 7SL RNA revealed additional
similarities (Negro et al., 1989; Symons, 1989; Young and Hicke,
1990). Based on the similarities between viroids and HDV circles
and their intramolecular base-pairing, a concept was proposed
that HDV consists of two distinct domains. One domain contains
the coding sequence for the delta antigen, and the second the
viroid-like domain with a size of approximately 350 nucleotides
with the sequences required for replication and also the self-
cleaving ribozyme activity (Lai, 1995; Lafontaine et al., 1997). The
presence of different ribozyme motifs specific for HDV and delta-
like agents vs. Avsunviridae possibly indicates that HDV is not a
viroid derivative generated by recombination events.

CONCLUDING REMARKS

The findings that (i) circular RNA species are abundant in
eukaryotic cells, (ii) HDV-like ribozymes are present in highly
divergent organisms with important roles in many molecular
pathways, and (iii) delta-like circular RNA agents are found
in vertebrates and invertebrates, suggest that HDV is derived
from the cellular transcriptome. Delta-like agents have not yet

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 652962


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Netter et al.

HDV and Delta-Like Agents

been identified in non-human primates strongly indicating that a
transspecies transmission event of a delta-like agent into a HBV-
infected human host allowed a host shift and the emergence of
HDV. The HDV sequence diversity is possibly a consequence of
human migration and geographic vicariance.
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Background: Hepatitis D Virus (HDV) is classified into eight genotypes with distinct
clinical outcomes. Despite the maintenance of highly conserved functional matifs, it is
unknown whether sequence divergence between genotypes, such as HDV-1 and HDV-
3, or viral interference mechanisms may affect co-infection in the same host and cell,
thus hindering the development of HDV inter-genotypic recombinants. We aimed to
investigate virological differences of HDV-1 and HDV-3 and assessed their capacity to
infect and replicate within the same liver and human hepatocyte in vivo.

Methods: Human liver chimeric mice were infected with hepatitis B virus (HBV) and
with one of the two HDV genotypes or with HDV-1 and HDV-3 simultaneously. In a
second set of experiments, HBV-infected mice were first infected with HDV-1 and after
9 weeks with HDV-3, or vice versa. Also two distinct HDV-1 strains were used to infect
mice simultaneously and sequentially. Virological parameters were determined by strain-
specific gRT-PCR, RNA in situ hybridization and immunofluorescence staining.

Results: HBV/HDV co-infection studies indicated faster spreading kinetics and higher
intrahepatic levels of HDV-3 compared to HDV-1. In mice that simultaneously received
both HDV strains, HDV-3 became the dominant genotype. Interestingly, antigenomic
HDV-1 and HDV-3 RNA were detected within the same liver but hardly within the same
cell. Surprisingly, sequential super-infection experiments revealed a clear dominance of
the HDV strain that was inoculated first, indicating that HDV-infected cells may acquire
resistance to super-infection.

Conclusion: Infection with two largely divergent HDV genotypes could be established
in the same liver, but rarely within the same hepatocyte. Sequential super-infection
with distinct HDV genotypes and even with two HDV-1 isolates was strongly impaired,
suggesting that virus interference mechanisms hamper productive replication in the
same cell and hence recombination events even in a system lacking adaptive
immune responses.

Keywords: HDV, genotypes, human liver chimeric mice, humanized mice, in vivo, replication, recombination,
hepatitis delta
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INTRODUCTION

Around 20 million people worldwide are infected with the
hepatitis delta virus (HDV) and recent reports suggested that the
number of HDV-positive individuals may be even substantially
higher (Chen et al., 2018). Its viral genome is a circular, negative-
sense, single-stranded RNA, which forms a characteristic
unbranched rod-like structure with paired nucleotides (Wang
et al,, 1986). HDV redirects the host RNA polymerase II to
replicate via a double rolling-circle amplification process (Lai,
2005) leading to the intracellular accumulation of two additional
RNAs: the antigenomic RNA (AG HDV RNA), which is an
exact complement of the genomic RNA (G HDV RNA) and
the smaller linear mRNA encoding for the only viral protein,
the hepatitis delta antigen (HDAg). HDAg binds specifically to
the HDV RNA and occurs in two different forms: the small
HDAg (S-HDAg, 24 kDa) is important for virus replication,
whereas the large variant (L-HDAg, 27 kDa) inhibits replication
and promotes virus assembly (Chang et al.,, 1991; Wang et al,
1991). The L-HDAg is generated during virus replication by
post-transcriptional RNA editing at adenosine 1012 (amber/W
site), which is mediated by RNA-specific adenosine deaminase
(ADAR). HDV requires the envelope proteins of the hepatitis B
virus (HBV) in order to assemble into infectious particles and
spread (Rizzetto et al., 1980; Freitas et al., 2014). Hence, HBV
plays an essential role as helper virus for HDV transmission.
Recently, the envelope proteins of other HBV-unrelated viruses
(such as dengue virus, hepatitis C virus (HCV), or west nile virus)
were shown to act as alternative helper viruses enabling coating
of HDV in vitro (Perez-Vargas et al., 2019). However, clinical
relevance for HCV/HDV co-infection appears unlikely, since
three different studies analyzing chronic HCV-infected patients
revealed only one case with detectable HDV RNA in the absence
of HBV (Cappy et al., 2020; Chemin et al., 2020; Pfluger et al,,
2021). Both HBV and HDV enter human hepatocytes via the
sodium taurocholate co-transporting polypeptide (NTCP) (Yan
et al., 2012) and active HDV infection can occur either upon
simultaneous co-infection with HBV or as a super-infection in
patients already infected with HBV. Chronic HDV infections are
associated with severe liver disease and progression to cirrhosis,
liver decompensation, hepatocellular carcinoma and death (Koh
et al, 2019). HDV is classified into eight genotypes with distinct
clinical courses (Le Gal et al., 2006; Botelho-Souza et al., 2017;
Delfino et al., 2018). Sequence divergence among the genotypes
is as high as 40% over the entire RNA genome with the greatest
difference observed between HDV genotype 1 (HDV-1) and

Abbreviations: AG, antigenomic; ALT, alanine aminotransferase; cc, cell culture
derived; cccDNA, covalently closed circular DNA; CK18, cytokeratin 18; CXCL10,
C-X-C motif chemokine ligand 10; G, genomic; GAPDH, glyceraldehyde-3
phosphate dehydrogenase; HBsAg, hepatitis B surface antigen; HBV, hepatitis B
virus; HDAg, hepatitis delta antigen (S, small, L, large); HCV, hepatitis C virus;
HDV, hepatitis delta virus; HIV, human immunodeficiency virus; HLA, human
leukocyte antigen; HSA, human serum albumin; ISGs, interferon stimulated genes;
LLoD, lower limit of detection; MxA, Myxovirus resistance gene A; NK, natural
killer; NTCP, natrium taurocholate polypeptide; p, patient derived; OAS1, 2'-5'-
oligoadenylate synthetase 1; pgRNA, pregenomic RNA; qRT-PCR, quantitative real
time polymerase chain reaction; SCID, severe combined immunodeficiency; uPA,
urokinase plasminogen activator; USG, uPA/SCID/beige/IL2RG /.

genotype 3 (HDV-3) (Deny, 2006). However, a recent systematic
analysis of HDV sequences revealed highly conserved functional
nucleotide and amino acid motifs across all genotypes, indicating
strong conservatory constraints on the structure and function
of the HDV genome and the HDAg proteins (Le Gal et al,
2017). HDV-1 is distributed around the world and causes a
broad spectrum of chronic diseases. HDV-3 is almost exclusively
detected in patients from the Amazonian region, where HDV
infection is associated with particularly severe disease (Botelho-
Souza et al., 2017). An in vitro study suggested that the severity
of hepatic inflammation might be associated with the distinct
efficacies of HDV genotypes to generate L-HDAg, package and
secrete viral particles (Hsu et al., 2002). To date, most in vitro and
in vivo experiments had been performed with a certain HDV-
1 strain, which was obtained from an infected patient, serially
passaged through chimpanzees and then in 1988 isolated and
cloned after being transmitted to a woodchuck (Kuo et al., 1988,
1989). Ten years later, an HDV-3 isolate (Peru-1) was obtained
from an 18-year-old man from Peru, who developed severe acute
hepatitis, and cloned by Casey et al. (1993). However, little is
known about the behavior and kinetics of different HDV isolates
and divergent strains such as HDV-3 and HDV-1 in vivo. Such
analyses may help understand differences in HDV pathogenesis
and disease outcome.

