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Abstract: To understand the problem of persistent Hepatitis B virus (HBV) viraemia in HIV/HBV
co-infected patients on HBV-active antiretroviral therapy (ART), we assessed the rate of HBV
virological response in patients on HBV-active ART in KwaZulu-Natal, South Africa, and
analysed factors associated with persistent HBV viraemia. One hundred and fifty eligible par-
ticipants with a chronic HBV diagnosis, with or without HIV coinfection, were enrolled and followed
up after 6 months. The HBV pol gene was sequenced by next-generation sequencing and mutations
were determined using the Stanford HBVseq database. Logistic regression analysis was used to
assess factors associated with HBV viraemia at 6-month follow-up. The mean duration of HBV-active
ART was 24 months. Thirty-seven of one hundred and six (35%) participants receiving HBV-active
ART for longer than 6 months had virological failure. Advanced immunosuppression with CD4+
cell counts <200 cells/uL was independently associated with persistent HBV viraemia, aOR 5.276
(95% CI 1.575-17.670) p = 0.007. A high proportion of patients on HBV-active ART are unsuppressed,
which will ultimately have an impact on global elimination goals. Better monitoring should be
implemented, especially in HIV-coinfected patients with low CD4+ cell counts and followed by early
HBV drug-resistance testing.

Keywords: HBV virological failure; HBV-persistent viraemia; HBV drug resistance; HIV /HBV coinfection

1. Introduction

Chronic Hepatitis B Virus (CHBV) infection is a global health problem, and the World
Health Organization (WHO) estimates that 257 million people are infected with HBV
worldwide [1]. Human immunodeficiency virus (HIV) is another prevailing global health
problem with ~37.7 million people living with HIV in 2020 [2]. Co-infection with both
HIV and HBV is particularly prevalent in sub-Saharan Africa and is reported in up to
36% of HIV-infected individuals in the western and southern parts of the continent [3].
HIV/HBV co-infection is associated with poorer clinical outcomes, with reports of higher
levels of HBV viraemia, frequent episodes of reactivation and more rapid progression
of liver fibrosis and HBV-related hepatocellular carcinoma [4-6]. Liver disease-related
mortality is also a leading cause of death in people living with HIV (PLWH) [7].

The availability of nucleos(t)ide analogues (NAs) that are active in the treatment of
both infections has been important in managing co-infected patients, but continued lifelong
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treatment with NAs has its own challenges [8]. In patients with CHBV infection, mutant
viruses may emerge as a result of selection pressure exerted by NAs and/or through immune
evasion. These mutants form part of the quasispecies and may limit future therapeutic
options due to cross-resistance, or may produce HBV vaccine escape mutants [9].

Although HBV is a DNA virus, it replicates via an RNA intermediate using a reverse
transcriptase (RT) polymerase (pol) enzyme that has poor proofreading ability [10]. Under
selective drug pressure, HBV polymerase develops spontaneous mutations that can become
dominant and lead to treatment failure. Eight codons in the RT domains of Pol have
been associated with primary resistance to NAs, namely, 169, 180, 181, 184, 202, 204, 236
and 250 [11]. Mutations at these codon positions include the catalytic region of the RT-
polymerase enzyme with the tyrosine-methionine-aspartic acid-aspartic acid (YMDD)
motif. Naturally occurring YMDD mutations in the polymerase catalytic region have been
shown to exist in large proportions of patients with CHBV who are treatment-naive [12].
This poses a potential risk of breakthrough viraemia once patients are started on treatment,
with selection and archiving of multi-drug-resistant mutants [13].

The approved NAs for the treatment of CHBV include lamivudine (LAM), teno-
fovir disoproxil fumarate (TDF), tenofovir alafenamide fumarate (TAF), adefovir dipivoxil
(ADV), entecavir (ETV) and telbivudine (LdT). Of these NAs, TDF and LAM are currently
available for the treatment of HIV/HBV co-infected individuals in the South African public
health sector. TDF/LAM-containing first-line ART is preferred for HIV/HBYV co-infected
individuals because of its superiority to LAM monotherapy [14]. However, HBV drug
resistance (HBVDR) with virological failure remains a significant clinical problem due to
the limited availability of treatment options. The goal of HBV treatment is to maintain
virological suppression and delay progression of liver disease. Prospective studies from
Europe have reported virological suppression with TDF-containing regimens at above
90% for over 4 years [15,16], with a multi-centre prospective cohort study conducted in
Australia, the United States of America, and Thailand reporting suboptimal and persistent
HBYV viraemia in 44% of patients on TDF-containing ART [17]. HBV resistance to TDF is
still not well-described [18], and clinical determinants and factors associated with persistent
HBV viraemia in this scenario remain ill-defined.

Southern Africa is considered an HBV-endemic region, and infection with HBV is
generally acquired in childhood before five years of age, whereas HIV infection occurs later
in life, predominantly via heterosexual intercourse [19]. At the time of acquiring HIV and
commencing dual active treatment, some patients would have been chronically infected
with HBV since childhood. The accumulation of naturally occurring HBVDR-associated
mutations in treatment-naive patients is probable. The limited treatment options in patients
who fail to achieve viral suppression with TDF/LAM-containing first-line treatment means
that these patients are generally kept on sub-optimal therapy with further accumulation of
HBVDR mutations and ongoing viral replication. Ongoing replication from the covalently
closed circular DNA and persistent viraemia during therapy leads to the infection of new
cells and progression of the disease [20].