Similar to other RNA viruses co-infections and inter-
genotypic recombination between different HDV genotypes can
occur. However, little is known about the ability of distinct
HDV genotypes to infect and actively replicate within the
same hepatocyte and, to our knowledge, recombination events
have only been reported between HDV-1 and HDV genotype
2 (HDV-2), which are closely related (Wu et al, 1999; Wang
and Chao, 2005; Sy et al., 2015). Co-infections including HDV-
3, such as HDV1/HDV-3 co-infections in patients, have not
been reported yet (Cicero et al., 2016), perhaps because HDV-
3 is geographically rather isolated in the Amazonas region
or because the high sequence divergence of HDV-3 to other
genotypes prevents productive co-infection and inter-genotypic
recombination. Virus interference limiting a productive co-
infection of the same cell with HDV of distinct genotypes
might play an important role in HDV epidemiology and
geographical distribution.

The aim of this study was to investigate virological differences
between two distinct cloned genotypes (HDV-1 and HDV-
3) in human liver chimeric mice in the presence of HBV.
Furthermore, to assess whether HDV-1 and HDV-3 can efficiently
spread within the same liver and even replicate within the same
hepatocyte, we performed both simultaneous and sequential
super-infections experiments with HDV-1 and HDV-3 strains
in vivo in a system lacking adaptive immune responses.

MATERIALS AND METHODS

Generation of Humanized USG Mice

Human  liver  chimeric  urokinase-type  plasminogen
activator (uPA)/severe combined immunodeficiency
(SCID)/beige/interleukin-2 receptor gamma chain negative
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(IL2RG™/7) mice (short USG mice) were generated by
transplanting one million thawed cryo-preserved human
hepatocytes into homozygous USG mice as previously reported
(Lutgehetmann et al., 2012). Repopulation rates were estimated
by determining human serum albumin (HSA) in mouse
sera (ELISA; Bethyl Laboratories, Biomol GmbH, Hamburg,
Germany) and human beta-globin in mouse liver DNA (qRT-
PCR; Tagman Gene Expression Assay Hs00758889_s1; Applied
Biosystems, Carlsbad, CA, United States) (Lutgehetmann et al,,
2012). Animals displaying high levels of human chimerism
(>2 mg/ml HSA in serum) were used for the study. All mice
were sacrificed at the end of the experiment (at different time-
points as indicated in the results), blood was collected and
liver specimens were snap-frozen in chilled isopentane and
cryo-conserved at —80°C for further histological and molecular
analyses. Mice were maintained under specific pathogen free
conditions in accordance with institutional guidelines under
approved protocols. All animal experiments were conducted
in accordance with the European Communities Council
Directive (86/609/EEC) and were approved by the City of
Hamburg, Germany.

Virus Generation and Infections

Human liver chimeric USG mice were either co-infected with
HBV/HDV-1cc or HBV/HDV-3cc, or first infected with HBV
and after 9 weeks super-infected simultaneously with HDV-1cc
and HDV-3cc or HDV-1p. For each co-infection setting and
for simultaneous HDV1/HDV3 super-infection, mice received a
single peritoneal injection of cell culture derived HBV genotype
D (1 x 107 HBV genome equivalents/mouse, kindly provided
by Dieter Glebe, Gieflen, Germany), cell culture derived HDV-
1 (HDV-lcc) (I x 107 HDV genome equivalents/mouse)
and/or cell culture derived HDV-3 (HDV-3cc) (1 x 107 HDV
genome equivalents/mouse). For simultaneous super-infection
with two different HDV-1 isolates chronic HBV-infected mice
(>9 weeks) received patient derived HDV-1 (HDV-1p) (1 x 10°
HDV genome equivalents/mouse) and HDV-lcc (1 x 10°
HDV genome equivalents/mouse). For sequential HDV super-
infection experiments, chronic HBV-infected mice (>9 weeks)
were infected with HDV-3cc and after 9 weeks super-infected
with HDV-1cc and vice versa - using the same inocula as
described above. HBV-infected mice were also infected with
a patient-derived HDV-1 strain (HDV-1p) and then super-
infected with either HDV-3cc or HDV-1cc. Cell culture derived
HDV-1cc and HDV-3cc particles were generated in HuH7
cells as previously described (Gudima et al,, 2007). In brief,
cells were transfected with 1 g of the HDV recombinant
plasmid pSVL(D3) for HDV-1 (kindly provided by John Taylor,
Philadelphia, PA, United States) (Kuo et al., 1989) or pCMV3-
Peru-1.2 for HDV-3 (Casey and Gerin, 1998) and 1 pg of
the HBV envelope-expressing vector pT7HB2.7 using Fugene
HD Transfection Reagent (Promega, Madison, United States).
HDV-1p was isolated from a chronic HBV/HDV co-infected
patient and passaged through humanized USG mice. 50 pl
HBV/HDV-1p-positive mouse serum, which contained 7.3 x 10°
HBV DNA copies/ml and 1.3 x 108 HDV RNA copies/ml,

was used for infection. The inocula (1 x 107 HDV genome
equivalents/mouse) corresponded to a MOI of approximately 0.3
by estimating an average of 3 x 10”7 human hepatocytes per
mouse liver (Dandri et al., 2008).