The European Association for the Study of the Liver (EASL) defines virological re-
sponse during NA therapy as undetectable HBV DNA by a sensitive polymerase chain
reaction (PCR) assay that has a lower limit of detection of 10 IU/mL Primary non-response
is defined as a less than one log;g decrease in serum HBV DNA after 3 months of ther-
apy. Partial virological response is defined as a decrease in HBV DNA of more than
1 log1oIU/mL but detectable HBV DNA after at least 12 months of therapy in compli-
ant patients. HBV resistance to NAs is evidenced by the selection of HBV variants with
amino acid substitutions that confer reduced susceptibility to the administered NA(s) [21].
The same definitions of virological failure are also affirmed by the WHO guidelines for
managing persons with CHBV [22].

We sought to describe the rate of HBV viral suppression in a cohort of patients re-
ceiving HBV-active ART, characterize patterns of pre-existing HBV mutations and those
mutations that emerge and evolve in HIV/HBYV co-infected patients on HBV-active ART,
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and describe the clinical factors associated with HBV genomic heterogeneity in these pa-
tients.

2. Materials and Methods
2.1. Study Participants and Data Collection

This was a prospective cohort study where a total of 150 adult study participants were
recruited from a communicable disease clinic at Edendale Hospital in Pietermaritzburg,
KwaZulu-Natal, South Africa, between June 2017 and January 2019. Enrolment criteria was
confirmed CHBV diagnosis based on HBsAg-positive result persisting beyond 6 months,
with or without HIV coinfection. Once enrolled, the participants were seen at 2 time
points at least 6 months apart. At the time of enrolment, a proportion of the patients were
treatment-naive for both HIV and HBV, and others were receiving HBV-active ART.

At study enrolment, clinical data collected from medical charts included demographics,
prior and current anti-HIV and HBV-active ART, previous/present tuberculosis infection,
and any significant HIV and liver-related illnesses. Laboratory data collected included
liver function markers: alanine aminotransferase and aspartate aminotransferase; HBV
serological markers: hepatitis B surface Ag (HBsAg), hepatitis B e antigen (HBeAg), hepati-
tis B surface antibody (anti-HBs); and hepatitis B core antibodies. Hepatitis A IgM, HCV
antibody, HIV viral load (HIVVL), CD4 cell count, and previous HBV viral load (HBVVL)
results were also collected. Blood samples were collected for HBV serology, HBVVL, and
HIVVL at enrolment and for HBVVL only at the 6-months follow-up visit. Sequencing was
performed on plasma samples with detectable HBVVL at enrolment and in those patients
remaining viraemic at the 6-months follow-up visit.

2.2. HBV and HIV Quantification

HBV DNA quantification was performed using the COBAS AmpliPrep/COBAS Tag-
Man HBV V2 test on the automated COBAS AmpliPrep and COBAS TagMan Analyzer
(Roche Molecular Systems, Inc., Branchburg, NJ, USA), according to manufacturer’s in-
structions. The analytical measurement range of the assay is 20 to 1.7 x 108 IU/mL, and
the conversion factor between HBV copies/mL and HBV IU/mL is 5.82 copies/IU, using
the WHO International Standard for Hepatitis B Virus DNA for Nucleic Acid Technology
(NAT) Assays Testing (NIBSC 97/746). The assay’s lower limit of detection is 9IU/mL
(95% confidence range 6.8-12 IU/mL). HIV was quantified on the COBAS AmpliPrep and
COBAS TagMan 6/8800 analyzer as well as on the Abbott m-Alinity analyzer (Abbott
Laboratories, Abbott Park, IL, USA).

2.3. HBV Nested Polymerase Chain Reaction

All plasma samples with detectable HBV DNA by real-time quantitative PCR were
further tested with a nested PCR targeting the surface/polymerase regions of HBV genome.
DNA was extracted using the easyMAG automated extraction system (bioMérieux Marcy
L'Etoile, France), and the surface/polymerase regions of HBV were amplified by nested
PCR on a Veriti thermal cycler (Applied Biosystems, Life Technologies—Carlsbad, CA,
USA). Details of primer sequences and cycling conditions are shown in Supplementary
Table S1. Second-round PCR products were run on a 1% agarose gel and visualized on a
BioRad UV transilluminator (BioRad Laboratories Inc. Hercules, CA, USA) to visualize
an 800 bp product. The amplification of samples with lower viral loads (<500 IU/mL)
was variable, but sequencing was attempted in all samples with a quantifiable HBVVL of
>20 IU/mL.

2.4. PCR Purification and Sequencing

PCR amplicons were purified using the QiaQuick PCR Purification kit (QIAGEN,
Hilden, Germany) and eluted in a final volume of 60 uL. Input DNA was quantified
using Qubit dsDNA HS Assay system (ThermoFisher Scientific Inc, Waltham, MA, USA),
diluted to 0.2 ng/uL, and library preparation was performed using the Nextera XT DNA
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Library Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. In summary, library preparation involved kit-based enzymatic fragmentation
of DNA, dual indexing of fragmented DNA using the Nextera XT Index kit (Illumina,
San Diego, CA, USA), and purification of barcoded amplicons using AMPure XP beads
(Beckman Coulter, Atlanta, GA, USA). Fragment quality was assessed using a LabChip GX
Touch (Perkin Elmer, Waltham, MA, USA), with a final average fragment length of 350 bp
obtained. Libraries were normalized to 4 nM and pooled at a final concentration of 10 pM.
Libraries were spiked with 5% PhiX and sequenced on an Illumina MiSeq instrument using
a MiSeq Reagent Nano kit v2 500 cycles (Illumina, San Diego, CA, USA).

2.5. Sequence Analysis

Paired-end raw sequence reads were assembled using GenomeDetective, a web-based
viral assembly tool (https:/ /www.genomedetective.com accessed 1 July 2020) [23]. Binary
alignment files (BAMs) and consensus contigs were obtained for each sample and were
further analyzed in Geneious Prime (https://www.geneious.com accessed 1 July 2020).
Highly variable regions on the terminal ends of the consensus sequences were verified by
querying BAM files.

Good quality consensus sequences were analyzed using the jumping profile Hidden
Markov Model HBV genotyping tool (http:/ /jphmm.gobics.de accessed 1 July 2020) [24]
and by phylogenetic inference. Five hundred and thirty-three HBV reference whole
genomes covering all major genotypes (A-J) and subgenotypes (e.g., A1-A7) were down-
loaded from GenBank and aligned against individual polymerase (pol) sequences using
MAFFT [25] in Geneious Prime (Biomatters Limited, Auckland New Zealand). The best
nucleotide substitution model for each alignment was identified through the ModelFinder
package [26] embedded in IQTree [27]. Maximum likelihood (ML) phylogenies were in-
ferred in IQTree v 2.0.6 with 1000 bootstrap replicates [28]. The consensus ML trees and
bootstrap trees were then used to infer for splits in the phylogenies using BOOSTER and
the transfer bootstrap equilibrium (TBE) method [29]. Phylogenies were annotated for
illustration using ggtree package in R [30].

For patients remaining viraemic at six-month follow-up, a second sequence for the pol
gene was performed. Pairwise comparison between baseline and follow-up sequences were
performed in Geneious Prime to identify all synonymous and non-synonymous (ds and dn)
mutations. Finally, all RT sequences in FASTA format were run on the Stanford HBVseq
database for detection of known HBV nucleos(t)ide analogue associated mutations and
resistance (https:/ /hivdb.stanford.edu/HBV/HBVseq/development/hbvseq.pl?action=
showSequenceForm accessed 12 December 2021).

All sequences that were analyzed in this study have been uploaded on GenBank, and
accession numbers are listed in Supplementary Materials Table S3. https:/ /www.ncbinlm.nih.gov.

2.6. Statistical Analysis

SPSS Statistics software (Version 26; IBM-New York, NY, USA) was used to calculate
unadjusted and adjusted odds ratios, based on a logistic regression model of factors
associated with HBV viraemia at 6-month follow-up. The following baseline variables were
tested: sex, age, TB history, the level of immunosuppression as determined by CD4+ count,
ALT, HIVVL at first visit, and the duration of HBV-active ART at time of enrolment.

3. Results

Of the 150 participants enrolled in the study, 64% were males, and the mean age was
38 years (SD:9.2). All participants were of African ethnicity. All except one participant (99%)
had HIV/HBYV coinfection. At the time of enrolment, 143 (95%) were already on an HBV-
active ART regimen containing TDF + LAM, and the median duration on TDF-containing
ART was 2 years (range 0-11). Of the 143 participants, 23 (16%) were on TDF + LAM for
<6 months, while 106 (74%) were on TDF + LAM for longer than 6 months at enrolment.
Of these, 106 participants were on treatment for longer than 6 months and 69 (65%) had
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achieved HBV virological suppression. Six participants were on 3TC monotherapy for HBV
due to renal impairment precluding the use of TDE. Participants’ demographic and clinical
characteristics at baseline are summarized in Table 1.

Of the 150 participants, 56 (37.3%) had complete HIV viral suppression at baseline with
HIVVL below the level of detection. HIV virological failure (defined as HIVVL > 1000 copies/mL)
was diagnosed in 51 (34%) participants, and partial HIV suppression was found in
43 (28.7%) participants as outlined in Table 1. Seventy-three participants (49%) were
followed up 6 months later, and 54/73 (74%) were virologically suppressed for HBV at
6 months, while 19/73 (26%) had persistent HBV viraemia (defined as a detectable vi-
raemia). Figure 1 shows the pattern and distribution of HBVVL at enrolment and at the
6-month follow-up visit.

Younger participants (i.e., aged 26-35 years) with CD4+ counts < 200 cells/mm?3,
participants with baseline HIVVLs >1000 copies/mL, and those on HBV-active ART for
>6 months had higher odds of persistent HBV viraemia. However, only advanced im-
munosuppression (CD4+ cell count < 200 cells/mL) remained statistically significant in the
adjusted model (Table 2).

Table 1. Demographic and clinical characteristics of participants at study enrolment.

Variables Total n =150

Gender, n (%)

Male 96 (64.0)

Female 54 (36.0)
Age group (years), n (%)

<18-25 14 (9.3)

26-36 50 (33.3)

36-45 56 (37.3)

46-61 29 (19.3)
History of TB status at enrolment, n (%)

Yes 41 (27.3)

No 107 (71.3)

Unknown 2 (1.3)
CD4+ count at enrolment (cells/mm3), n (%)

<200 64 (42.7)

201-500 54 (36)

>500 27 (18)

Unknown 5(3.3)
HIVVL (copies/mL), n (%)

LDL 56 (37.3)

<1000 43 (28.7)

>1000 51 (34)
HIVVL log;p median 3.27
HIVVL logyy SD 1.43

HIVVL log;p mean 3.37
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Table 1. Cont.