Virological Measurements in Serum and

Liver

Viral DNA and RNA were extracted from serum samples
using the QiAmp MinElute Virus Spin kit (Qiagen, Hilden,
Germany) and from liver tissues using the MasterPure™
Complete DNA and RNA Purification Kit (Epicentre, Madison,
WI, United States) and the Qiagen RNeasy Mini Kit. HDV
viremia and intrahepatic HDV RNA levels were determined by
reverse transcription and qRT-PCR using the ABI Fast 1-Step
Virus Master (Applied Biosystems, Waltham, MA, United States)
and HDV Tagman primers and probes on an ABI Viia7
(Applied Biosystems, Waltham, MA, United States) as previously
described (Giersch et al., 2019). Primers and probes recognized
either all HDV genotypes (Ferns et al., 2011) or specifically HDV-
1 (all isolates) (Mederacke et al., 2010), HDV-lcc (HDVl1cc-
fw: 5-TCA CGG TAA AGA GCA TTG, HDVlcc-rv: 5-TTC
CCCTTC CAG AGA TTC-3', HDV1cc probe: 5'-/56-FAM/CGT
CCG CTT/ZEN/CCT GAG ACC), HDV-1p (HDVl1p-fw: 5'-
AGG AGT AAG ATC ATA GCG ATA-3/, HDVl1p-rv: 5-CTG
CTC TCT TTG CTT TCC-3/, HDV1p probe: 5'-/56-FAM/CGC
CTC GGT/ZEN/CTC CTC TAA-3"), or HDV-3 (HDV3-fw: 5'-
GGT CCG TCG TTC CAT CCT TT-3/, HDV3-rv: 5'-GTA GCT
CCC TCG GAT CGT TG-3, HDV3 probe: 5'-/56-FAM/CTT
ACC TCG TGG CCG GC/3BHQ_1/-3’). Primers and probes
were designed to specifically detect the used HDV isolates and
did not detect the respective other isolates, e.g., HDV-1 primers
did not allow amplification of HDV-3 RNA, and HDV-3 primers
did not detect HDV-1 RNA. HBV viremia and intrahepatic HBV
pregenomic (pg) RNA levels were determined by qRT-PCR using
specific primers and probe (Taqgman Gene Expression Assay
Pa03453406_s1, Applied Biosystems) (Malmstrom et al., 2012)
under conditions previously described (Giersch et al., 2019).
HBsAg quantification were performed on the Abbott Alinity I
platforms (quantitative HBsAg kit, Abbott, Ireland, Diagnostic
Division) after diluting the mouse serum 1:200 in the dilution
serum (Abbott) as recommended by manufacturer. Alanine
aminotransferase (ALT) was measured by using the Roche Cobas
cl11 System (Roche, Basel, Switzerland). For the measurements
5 wl of mouse serum was used. In HBV/HDV co-infection
experiments, known amounts of an HDV containing plasmid
were used as standard for serum HDV quantification. In all super-
infection experiments, standard curves for HDV quantification
were generated by extracting RNA from transfected HuH7 cell
culture supernatant, which contained either HDV-1cc, HDV-,
or HDV-3cc virions, using the QiAmp MinElute Virus Spin kit
(Qiagen, Hilden, Germany). Residual plasmids were removed
from the extracts by DNAse I (Epicentre/Lucigen, Madison, W1,
United States) digestion followed by isopropanol precipitation.
The HDV RNA standard concentration was then determined by
qRT-PCR using HDV specific primers and probe (Ferns et al.,
2011) and known amounts of an HDV containing plasmid.
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The HDV RNA standard curves for HDV-1 (all isolates), and
HDV-3cc were prepared in 1:5 dilutions and can be found in
Supplementary Figure 1. Known amounts of an HBV-containing
plasmid was used as standard for serum HBV quantification
in all experiments (Lutgehetmann et al, 2012). Steady-state
levels of intracellular viral RNA amounts were normalized to
human specific hGAPDH (Tagman Gene Expression Assay
Hs99999905_m1, Applied Biosystems).

For genomic and antigenomic HDV RNA quantification,
intracellular RNA was reverse transcribed using biotinylated
genomic and antigenomic HDV RNA primers (Ferns et al., 2011)
as previously described (Giersch et al., 2019). Biotinylated cDNA
was purified with the MinElute PCR Purification Kit (Qiagen,
Venlo, Netherlands) and isolated with dynabeads specifically
interacting with biotin (Dynal Kilobase Binder Kit, Invitrogen,
Carlsbad, CA, United States) following the manufacturer’s
instructions. For qRT-PCR with purified biotinylated cDNA
bound to dynabeads, HDV-specific primers and probes (Ferns
et al, 2011) and the ABI Fast Advanced Master (Applied
Biosystems) were used under the conditions described above.

cccDNA Quantification

Total DNA was extracted from liver specimens using the
Master Pure DNA purification kit (Epicentre/Lucigen) following
the manufacturer’s instructions, which include a proteinase K
digestion step. To remove rcDNA 1 pg of extracted liver
DNA was digested with plasmid-safe ATP-dependent DNase
(Epicentre/Lucigen) (30 U) at 37°C for 2 h. After heat
inactivation (30 min at 70°C) and isopropanol precipitation,
qRT-PCR with cccDNA-selective primers and probe (Malmstrom
et al,, 2012) (final concentration forward primer: 100 nmol/l,
reverse primer: 800 nmol/l) was performed under the following
conditions: 10 min initial denaturation at 95°C; 40 cycles: 1 s
at 95°C, 1 min at 65°C). cccDNA copies were normalized
to the number of human hepatocytes, which was estimated
by measuring the single copy gene human hemoglobin beta
(Tagman Gene Expression Assay Hs00758889_s1, Applied
Biosystems). Known amounts of cccDNA containing plasmid
and human genomic DNA (Roche Applied Science, Mannheim,
Germany) were used as a standard for quantification.

Sequencing

For HDV genome sequencing of the amber/W site (position
1012) ¢cDNA was synthesized with the Transcriptor First
Strand ¢cDNA Synthesis Kit (Roche, Mannheim, Germany)
using random hexamer primer according to the manufacturer’s
instructions. HDV region R1 [location: 305-1285, product size:
980 bp, according to the numeration of Wang et al. (1986))
were amplified by PCR using cDNA, respective primers (R1 fw
305-327: CCA GAG GAC CCC TTC AGC GAA C, R1 rv 1285-
1261: GAA GGA AGG CCC TCG AGA ACA AGA) (Ivaniushina
etal, 2001] and a Red-Taq Polymerase (Sigma-Aldrich, St. Louis,
United States) under the following conditions: 4 min initial
denaturation at 94°C; 45 cycles: 1 min at 94°C, 1 min at 62°C,
and 2 min at 72°C. PCR product length was analyzed on a
0.8% agarose gel and DNA fragments were extracted with the
MinElute PCR Purification Kit (Qiagen) as recommended by the

manufacturer. The forward and reverse strand was sequenced
with Sanger sequencing (Mix2seq kit) performed by Eurofins
Genomics (Ebersberg, Germany).

RNA Library Preparation/Next
Generation Sequencing (NGS)

RNA Ilumina NGS libraries were prepared from each sample
using SMARTer Stranded Total RNA-Seq Kit v2 - Pico
Input Mammalian (Takara Bio Europe, Saint-Germain-en-Laye,
France). All libraries were multiplex-sequenced on an Illumina
MiSeq instrument (300 cycles, PE protocol). Total numbers of
3,249,720 and 3,193,042 paired-end 151-nucleotide (nt) reads for
the samples HDV1/3-liver, and HDV1/1-liver were generated.
Adapter sequences of the reads and bases with a score of less than
Q30 were trimmed, and any reads shorter than 40 nt removed
using Trimmomatic v0.36 (Bolger et al., 2014). The high-quality
paired-end reads were mapped to the host genome (10 mm,
GCA_000001635.2) using the Bowtie2 package (Langmead and
Salzberg, 2012). The unaligned reads were converted to fastq
files using the SamTofastq tool in Picard tools. The tool FLASH
(Magoc and Salzberg, 2011) was used to stitch the paired-end
reads since over 70 percent of the reads overlap the reads
generated from the opposite end of the same DNA fragment. The
resulting stitched sequences together with the remaining paired-
end reads were used as input data for the SPAdes assembler
(v3.13.0) (Bankevich et al., 2012).

Expression of Human Specific Interferon
Stimulated Genes (ISGs)

To determine intrahepatic expression levels of human specific
interferon stimulated genes (ISGs) in USG mice, liver RNA
was extracted as described above and cDNA was synthesized
with the Transcriptor First Strand cDNA Synthesis Kit (Roche,
Mannheim, Germany) using oligo-dT primer according to the
manufacturer’s instructions. qRT-PCR was performed with the
ABI Fast Advanced Master (Applied Biosystems) in an ABI Viia7
(Applied Biosystems). The following Tagman Gene Expression
Assays from Applied Biosystems containing human specific
primers and probe, which do not cross-react with murine signals,
were used: hMxA (Hs00895608_m1), hISG15 (Hs00192713_m1),
hCXCL10 (Hs00171042_m1), hOAS1 (Hs00973637_m1), hHLA-
E (Hs03045171_m1, and hCASP8 (Hs01018151_m1). The human
housekeeping genes hGAPDH (Hs99999905_m1) and hRPL30
(Hs00265497_m1) were used for normalization.

Immunofluorescence Stainings

Cryostat sections of chimeric mouse livers were stained as
previously described (Lutgehetmann et al., 2012). Briefly, sections
were fixed with acetone and incubated with mouse anti-CK18
(1:400, Dako, Glostrup, Denmark), rabbit anti-HBcAg (1:2000,
Dako), mouse HLA-ABC (1:50, Antibodies-online, Aachen,
Germany), and human anti-Delta (anti-HDAg-positive human
serum, 1:8,000). Specific signals were visualized with Alexa
488-, 555-, or 633-labeled secondary antibodies (Invitrogen,
Darmstadt, Germany). To enhance the HBcAg staining an anti-
rabbit horseradish-peroxidase conjugated secondary antibody
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(Jackson Immunoresearch, Suffolk, United Kingdom) and the
TSA Fluorescein System (Perkin Elmer, Jiigesheim, Germany)
were used. Nuclear staining was achieved by Hoechst 33258
(1:20,000 diluted, Invitrogen, Waltham, MA, United States).
Stained sections were then mounted with fluorescent mounting
media (Dako) and analyzed with the fluorescence microscope
BZ8710 (Keyence, Osaka, Japan) using the same settings for
the different experimental groups. The percentages of HDAg-
positive human hepatocytes were estimated as previously
described (Lutgehetmann et al, 2012) and by using 2-5
visual fields (displaying an average of 500 human hepatocytes)
per mouse liver.

RNA in situ Hybridization (RNAScope)

RNA in situ hybridization was performed on paraformaldehyde-
fixed, cryo-preserved liver sections using the RNAScope
Fluorescent Multiplex Kit (Advanced Cell Diagnostics, ACD,
Hayward, CA, United States) according to the manufacturer’s
instructions and as previously described (Allweiss et al., 2016).
Briefly, liver sections were fixed with 4% paraformaldehyde,
dehydrated with ethanol and pretreated with Pretreat 4
(Pretreatment Kit, ACD) for 30 min. Liver sections were then
incubated with RNAScope target probes, which specifically
bind HBV pgRNA (assay number: 442741), HDV-1 (475311) or
HDV-3 (478121-C2) AG HDV RNA, hISG15 (450921-C3), or
hMxA (403831-C3) for 2 h at 40°C (HybEZ oven, ACD). DAPI
staining was performed to visualize nuclei. Stained sections
were analyzed by fluorescence microscopy (Biorevo BZ-9000,
Keyence) using a 60 x /1.40 NA oil objective. Merged z stack
images were prepared using the same settings for all groups.
The percentages of HDV RNA positive human hepatocytes were
estimated by using 3 visual fields (displaying an average of 500
human hepatocytes) per mouse liver.

Western Blot

Protein lysates were obtained by extracting liver tissue with
T-Per Tissue Protein Extraction Reagent (Pierce, Rockford,
United States) supplemented with NaF (10 mM), EDTA
(2 mM), benzamidine (10 mM), PMSF (1 mM), leupeptin
(I pg/ml), Na3VO4 (2 mM), and aprotinin (1,5 pg/ml).
Protein content was measured by Pierce BCA Protein Assay
Kit (Thermo Scientific, Rockford, United States) following the
manufacturer’s instructions. For immunoblotting, 20 pg of
protein extracts were denaturated at 95°C, separated on a 12%
sodium dodecyl sulfate-polyacrylamide gel (NuView Precast gels,
Peglab, Erlangen, Germany) and blotted onto a nitrocellulose
membrane (Hybond ECL Nitrocellulose Membrane, GE
Healthcare, Buckinghamshire, United Kingdom). Small
and large hepatitis delta antigens (S-HDAg, L-HDAg) were
detected using a highly diluted human anti-Delta antibody
(anti-HDAg-positive human serum (1:2,000). An anti-human
horseradish-peroxidase conjugated secondary antibody (Jackson
Immunoresearch, Suffolk, United Kingdom) was used in
a dilution of 1:10,000. Signals were visualized with Super
Signal West Dura Chemiluminescent Substrate (Pierce) and the
Molecular Imager ChemiDoc XRS System (Bio-Rad Laboratories,
Hercules, United States).

Statistics

Statistical analyses were performed with the GraphPad Prism
9 software. For group-wise comparisons, the non-parametric
Mann-Whitney U test was applied. For correlations the
Spearman test was used. P values < 0.05 were considered
statistically significant.

RESULTS

HDV-3cc Infected Mice Show Higher
Intrahepatic Amounts of HDV RNAs and
HDAg Than Animals Infected With a
HDV-1cc Strain

To comparatively assess infection and replication capacities
of both cell culture (cc)-derived HDV strains, humanized
USG mice were infected with HBV and either HDV-3cc
(n = 7) or HDV-lcc (n = 5) and viral parameters were
compared (Figure 1A). HDV viremia increased during the
first 7 weeks of infection and reached stable levels of median
3 x 103 HDV RNA copies/ml in HBV/HDV-3cc co-infection
and of median 8 x 107 HDV RNA copies/ml in HBV/HDV-
lcc co-infected mice (Figure 1B). Nine weeks post infection
(pi) median HDV levels were slightly higher in serum
(0.4log, p = 0.0303) (Figure 1B) and clearly increased in the
liver (1.1-log, p = 0.0025) of HBV/HDV-3cc-infected mice,
compared to HBV/HDV-lcc-infected animals (Figure 1C).
Consistent with the increased intrahepatic HDV RNA levels,
the amount of HDAg positive human hepatocytes appeared
higher in HBV/HDV-3cc co-infected mice (approximately
70 vs. 20% in HDV-lcc co-infection) (immunofluorescence
staining, Figures 1D,E). Moreover, a clearly higher number of
human cells was positive for genomic (G) and antigenomic
(AG) HDV RNA in HDV-3cc infection compared to HDV-
lcc infection (RNA in situ hybridization, Figures 1EG). The
increased levels of G and AG HDV RNA in HDV-3cc-
infected mouse livers were also confirmed by performing a
specific QRT-PCR assay using biotinylated reverse transcription
primers and Dynabeads (see section “Materials and Methods”;
Supplementary Figure 2A). RNA Sanger sequencing of the
amber/W site revealed that the HDV RNA encoding for the
S-HDAg (ATC) tends to be dominant in serum of HDV-
3cc-infected mice, while human hepatocytes infected with
HDV-1cc preferentially generated HDV RNA encoding for the
L-HDAg (ACC) (Supplementary Figure 2B). However, the
protein expression of intrahepatic S- and L-HDAg determined
by western blot was very similar in HBV/HDV-lcc- and
HBV/HDV-3cc-infected animals (Supplementary Figure 2C).
The slightly different migration properties of HDV-1 and HDV-
3 HDAgs likely occur due to different amino acid sequences
and were also observed in an in vitro study comparing these
two genotypes (Casey and Gerin, 1998). In line with previous
findings (Lutgehetmann et al, 2012), the increased efficacy of
HDV-3cc to infect humanized livers was associated with certain
levels of HBV suppression, as indicated by the lower HBV
viremia (1.0-log, p = 0.0051, Figure 2A) and intrahepatic HBV
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FIGURE 1 | HDV in mice co-infected with HBV and HDV-1cc or HDV-3cc. (A) Experimental setting. gqRT-PCR measurements (HDV primers/probe recognize all
genotypes) of serum HDV RNA (quantification with plasmid standard) (B) and liver HDV RNA (normalized to housekeeping gene hGAPDH) (C) in HBV/HDV-1cc
(green) and HBV/HDV-3cc (red) co-infected mice 9 weeks post infection. Results are expressed as median =+ range (B), the bar shows median levels (C). “*p < 0.01.
Immunofluorescence staining of HDAg (red) and CK18 (detecting human hepatocytes, aqua) in HBV/HDV-1cc (D) and HBV/HDV-3cc (E) co-infected mice at the end
of the experiment. Nuclei are stained with Hoechst 33258 (blue). RNA in situ hybridization staining of AG HDV RNA (red) in HBV/HDV-1cc (F) and HBV/HDV-3cc (G)
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pgRNA levels (0.6-log, p = 0.0480, Figure 2B) determined in
mice co-infected with HDV-3, compared to HBV-mono-infected
and HBV/HDV-1cc co-infected mice. The development of HBV
viremia was also slightly delayed in HBV/HDV-1 co-infected
mice. However, intrahepatic HDV RNA levels remained lower in
these mice and liver HBV pgRNA levels appeared comparable in
HBV mono-infected and HBV/HDV-1 infected mice at 9 weeks
p.i. (Figures 2A,B). Likewise, RNA in situ hybridization staining