Variables Total n =150
HBV Viral load at enrolment (IU/mL), n (%)
LDL 90 (60)
1-1000 27 (18)
1001-10,000 10 (6.7)
>10,000 23 (15.3)
HBVVL Logjg median 342
HBVVL Log;g SD 217
HBVVL Log 19 mean 3.95
ALT, n (%)
normal 87 (58)
2-5 x ULN 53 (35.3)
>5 x ULN 7 (4.7)
Unknown 3(2.0)
HBYV serological markers, proportion (%)
HBsAg positive 135/145 (93)
HBeAg positive 71/143 (49.7)
Anti-HBc (total) positive 129/145 (89)
Anti-sAg titres
>10 mIU/mL 8/145 (5.5)
<10 mIU/mL 137/145 (94.5)
HBV active ART, n (%)
TDF + LAM 143 (95.3)
TDF only 1(0.7)
LAM only 6(4)
Duration of TDF + LAM at enrolment, n (%)
<6 months 37 (24.7)
>6 months 106 (70.6)
Unknown 7 (4.7)

LDL, lower than detection limit; ALT, Alanine aminotransferase; ULN, upper limit of normal; ART, antiretroviral
treatment; HBVVL, HBV viral load; HIVVL, HIV viral load; TB, tuberculosis; TDEF, tenofovir disoproxil fumarate;

LAM, lamivudine.

HBVVL at enrolment
n =150
|
| ] |
LDL <1000 IU/mL > 1000 IU/mL
ENROLMENT 90/150 27/150 33/150
(60%) (18%) (22%)
LDL LDL LDL
46/90 9/27 3/33
6 MONTH Viraemic Viraemic Viraemic
FOLLOW-UP 2/90 4/27 14/33
No follow-up No follow-up No follow-up
results — results — results
42/90 14/27 16/33

Figure 1. Flow chart: HBVVL at baseline and follow-up.
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Table 2. Factors associated with HBV viraemia at follow up.

Factor Unadjusted OR (95% CI) p-Value Adjusted OR (95% CI) p-Value
Gender (ref: female)
Male 0.953 (0.483-1.880) 0.890 0.959 (0.429-2.142) 0.919
Age group (years) (ref: age > 35)

18-25 1.357 (0.439-4.192) 0.596 1.504 (0.371-6.102) 0.568

26-35 2.205 (1.078-4.512) 0.030 1.936 (0.849-4.413) 0.116
History of TB at enrolment (ref: No TB)

Yes 1.390 (0.672-2.877) 0.374 1.747 (0.692—4.406) 0.237

CD4+ count (cells/mm3) (ref: >500)
<200 5.213 (1.762-15.422) 0.003 5.276 (1.575-17.670) 0.007
201-500 2.497 (0.817-7.629) 0.108 2.756 (0.821-9.251) 0.101
HIVVL at baseline (copies/mL) (ref: <1000)

>1000 2.250 (1.128-4.489) 0.021 2.014 (0.936-4.336) 0.073
ALT at baseline (ref: ALT < 40IU/mL)

ALT > 40 IU/mL 0.895 (0.463-1.730) 0.742 0.870 (0.411-1.842) 0.716

Duration of HBV-active ART (ref: <6 months)
>6 months 0.437 (0.211-0.903) 0.025 0.465 (0.189-1.141) 0.094

ART, antiretroviral treatment; OR, odds ratio; TB, tuberculosis; HIVVL, HIV viral load; ALT, alanine transaminase.

Next Generation Sequencing and Phylogenetics

Of the 37 samples from participants that had detectable viraemia at enrolment and
at 6-month follow-up, 33 were successfully sequenced. Of the sequenced samples, 88%
had >Q30 quality threshold and were included in final analysis. These had 35,000 average
number of reads per sample.

In total, 15/33 (45.5%) sequences were from patients who have received treatment
for 6 months or less, and 18/33 (54.5%) sequences were from patients who were relatively
treatment-experienced at the time of enrolment.

Of the 33 sequences, 26 (79%) sequenced had at least one HBV drug resistance mutation
detected, of which 5 (19%) were primary and secondary mutations in the B and C catalytic
domains of the RT region of pol. The most common mutations included a combination of
V173L, L180M, M204V, which are associated with ETV, 3TC and LdT resistance. Figure 2
and Supplementary Materials Table S2 summarize patterns and distribution of mutations
detected in the sequenced samples at baseline and at 6-month follow-up.

There was a similar pattern of polymorphic mutations in most sequences. When
describing the kinetics of HBV drug resistance emergence, Zoulim et al. show that, as the
viral quasispecies evolve, polymorphic mutations herald primary and secondary resistance
mutations, which initially lead to partial response and, subsequently, to overt resistance [11].

Notably, three participants had drug resistance mutations after receiving HBV-active
ART for <6 months, suggesting pre-existing mutations. All sequences belonged to either
the sub-genotype Al, except one sequence whose subgenotype could not be accurately
classified, as shown in Figure 3.

Red-shaded bars show mutations in the G and F domains of the reverse transcriptase
(RT) region, yellow bars show mutations in the B, C and D domain of RT, which contain
catalytic sites, whilst the green bars show the area where changes in pol result in s-gene
mutations in overlapping frame
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4. Discussion

In this study, we found a large proportion (35%) of participants with persistent HBV
viraemia on long-term TDF + LAM HBV-active ART. This is concerning, considering that
this treatment has a relatively high genetic barrier compared to other treatment regimens
used for managing CHBV. A multi-centre study conducted in Australia and Thailand also
reported similarly high rates of persistent viraemia in HIV/HBV co-infected patients on
TDEF-containing ART [31]. In a similar setting of the southern African countries of Zambia
and South Africa, HBV viral suppression was achieved in only 61.5% of LAM-treated and
71.4% of TDF-treated patients [14], suggesting that persistent viraemia drives quasispecies
diversity with the selection and accumulation of drug resistance mutations in the presence
of drug pressure [11]. This is a cause of concern because residual and persistent HBV
viraemia have both been associated with hepatocellular carcinoma in chronic hepatitis B
patients receiving antiviral therapy [32].

Reasons for the non-suppression of HBV viraemia in patients on HBV-active ART
remain unclear. In this study, severe immunosuppression as indicated by a CD4+ count
below 200 cells/mL was an independent factor associated with HBV viraemia. In other
studies, which looked at similar patient profiles, low CD4+ counts as well as HBeAg
positivity were associated with HBV viraemia upon treatment [17,33], a trend also observed
in this study. This observation strengthens the rationale for the early treatment of HIV in
HBYV co-infected individuals, irrespective of immune-suppression level, to achieve better
treatment outcomes. South Africa has a syndemic of HIV, HBV, and tuberculosis (TB). In our
cohort, a significant proportion (27%) of participants had a history of TB as well. Although
a history of TB was found to have 1.7-fold odds of association with persistent HBV viraemia
at follow up, this was not statistically significant during multivariate analysis. In another
South African large-cohort study, which studied factors associated with the incidence and
persistence of HBV infection in patients receiving HIV care, a history of TB was found to be
associated with a higher incidence of HBV infection [34].

Although mutations at codons rt194 and rt236, which have been associated with the
alkyl phosphonate resistance pathway conferring resistance to ADV and TDF resistance,
were not detected in this cohort, primary and secondary resistance mutations at codon
rt173, rt180, and rt204 were detected in 19.2% of sequences at study enrolment. The
rtV173L, rtL180M, and rtM204V mutations are not only associated with LAM, ETV, and
LdT resistance, but have also been shown to enhance replication competence [35]. Another
South African study reported a similar pattern of rtV173L + rtL180M + rtM204V and
rtV214A in 10% of treatment-naive HIV/HBV coinfected patients [36]. Sheldon et al.
reported that the LAM-associated mutations rtL180M and rtM204V resulted in a 5.7-fold
decrease in the HBV susceptibility to TDF, with phenotypic analyses showing that the
rtA194T mutation, combined with rtL180M and rtM204V, had over a 10-fold increase in
the IC50 for TDF compared with the wild type in HIV/HBYV co-infected individuals [37].
This could explain the high rate of persistent viraemia observed in this cohort of HIV/HBV
coinfected individuals on HBV-active ART. None of the sequences exhibited the quadruple
CYEI mutation at positions rt106, rt126, rt134, and rt269, which have been recently shown
to increase the amount of TDF required to inhibit HBV by 15.3-fold in IC50 and 26.3-fold in
IC90, even though the majority of our patient cohort were on TDF for longer than 2 years.
Notably, the CYEI mutation reportedly occurred in combination with rtV173L + rtL180M +
rtM204V to cause TDF resistance [38].

The rtV173L + rtL180M + rtM204V triple mutant combination, which was observed in
two participants at enrolment and persisted at follow up in one participant, has been shown
to cause amino acid changes in the overlapping surface gene, resulting in reduced anti-HB
binding [9,39]. This triple mutant has been reported with higher frequency in patients
infected with HBV genotype A, and who are also HIV co-infected [40]. This was notably
evident in this study, where all sequences clustered around genotype Al and were mostly
HIV co-infected. None of the participants with the triple mutant combination had evidence
of surface antibodies on serological testing, suggesting possible immune escape. The bigger
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and most significant public health impact is not only the potential transmission of HBV
drug-resistant mutants, but also vaccine-resistant variants [41]. However, our findings
suggest that non-classical mutations may be associated with TDF failure in patients with
HIV/HBYV infection.

When describing the kinetics of drug resistance emergence, Zoulim and Locarnini de-
scribe that, prior to virological breakthrough and overt resistance, a significant proportion
of genomes harbor polymorphisms which precede the emergence of dominant resistant
variants [11]. This is also observed in the sequences of viraemic patients from our cohort
showing high rates of polymorphisms in the A, B, C, D, F, and G domains of the RT region
of pol. The exact role of these polymorphisms has not been fully explored in this study but
could play a role in the observed persistent viraemia, resulting in reduced drug sensitivity
and preceding the selection of known drug-resistance mutations. Evidence that polymor-
phisms may reduce susceptibility to TDF-based HBV treatment is emerging [42]. Other
studies reporting a high frequency of complex mutational patterns in NA-experienced
patients speculate on the potential role of these patterns in drug resistance [43] and dis-
ease progression [44], but further prospective studies are still needed to conclusively link
clinical outcomes.