demonstrated substantially lower amounts of HBV pgRNA in
livers of HBV/HDV-3cc-infected than in HBV/HDV-1cc-infected
animals (Figures 2C,D). Circulating HBsAg levels (Figure 2E)
and intrahepatic amounts of covalently closed circular (ccc)
DNA (Figure 2F) did not differ significantly between HDV-1
and HDV-3 infected animals, although levels appeared lower
in mice receiving HDV-3, further indicating HDV-mediated
suppression of HBV. Furthermore, we investigated whether
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FIGURE 2 | HBV in mice co-infected with HBV and HDV-1cc or HDV-3cc. gRT-PCR measurements of serum HBV DNA (quantification with plasmid standard) (A)
and liver pregenomic HBV RNA (normalized to housekeeping gene hGAPDH) (B) in HBV/HDV-1cc (green line or dots) and HBV/HDV-3cc (red line or dots) co-infected
mice 9 weeks post infection compared to stable HBV mono-infected mice (black line or dots). Results are expressed as median =+ range (A), the bar shows median
levels (B). *o < 0.05, **p < 0.01. RNA in situ hybridization (RNAScope) staining of pregenomic HBV RNA (green) in HBV/HDV-1cc (C) and HBV/HDV-3cc (D)
co-infected mice at the end of the experiment. Nuclei are stained with dapi (blue). Serum HBsAg levels (E), intrahepatic cccDNA levels (normalized to human beta
globin) (F) and serum ALT levels (G) in HBV/HDV-1cc and HBV/HDV-3cc co-infected mice at the end of the experiment. The bar shows median levels (E-G).

HDV-1cc and HDV-3cc infection leads to different cytotoxic
effects on human hepatocytes of USG mice. In livers of both
HDV-1cc and HDV-3cc-infected mice the apoptosis marker
human caspase 8 was not significantly induced compared to
uninfected controls (Supplementary Figure 3A, qRT-PCR).
Immunofluorescence staining demonstrated very low and similar
numbers of caspase 3 positive human hepatocytes in both co-
infection settings (data not shown). Levels of serum ALT, which
increase during liver injury, were comparable in HBV/HDV-
3cc and HBV/HDV-1cc-infected mice (Figure 2G). In line,
human serum albumin (HSA) levels, which reflect the amount
of human hepatocytes in chimeric mouse livers, remained

stable throughout the course of infection with both HDV-
lcc and HDV-3cc (Supplementary Figure 3B), indicating
that neither HBV/HDV-1cc nor HBV/HDV-3cc co-infections
promote detectable cell death in USG mice.

Interestingly, mRNA expression levels of human specific
interferon simulated genes (hISGs) such as hMxA, hOAS1 and
hHLA-E did not differ significantly between HBV/HDV-3cc and
HBV/HDV-1cc co-infected mice, but clearly increased compared
to uninfected animals on a global level (QRT-PCR) and on a single
cell level (RNA in situ hybridization) (Figure 3). The expression
of hISG15 and hCXCL10 tended to be more enhanced in
HDV-3cc-infected mice compared to HDV-1cc-infected animals
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(Figure 3) and such ISG increase correlated with intrahepatic
HDV RNA levels (Supplementary Figure 4). Of note, an
induction of hISGs was not exclusively observed in HDV AG
RNA-positive or neighboring human cells, but also in further
distant HDV-negative bystander human hepatocytes (Figure 3).
Triple staining of HLA-ABC, HBcAg and HDAg indicated
that the HDV-negative cells that show an induction of ISGs
were either HBcAg-positive or negative for both of these HDV
and HBV infection markers (Supplementary Figure 5). The
underlying mechanisms mediating this rather “global sensing” of
the infection needs to be investigated in future studies. Overall,
this HDV-3cc strain demonstrated a higher infection efficiency in
USG mice, as displayed by increased HDV viremia, intrahepatic
HDV RNA levels and increased HBV suppression capacities
compared to HDV-1cc, while levels of apoptosis and liver injury
markers were comparable between HDV genotypes in human
liver chimeric mice that lack functional NK, B and T cells.

HDV-3cc/HDV-1cc Co-infection Occurs
in USG Mice but Not at the Single Cell

Level

To explore the ability of these two HDV genotypes to co-infect
human hepatocytes in vivo, stably HBV-infected humanized
mice (n = 7, median HBV viremia: 5 x 10° copies/ml)
were simultaneously infected with HDV-3cc and HDV-lcc