All sequences from this study cohort clustered around genotype Al except for one
that was not classified. This is similar to other South African reports showing that, in
HBV/HIV co-infected patients, 97% of the HBV isolates clustered around the subgenotype
A1 and 3% belonged to subgenotype D3 [36]. Genotype Al-infected individuals have been
shown to have higher levels of liver damage and a higher risk of developing hepatocellular
carcinoma [45].

A limitation to our study was the problem of loss to follow-up, as the recruitment site
down-referred a lot of participants to local clinics for long-term care. This compromised
participant follow-up.

In conclusion, high rates of persistent viraemia and poorer virological control of HBV,
even on HBV-active ART, remains a challenge and creates a reservoir for the transmission
of HBV variants. When HIV drives the viral replication of HBV in chronically infected
individuals, the variants that arise do not only cause drug resistance, but may result in
immune and vaccine escape, threatening the gains of the vaccination programme. Further
research with phenotypic studies is needed to determine the impact of persistent viraemia
in patients receiving high genetic-barrier treatment such as TDEF, to inform better dosing
strategies or regimen combinations for better treatment outcomes. Clarion calls have
been made for the reprioritization of HIV/HBV management in South Africa [46] and
sub-Saharan Africa [19] because of the unique challenges created by the syndemic of HIV
and HBV in these parts of the world. Therefore, in response to these calls and the WHO
strategy to eliminate viral hepatitis as a public health problem by 2030 [47], this study
highlights the drivers of HBV infection in settings where HIV is a major confounder.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/v14040788/s1: Table S1: PCR primers for HBV pol gene ampli-
fication and cycling conditions, Table S2: Patterns of mutations selected over time in patients on
TDF + LAM, and Table S3: HBV Pol Sequences and accession numbers.

Author Contributions: N.M. conceptualized the study, recruited patients, conducted laboratory
experiments, analyzed results and wrote the manuscript. R.P. conducted formal and statistical
analysis. J.G. and E.W. performed sequencing and bioinformatic analysis, respectively. K.G. and
B.C. performed data curation, review, and editing. K.P.M. supervised the research and reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the South African National Research Foundation (NRF)-
Thuthuka programme. Partial funding was also received from the Centre for the AIDS Programme of
Research in South Africa (CAPRISA) through its research fellowship programme.


https://www.mdpi.com/article/10.3390/v14040788/s1
https://www.mdpi.com/article/10.3390/v14040788/s1

Viruses 2022, 14, 788 11 of 13

Institutional Review Board Statement: This study was approved by the University of KwaZulu-
Natal Biomedical Research Ethics Committee (BREC Ref: BE324/16), and all relevant ethical guide-
lines were followed.

Informed Consent Statement: All study participants provided written informed consent for enrolment,
which included the drawing of blood samples and obtaining clinical history from medical records.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge the staff at the National Health Laboratory
Service (NHLS) for assistance with specimen processing, as well as the staff at the Edendale Hospital’s
Communicable Diseases Clinic who assisted with patient recruitment.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. WHO. World Health Organization Global Hepatitis Report 2017; WHO: Geneva, Switzerland, 2017.

2. WHO. Progress Report on HIV, Viral Hepatitis and Sexually Transmitted Infections, 2019: Annex 1: Key Data at a Glance; World Health
Organization: Geneva, Switzerland, 2019.

3. Matthews, P.C.; Geretti, A.M.; Goulder, PJ.; Klenerman, P. Epidemiology and impact of HIV coinfection with Hepatitis B and
Hepatitis C viruses in Sub-Saharan Africa. J. Clin. Virol. 2014, 61, 20-33. [CrossRef] [PubMed]

4. Konopnicki, D.; Mocroft, A.; De Wit, S.; Antunes, F.; Ledergerber, B.; Katlama, C.; Zilmer, K.; Vella, S.; Kirk, O.; Lundgren, J.; et al.
Hepatitis B and HIV: Prevalence, AIDS progression, response to highly active antiretroviral therapy and increased mortality in
the Euro-SIDA cohort. Aids 2005, 19, 593-601. [CrossRef] [PubMed]

5. Ramirez-Mena, A.; Glass, T.R.; Winter, A.; Kimera, N.; Ntamatungiro, A.; Hatz, C.; Tanner, M.; Battegay, M.; Furrer, H.;
Wandeler, G.; et al. Prevalence and Out-comes of Hepatitis B Coinfection and Associated Liver Disease among Antiretroviral
Therapy-Naive Individuals in a Rural Tanzanian Human Immunodeficiency Virus Cohort. Open Forum Infect. Dis. 2016, 3, ofw162.
[CrossRef] [PubMed]

6. Kew, M.C. Hepatitis B virus/human immunodeficiency virus co-infection and its hepatocarcinogenic potential in Sub-Saharan
Black Africans. Zahedan |. Res. Med. Sci. 2012, 12, €7876. [CrossRef]

7.  Palella, EJ., Jr.; Baker, RK.,; Moorman, A.C.; Chmiel, J.S.; Wood, K.C.; Brooks, J.T.; Holmberg, S.; HIV Outpatient Study
Investigators. Mortality in the highly active antiretroviral therapy era: Changing causes of death and disease in the HIV
outpatient study. JAIDS |. Acquir. Immune Defic. Syndr. 2006, 43, 27-34. [CrossRef]

8. Singh, K.P.; Crane, M.; Audsley, J.; Lewin, S.R. HIV-Hepatitis B virus co-infection: Epidemiology, pathogenesis and treatment.
Aids 2017, 31, 2035.

9. Sheldon, J.; Ramos, B.; Garcia-Samaniego, J.; Rios, P.; Bartholomeusz, A.; Romero, M.; Locarnini, S.; Zoulim, F.; Soriano, V.
Selection of Hepatitis B Virus (HBV) Vaccine Escape Mutants in HBV-Infected and HBV /HIV-Coinfected Patients Failing
Antiretroviral Drugs with Anti-HBV Activity. JAIDS |. Acquir. Immune Defic. Syndr. 2007, 46, 279-282. [CrossRef]

10. Chotiyaputta, W.; Lok, A.S. Hepatitis B virus variants. Nat. Rev. Gastroenterol. Hepatol. 2009, 6, 453.

11. Zoulim, F; Locarnini, S. Hepatitis B virus resistance to nucleos(t)ide analogues. Gastroenterology 2009, 137, 1593-1608.e2.
[CrossRef]

12.  Tan, Y.-W,; Ge, G.-H.; Zhao, W.; Gan, ].-H.; Zhao, Y.; Niu, Z.-L.; Zhang, D.; Chen, L.; Yu, X,; Yang, L. YMDD motif mutations in
chronic hepatitis B antiviral treatment naive patients: A multi-center study. Braz. J. Infect. Dis. 2012, 16, 250-255. [CrossRef]

13. Kwon, H,; Lok, A.S. Hepatitis B therapy. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 275. [CrossRef] [PubMed]

14. Hamers, R.L.; Zaaijer, H.L.; Wallis, C.L.; Siwale, M.; Ive, P; Botes, M.E,; Sigaloff, K.C.E.; Hoepelman, A.IM.; Stevens, W.S.; de Wit,
T.ER. HIV-HBYV coinfection in southern Africa and the effect of lamivudine-versus tenofovir-containing cART on HBV outcomes.
JAIDS ]. Acquir. Immune Defic. Syndr. 2013, 64, 174-182. [CrossRef] [PubMed]

15. Lampertico, P; Soffredini, R.; Yurdaydin, C.; Idilman, R.; Papatheodoridis, G.; Margariti, A.; Buti, M.; Esteban, R.; Zaltron, S.;
Vavassori, A.; et al. Four years of tenofovir monotherapy for NUC naive field practice European patients suppresses HBV
replication in most patients with a favorable renal safety profile but does not prevent HCC in patients with or without cirrhosis.
Dig. Liver Dis. 2014, 46, e14. [CrossRef]

16. Marcellin, P.; Zoulim, F; Hezode, C.; Causse, X.; Roche, B.; Truchi, R.; Pauwels, A.; Ouzan, D.; Dumortier, J.; Pageaux, G.-P; et al.
Effectiveness and safety of tenofovir disoproxil fumarate in chronic hepatitis B: A 3-year, prospective, real-world study in France.
Am. ]. Dig. Dis. 2016, 61, 3072-3083. [CrossRef] [PubMed]

17. Matthews, G.V,; Seaberg, E.C.; Avihingsanon, A.; Bowden, S.; Dore, G.J.; Lewin, S.R.; Sasadeusz, J.; Revill, P; Littlejohn, M.;

Hoy, J.; et al. Patterns and causes of suboptimal response to tenofovir-based therapy in individuals coinfected with HIV and
hepatitis B virus. Clin. Infect. Dis. 2013, 56, e87-e94. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jcv.2014.05.018
http://www.ncbi.nlm.nih.gov/pubmed/24973812
http://doi.org/10.1097/01.aids.0000163936.99401.fe
http://www.ncbi.nlm.nih.gov/pubmed/15802978
http://doi.org/10.1093/ofid/ofw162
http://www.ncbi.nlm.nih.gov/pubmed/27704017
http://doi.org/10.5812/hepatmon.7876
http://doi.org/10.1097/01.qai.0000233310.90484.16
http://doi.org/10.1097/QAI.0b013e318154bd89
http://doi.org/10.1053/j.gastro.2009.08.063
http://doi.org/10.1016/S1413-8670(12)70319-7
http://doi.org/10.1038/nrgastro.2011.33
http://www.ncbi.nlm.nih.gov/pubmed/21423260
http://doi.org/10.1097/QAI.0b013e3182a60f7d
http://www.ncbi.nlm.nih.gov/pubmed/23892239
http://doi.org/10.1016/j.dld.2014.01.033
http://doi.org/10.1007/s10620-015-4027-8
http://www.ncbi.nlm.nih.gov/pubmed/26821154
http://doi.org/10.1093/cid/cit002
http://www.ncbi.nlm.nih.gov/pubmed/23315316

Viruses 2022, 14, 788 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cathcart, A.L.; Chan, H.L.; Bhardwaj, N.; Liu, Y.; Marcellin, P; Pan, C.Q.; Shalimar; Buti, M.; Cox, S.; Parhy, B.; et al. No resistance
to tenofovir alafenamide detected through 96 weeks of treatment in patients with chronic hepatitis B infection. Antimicrob. Agents
Chemotherapy 2018, 62, €01064-18. [CrossRef]