(Figure 4A). Four weeks p.i., both HDV genotypes were detected
in serum and livers of USG mice by using HDV-1 and HDV-
3 specific qRT-PCRs, which did not detect the respective other
HDV genotype (Figures 4B,C). Interestingly, HDV-3cc viremia
reached maximum levels already at 4 weeks p.i. and remained
stable until the end of the experiment at 10 weeks p.i. (Figure 4B).
In contrast, HDV-1cc RNA in serum was slightly lower (0.9-
log) compared to HDV-3cc levels at 4 weeks p.i., but strongly
decreased (more than 3-log) in the following weeks (Figure 4B).
In line with the viremia levels, intrahepatic HDV-3cc RNA
was already at high levels at 4 weeks p.i. and at similar levels
in mice sacrificed at 10 weeks p.i., while the HDV-1cc RNA
levels within these HBV/HDV-1cc/HDV-3cc co-infected mouse
livers at 10 weeks p.i. appeared clearly lower than in livers of
mice sacrificed at 4 weeks p.i. (Figure 4C). Strain-specific RNA
in situ hybridization indicated a similar number of HDV-1cc and
HDV-3cc AG RNA-positive human hepatocytes at week 4 p.i.
in livers of HBV/HDV-1cc/HDV-3cc-infected mice (Figure 4D).
At 10 weeks p.i. clearly lower amounts of HDV-1cc AG RNA-
positive human hepatocytes (1%) were detected compared to
4 weeks p.i. (Figure 4E), indicating that HDV-3cc became the
predominant strain in HBV/HDV-1cc/HDV-3cc-infected mice
(66.7% HDV-3cc AG RNA-positive). Strikingly, AG HDV RNAs
of HDV-1cc and HDV-3cc could very rarely (less than 0.1%)
be detected in the same hepatocyte at any of the time-points
observed (Figure 4F), suggesting that these HDV genotypes
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FIGURE 3 | Human specific ISGs and chemokines in mice co-infected with HBV and HDV-1cc or HDV-3cc. (A-E) gRT-PCR measurements (normalized to median
of housekeeping genes hGAPDH and hRPL30) (A left, B left, and C-E) and RNA in situ hybridization staining (A right, B right) of human ISG15 (A), MxA (B),
CXCL10 (C), OAST (D), and HLA-E (E) in livers of HBV/HDV-1cc and HBV/HDV-3cc co-infected mice 9 weeks post infection compared to uninfected mice. The bar
shows median levels. *p < 0.05, **p < 0.01. RNA in situ hybridization stainings show hiISG15 RNA and hMxA RNA in agua and HDV AG RNA in red. Nuclei are
stained with dapi (blue).
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FIGURE 4 | HDV in chronic HBV-infected mice simultaneously super-infected
with HDV-1cc and HDV-3cc or with HDV-1cc and HDV-1p. (A) Experimental
setting of HDV-1/HDV-3 double infection. (B,C) gRT-PCR measurements
(genotype specific HDV primers/probe for HDV-1 and HDV-3 were used) of
serum HDV RNA (quantification with cell culture derived RNA standard) at
different time-points (B) and liver HDV RNA (normalized to housekeeping gene
hGAPDH) 4 and 10 weeks post super-infection with HDV (C). Results are
expressed as median + range (B), the bar shows median levels (C). HDV-1cc
RNA levels are depicted in green (line or dots) and HDV-3cc RNA levels in red
(line or dots). (D,E) RNA in situ hybridization (RNAScope) staining of HDV-1cc
(green) and HDV-3cc AG HDV RNA (red) in HDV-1cc/HDV-3cc-infected mice
4 weeks (D) and 10 weeks (E) post super-infection. Phagocytic remnants
have an autofluorescence and are marked with a white star. (F) Examples of
HDV-3cc AG (red, left), HDV-1cc AG (green, middle), and HDV1/3 AG double
positive human hepatocytes in mice infected with both HDV genotypes.
Nuclei are stained with dapi (blue). (G) Experimental setting of
HDV-1cc/HDV-1p double infection. (H,l) gRT-PCR measurements (strain
specific HDV primers/probe for HDV-1cc and HDV-1p were used) of serum
HDV RNA (quantification with cell culture derived RNA standard) at different
time-points (H) and liver HDV RNA (normalized to housekeeping gene
hGAPDH) 6 weeks post super-infection with HDV (I). HDV-1cc RNA levels are
depicted in green (line or dots) and HDV-1p RNA levels in red (line or dots).

following 6 weeks (0.8-log, p = 0.0167), while HBV mono-
infected mice maintained stable HBV DNA viremia levels until
the end of the experiment (Supplementary Figure 6A). Also
intrahepatic HBV pgRNA levels were still high - and comparable
to stable HBV mono-infected mice - at 4 weeks post HDV
super-infection but appeared lower at 10 weeks post HDV super-
infection (1.2-log decrease, Supplementary Figure 6B).

To comparatively assess the capacity of two different HDV
strains with less divergent genome sequences to infect the livers
of humanized mice, we super-infected one stable HBV-infected
mice with HDV-1cc and another HDV-1 isolate derived from
a chronic HBV/HDV infected patient (HDV-1p) (Figure 4G).
6 weeks after simultaneous HDV-1cc/HDV-1p super-infection,
high and comparable levels of HDV RNA were measured in
serum and liver by employing a strain specific qRT-PCR (which
did not cross-react with the respective other HDV-1 isolate)
(Figures 3H,I). Due to the high sequence similarity between
HDV-1cc and HDV-1p, the RNA in situ hybridization assay could
not be performed, thus hindering analyses of co-infection events
at single-cell level. However, NGS analysis revealed that within
the observation time, no recombination events were detected
between HDV-1cc and HDV-3cc, or HDV-1cc and HDV1p
in vivo (data not shown). These data suggest that concomitant
infection of the same hepatocyte with two actively replicating
HDV strains may not be a common event in vivo.

Sequential Super-Infection With HDV-3cc
and HDV-1cc (and Vice Versa) Was
Strongly Impaired in vivo

We also investigated whether mice already chronically infected
with HBV and HDV could be super-infected by another
HDV genotype. We used stably HBV-infected USG mice and
sequentially super-infected them with HDV-lcc for 9 weeks
(first HDV super-infection) and then subsequently with HDV-
3cc for additional 9 weeks (second HDV super-infection) (n = 2)
(Figure 5A). After infection with HDV-1cc, mice developed
viremia levels of around 1 x 108 HDV-1 RNA copies/ml,
which remained stable after super-infection with the second
HDV strain (HDV-3cc) (Figure 5B). Surprisingly, genotype
specific qRT-PCR showed that serum HDV-3cc RNA levels
remained around the lower limit of detection (LLoD =1 x 103
copies/ml) for the entire observation time (Figure 5B). In
contrast, control mice that had been infected only with HBV
and super-infected with HDV-3cc (n = 2), developed as expected
HDV-3cc viremia up to levels of 6 x 107 copies/ml within
9 weeks (Figure 5B). In line with the HDV viremia, intrahepatic
HDV-3cc RNA levels were clearly lower or below quantitative
detection in mice that were previously infected with HDV-1cc,
compared to mice that were only super-infected with HDV-
3cc (Figure 5C). Using RNA in situ hybridization, we detected
HDV-1cc AG RNA in approximately 20% of human hepatocytes
at the end of experiment, while we were not able to detect
HDV-3cc AG RNA-positive human hepatocytes in livers of these
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FIGURE 5 | HDV in chronic HBV-infected mice sequentially super-infected with HDV-1cc and HDV-3cc. (A) Experimental setting (first HDV-1cc, then HDV-3cc;
control mice were super-infected with HDV-3cc only). (B,C) gRT-PCR measurements (genotype specific HDV primers/probe for HDV-1 and HDV-3 were used) of
serum HDV RNA (quantification with cell culture derived RNA standard) at different time-points (B) and liver HDV RNA (normalized to housekeeping gene hGAPDH)
at the end of experiment (C). HDV-1cc RNA levels are depicted in green (line or dots) and HDV-3cc RNA levels in red (line or dots). The dashed red line shows HDV
viremia in control mice (HDV-3cc only). Results are expressed as median =+ range (B), the bar shows median levels (C). (D) RNA in situ hybridization (RNAScope)
staining of HDV-1cc (green) and HDV-3cc AG HDV RNA (red) in HDV-1cc/HDV-3cc sequential super-infected (left) and HDV-3cc control mice (right) at the end of
the experiment. Nuclei are stained with dapi (blue). (E) Experimental setting (first HDV-3cc, then HDV-1cc; control mice were super-infected with HDV-1cc only).
(F,G) gRT-PCR measurements (genotype specific HDV primers/probe for HDV-1 and HDV-3 were used) of serum HDV RNA (quantification with cell culture derived
RNA standard) at different time-points (F) and liver HDV RNA (normalized to housekeeping gene hGAPDH) at the end of experiment (G). HDV-1cc RNA levels are
depicted in green (line or dots) and HDV-3cc RNA levels in red (line or dots). The dashed green line shows HDV viremia in control mice (HDV-1cc only). Results are
expressed as median =+ range (F), the bar shows median levels (G). (H) RNA in situ hybridization (RNAScope) staining of HDV-1cc (green) and HDV-3cc AG HDV
RNA (red) in HDV-3cc/HDV-1cc sequential super-infected (left) and HDV-1cc control mice (right) at the end of the experiment. Nuclei are stained with dapi (blue).

mice (Figure 5D). HBV-infected USG mice, which were super-
infected with HDV-3cc alone, showed the presence of HDV-3cc
antigenomic RNA-positive liver cells (Figure 5D). Conclusively,
after an infection with HDV-1cc was established in HBV-infected
USG mice, a second super-infection with HDV-3cc appeared
strongly impaired.

Similarly, predominance of the HDV genotype that infected
mouse livers first was determined also when stable HBV-infected
mice were first super-infected with HDV-3cc and 9 weeks later
with HDV-1cc (n = 3) (Figures 5E-H). Even in these mice, serum
and liver HDV-1cc RNA levels hardly exceeded the LLoD, while
HDV-3cc viremia (HDV-3cc 1 x 107 copies/ml) and intrahepatic
levels remained at high levels throughout the course of the
experiment (Figures 5F,G). As expected, a control mouse that
was infected with HBV and HDV-1cc only, developed serum
HDV-1cc RNA levels of 8 x 10° copies/ml (Figure 5F). In line
with the previous experimental setting, HDV-1cc antigenomic
RNA-positive human hepatocytes could only be detected in mice

that were infected with HBV and HDV-1cc, but not in mice that
already displayed a productive HDV-3cc infection (Figure 5H).
To exclude that the observed viral interference of HDV-1cc
and HDV-3cc occurs exclusively among these two particular
HDV strains, we also used stably HBV-infected mice and super-
infected them first with a patient derived HDV-1 strain (HDV-
1p) and then with HDV-3cc (n = 3) (Figure 6A). Even in
this sequential super-infection setting, the presence of HDV-1p
(serum HDV-1p 2 x 10° copies/ml) substantially hindered the
establishment of HDV-3cc infection, as demonstrated by the low
levels (around the LLoD) of HDV-3cc RNA in serum and liver
(Figures 6B,C) and by the absence of HDV-3cc antigenomic
RNA-positive human hepatocytes in HBV/HDV-1p/HDV-3cc
super-infected mice (RNA in situ hybridization, Figure 6D).
HBV-infected control animals, which were super-infected with
HDV-3cc (n = 2) only, developed HDV-3cc RNA viremia levels
of 6 x 107 copies/ml (Figure 6B) and showed the presence of
HDV-3cc antigenomic RNA-positive liver cells (Figure 6D).
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FIGURE 6 | HDV in chronic HBV-infected mice sequentially super-infected with HDV-1p and HDV-3cc, or HDV-1p and HDV-1cc. (A) Experimental setting (first
HDV-1p, then HDV-3cc; control mice were super-infected with HDV-3cc only). (B,C) gRT-PCR measurements (genotype specific HDV primers/probe for HDV-1 and
HDV-3 were used) of serum HDV RNA (quantification with cell culture derived RNA standard) at different time-points (B) and liver HDV RNA (normalized to
housekeeping gene hGAPDH) at the end of experiment (C). HDV-1p RNA levels are depicted in green (line or dots) and HDV-3cc RNA levels in red (line or dots). The
dashed red line shows HDV viremia in control mice (HDV-3cc only). Results are expressed as median =+ range (B), the bar shows median levels (C). (D) RNA in situ
hybridization (RNAScope) staining of HDV-1p (green) and HDV-3cc AG HDV RNA (red) in HDV-1p/HDV-3cc sequential super-infected (left) and HDV-3cc control
mice (right) at the end of the experiment. Nuclei are stained with dapi (blue). Phagocytic remnants have an autofluorescence and are marked with a white star.

(E) Experimental setting (first HDV-1p, then HDV-1cc; control mouse was super-infected with HDV-1cc only). (F,G) gRT-PCR measurements (strain specific HDV
primers/probe for HDV-1cc and HDV-1p were used) of serum HDV RNA (quantification with cell culture derived RNA standard) at different time-points (F) and liver
HDV RNA (normalized to housekeeping gene hGAPDH) at the end of experiment (G). HDV-1p RNA levels are depicted in red (line or dots) and HDV-1cc RNA levels
in green (line or dots). The dashed green line shows HDV viremia in control mouse (HDV-1cc only).
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Finally, and in an attempt to investigate whether viral
interference mechanisms may hinder the establishment of
productive super-infections also among HDV strains of the same
genotype, one HBV/HDV-1p infected humanized mouse was
super-infected with HDV-1cc (Figure 6E). Interestingly, even
after 9 weeks of super-infection with the second HDV-1 isolate
no serum and liver HDV-1cc RNAs were detected, while HDV-
1p viremia remained unchanged, whereas one mouse that was
infected in parallel with HBV and HDV-1cc only, - as expected
- developed high HDV-1cc serum RNA levels (Figures 6F,G).

Overall, our sequential super-infection experiments in USG
mice revealed that an already established HDV infection strongly
impairs the establishment of a productive subsequent HDV
infection not only with a genetically distant genotype, but also
with a similar isolate.

DISCUSSION

Hepatitis D Virus is classified into eight different genotypes
with a sequence divergence from 15% up to 40% according to
partial or full-length genome sequencing (Deny, 2006; Le Gal
et al, 2017). Despite the presence of conserved nucleotides,
amino acid motifs and positions across all genotypes, indicating
the existence of conservatory constraints both at genomic and
protein level, inter-genotype differences are also linked to distinct
geographical distributions, and different treatment responses
and pathogenicity. HDV-1 infection is distributed around the
world, shows diverse clinical outcomes and was studied the
most in vitro, in vivo, and in patients. HDV-3 is geographically
isolated in the Amazonas region, is associated with the most
severe disease outcomes among all HDV genotypes (Casey
et al., 1996), but seems to respond better to treatment with
PEGylated interferon alpha than HDV-1 (Borzacov et al., 2016).
Nevertheless, only very few HDV strains have been studied
in vivo to date.

Taking advantage of the availability of a commonly used
HDV-1 clone (Kuo et al., 1988, 1989) and an HDV-3 clone
isolated and generated from an infected Peruvian man with
acute severe hepatitis (Casey et al, 1993), in this study we
first investigated virological differences between HDV-1 and
HDV-3 in primary human hepatocytes co-infected with HBV
in vivo. By using USG mice that were repopulated with human
hepatocytes we observed that HDV-3 establishes higher rates of
HDV viremia and intrahepatic HDV RNA levels than this HDV-1
strain in HBV-infected chimeric mice. Despite the use of inocula
containing comparable levels of HDV genome equivalents,
immunofluorescence staining and RNA in situ hybridization
revealed that around 70% of human hepatocytes were infected
with HDV-3, while only 20% of human cells were HDV-1-
positive. In the absence of HBV, HDV-1, and HDV-3 were able
to initially infect comparable amounts of human cells in vitro
(data not shown) and in vivo (Giersch et al., 2021), indicating
that HDV1 and HDV3 mainly differ in their spreading and
assembly capacities. HDV has been observed to suppress HBV
replication (Niro et al., 2001; Giersch and Dandri, 2015) and
indeed the higher infection levels of HDV-3 determined in this

study were accompanied by a stronger suppression of serum and
intrahepatic HBV markers compared to HBV/HDV-1 infection.

An in vitro study suggested that the severity of hepatic
inflammation might be associated with distinct efficacies of HDV
genotypes to generate L-HDAg, package and finally secrete viral
particles (Hsu et al., 2002). The authors observed that HDV-
2 secretes fewer viral particles than HDV-1, which may reduce
the extent of liver infection and result in less severe hepatic
inflammation (Hsu et al., 2002). While genome sequencing in
our study revealed that HDV editing at the amber/W site and
thus the production of genomes encoding for the L-HDAg was
comparatively lower in HDV-3 infection, the amounts of S- and
L-HDAg determined by western blot analysis were similar in
HDV-1- and HDV-3-infected animals. However, we observed a
higher intracellular productivity of HDV-3, which may explain
the faster spreading kinetics and increased numbers of infected
cells achieved in the same time frame in comparison to HDV-
1 and therefore contribute to the more severe clinical course
of HDV-3 infections. Moreover, the degree of apoptosis and
liver injury appeared low and comparable with both strains,
while the induction of some human specific interferon stimulated
genes (hISG15, hCXCL10) tended to be slightly higher in
mice harboring HDV-3, suggesting that an enhancement of the
intrinsic innate responses may contribute to augment the severity
of HDV-3-associated liver disease. However, these mice lack B, T,
and NK cells and it is also plausible that the severity of HDV-
3 in patients may rather be caused by responses of the adaptive
immune system or by so far unknown genotype specific events.

Secondly, we investigated whether HDV-1 and HDV-3 could
co-infect the same liver, a setting prone to genetic recombination.
To date, co-infections of HDV-1 and HDV-2 were observed
in vitro and in patients (Wu et al., 1999; Wang and Chao,
2005; Sy et al, 2015), but not between HDV-1 and HDV-3
(Cicero et al., 2016).

Here, we observed for the first time that co-infections of
HDV-1 and HDV-3 are possible in human liver chimeric mice
already infected with HBV. However, one strain (HDV-3) became
dominant within 10 weeks after infection, while viremia and
intrahepatic viral loads of the other HDV-1 strain used in these
experiments were clearly decreased. Interestingly, even at an
early time-point of HDV-1/HDV-3 co-infection, when both HDV
genotypes were clearly detected in the liver, we could rarely
find human hepatocytes harboring HDV-1 and HDV-3 AG RNA
at the same time, indicating that the two genotypes are not
able to replicate efficiently within the same cell. Furthermore,
we inoculated chronic HBV-infected mice first with HDV-
1 and several weeks later with HDV-3 (and vice versa) and
demonstrated that when an infection with one HDV genotype is
already established in humanized livers, the super-infection with
another genotype was strongly impaired. Remarkably, also when
one mouse was stably infected with one HDV-1 isolate, a super-
infection with another HDV-1 strain could not be established.
Taken together, these results indicate the existence of a strong
viral inter- and intragenotypic interference and may allow HDV
to evade excessive recombination by incoming, divergent viruses,
which is believed to occur through RNA template switching of the
host RNA polymerase during replication of G HDV RNA (Chao,
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2007; Lin et al., 2015). Recombination of different genotypes can
occur when at least two viral genomes co-infect the same host
cell and is observed among RNA viruses such as hepatitis C
virus (HCV), influenza A virus and human immunodeficiency
virus (HIV) (Perez-Losada et al., 2015). In general, inter-genomic
recombination is more likely to occur in plus-strand viruses
(McVean et al., 2002), but was also described for HDV-1 and
HDV-2 in vitro and in patients (Wang and Chao, 2005; Sy
et al,, 2015). Lin et al. (2015) observed in vitro that intra-
genotypic recombination rates (between two different HDV-
1 isolates) were higher compared to recombination rates that
were obtained between different genotypes (HDV-1 and HDV-
2 or HDV-4) and proposed that a decreased genetic distance
favors HDV recombination frequency. Although, in this study
simultaneous super-infection with two different HDV-1 isolates,
led to comparable levels of both HDV-1 strains in serum and
liver, NGS analysis of HDV1/3 and HDV1/1 infected mice
failed to detect inter- or intra-genotypic recombination within
the observed time. These results indicate that simultaneous
replication of different HDV genotypes and strains in the same
human hepatocyte do not occur frequently in vivo, not even in the
absence of an adaptive immune system, which could affect HDV
spreading capacities. HDV recombination events described in
patients may require a longer-term coexistence in the same liver
and perhaps even immune mediated selective pressures favoring
co-infection and recombination events.

Casey and Gerin (1998) performed co-transfection
experiments using HuH?7 cells and observed that expression of
HDV-3 S-HDAg strongly inhibited HDV-1 RNA replication,
while transfection of HDV-1 S-HDAg resulted in a two- to
threefold inhibition of HDV-3 RNA replication. The natural
function of the L-HDAg is to suppress HDV replication (and
support virus assembly) and interestingly, the L-HDAg of
HDV-3 was shown to decrease not only HDV-3 but also
HDV-1 replication. Vice versa, the L-HDAg of HDV-1 was
also able to suppress both HDV-1 and HDV-3 replication,
even though the sequence of the C-terminal extension of the
HDAg responsible for this inhibitory activity (Chao et al,
1990) is highly different between the two genotypes (Casey
and Gerin, 1998). Therefore, it is conceivable that also in
our study the presence of S- and L-HDAgs from HDV-1
hindered the establishment and in particular the replication
capacities of HDV-3 (and vice versa) in the same human
hepatocyte. Future studies are needed to proof whether the
inability of HDAg to support replication of another more
distant HDV genotype is indeed the main factor responsible
for the observed interference between HDV-1 and HDV-3
in vivo.

It is striking that even though only about 20% of human
hepatocytes were infected with HDV-1, a sequential super-
infection with HDV-3 was not achievable in the “remaining”
80% of the human hepatocytes. We showed that the induction
of innate immune responses is significantly higher in HBV/HDV
co-infected than in HBV mono-infected human liver chimeric
mice (Giersch et al, 2015). Interestingly, this study revealed
that the expression of human ISGs (i.e., hISG15, hMxA)
was not only elevated in HDV-infected cells but also in the

surrounding HDV-negative hepatocytes, suggesting that HDV
infection induces a broad antiviral state of the host, which may
also hinder super-infection with another HDV genotype and even
with another HDV isolate of the same genotype. This hypothesis
is in line with a publication by Han et al. (2011) who showed
that the host antiviral response induced by interferon treatment
in primary human hepatocytes, was largely mediated at the level
of HDV entry. The same study also observed that hepatocytes
already infected with HDV were resistant to a second infection
with vesicular stomatitis virus (VSV).

Overall, our experiments in human liver chimeric mice clearly
demonstrated that simultaneous infection with the two most
distinct HDV genotypes 1 and 3 is possible within the same
liver at least for a short period of time, while replication of two
different HDV isolates within the same human hepatocyte almost
never occurred in the setting of co- or sequential super-infection.
The observed viral interference between HDV genotypes would
hamper their co-existence in the same individual and thus
their recombination. Such co-infection interferences might also
contribute to the geographical isolation of HDV-3 and to
a further divergent development of these already genetically
distinct genotypes.
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Supplementary Figure 1 | HDV RNA amplification and standard curves. HDV

RNA was extracted from HuH7 cell culture supernatant, which contained either
HDV-1cc, HDV-1p, or HDV-3cc virions, as described in Materials and Methods,
and HDV RNA standard curves using primers and probes specific for HDV-1 (all
isolates), HDV-1cc, HDV1-p, or HDV-3 were prepared in 1:5 dilutions.

Supplementary Figure 2 | G/AG HDV RNAs, genome sequence and HDAgs in
mice co-infected with HBV and HDV-1cc or HDV-3cc. (A) gRT-PCR
measurements (dynabead based assay, see Materials and Methods) of liver G and
AG HDV RNA (normalized to housekeeping gene hGAPDH) in HBV/HDV-1cc
(green) and HBV/HDV-3cc (red) co-infected mice 9 weeks post infection. The bar
shows median levels. (B) Sanger sequencing of genomic HDV RNA in serum of
HBV/HDV-1cc and HBV/HDV-3cc co-infected mice 9 weeks post infection.
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