Spearman, C.W.; Afihene, M.; Ally, R.; Apica, B.; Awuku, Y,; Cunha, L.; Dusheiko, G.; Gogela, N.; Kassianides, C.; Kew, M.; et al.
Hepatitis B in sub-Saharan Africa: Strategies to achieve the 2030 elimination targets. Lancet Gastroenterol. Hepatol. 2017, 2, 900-909.
Delmas, J.; Schorr, O.; Jamard, C.; Gibbs, C.; Trépo, C.; Hantz, O.; Zoulim, F. Inhibitory effect of adefovir on viral DNA synthesis
and covalently closed circular DNA formation in duck hepatitis B virus-infected hepatocytes in vivo and in vitro. Antimicrob.
Agents Chemother. 2002, 46, 425-433. [CrossRef]

EASL. EASL 2017 Clinical Practice Guidelines on the management of hepatitis B virus infection. J. Hepatol. 2017, 67, 370-398.
WHO. World Health Organization Guidelines for the Prevention Care and Treatment of Persons with Chronic Hepatitis B Infection; WHO:
Geneva, Switzerland, 2015.

Vilsker, M.; Moosa, Y.; Nooij, S.; Fonseca, V.; Ghysens, Y.; Dumon, K.; Pauwels, R.; Alcantara, L.C.; Vanden Eynden, E,;
Vandamme, A.-M; et al. Genome Detective: An automated system for virus identification from high-throughput sequencing data.
Bioinformatics 2019, 35, 871-873. [CrossRef]

Schultz, A.-K,; Bulla, I.; Abdou-Chekaraou, M.; Gordien, E.; Morgenstern, B.; Zoulim, F.; Dény, P,; Stanke, M. jpHMM: Recombina-
tion analysis in viruses with circular genomes such as the hepatitis B virus. Nucleic Acids Res. 2012, 40, W193-W198. [CrossRef]
[PubMed]

Katoh, K,; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol.Evol. 2013, 30, 772-780. [CrossRef] [PubMed]

Kalyaanamoorthy, S.; Minh, B.Q.; Wong, TK.E,; Von Haeseler, A.; Jermiin, L.S. Model Finder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587-589. [CrossRef] [PubMed]

Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef] [PubMed]

Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783-791. [CrossRef]
[PubMed]

Lemoine, F.; Entfellner, J.-B.D.; Wilkinson, E.; Correia, D.; Felipe, M.D.; De Oliveira, T.; Gascuel, O. Renewing Felsenstein’s
phylogenetic bootstrap in the era of big data. Nature 2018, 556, 452—-456. [CrossRef] [PubMed]

Yu, G.; Smith, D.K,; Zhu, H.; Guan, Y.; Lam, T.TY. ggtree: An R package for visualization and annotation of phylogenetic trees
with their covariates and other associated data. Methods Ecol. Evol. 2017, 8, 28-36. [CrossRef]

Audsley, J.; Bent, SJ.; Littlejohn, M.; Avihingsanon, A.; Matthews, G.; Bowden, S.; Bayliss, J.; Luciani, F; Yuen, L,
Fairley, C.K,; et al. Effects of long-term tenofovir-based combination antiretroviral therapy in HIV-hepatitis B virus coinfection on
persistent hepatitis B virus viremia and the role of hepatitis B virus quasispecies diversity. Aids 2016, 30, 1597-1606. [CrossRef]
Mak, L.-Y.; Huang, Q.; Wong, D.K.-H.; Stamm, L.; Cheung, K.-S.; Ko, K.-L.; Yan, R.; Ouyang, L.; Fung, ].; Seto, W.; et al. Residual
HBV DNA and pgRNA viraemia is associated with hepatocellular carcinoma in chronic hepatitis B patients on antiviral therapy.
J. Gastroenterol. 2021, 56, 479-488. [CrossRef]

Martin-Carbonero, L.; Teixeira, T.; Poveda, E.; Plaza, Z.; Vispo, E.; Gonzalez-Lahoz, J.; Soriano, V. Clinical and virological
outcomes in HIV-infected patients with chronic hepatitis B on long-term nucleos(t)ide analogues. Aids 2011, 25, 73-79. [CrossRef]
Msomi, N.; Naidoo, K.; Yende-Zuma, N.; Padayatchi, N.; Govender, K.; Singh, J.A.; Abdool-Karim, S.; Abdool-Karim, Q.;
Mlisana, K. High incidence and persistence of hepatitis B virus infection in individuals receiving HIV care in KwaZulu-Natal,
South Africa. BMC Infect. Dis. 2020, 20, 1-9. [CrossRef] [PubMed]

Shaw, T.; Bartholomeusz, A.; Locarnini, S. HBV drug resistance: Mechanisms, detection and interpretation. J. Hepatol. 2006, 44,
593-606. [CrossRef] [PubMed]

Makondo, E.; Bell, T.G.; Kramvis, A. Genotyping and molecular characterization of hepatitis B virus from human immunodefi-
ciency virus-infected individuals in southern Africa. PLoS ONE 2012, 7, e46345. [CrossRef]

Sheldon, J.; Camino, N.; Rodés, B.; Bartholomeusz, A.; Kuiper, M.; Tacke, F.; Nufiez, M.; Mauss, S.; Lutz, T.; Klausen, G; et al.
Selection of hepatitis B virus polymerase mutations in HIV-coinfected patients treated with tenofovir. Antiviral Ther. 2005, 10, 727.
Park, E.-S.; Lee, A.R.; Kim, D.H.; Lee, ]-H.; Yoo, ].-J.; Ahn, S.H.; Sim, H.; Park, S.; Kang, H.S.; Won, ].; et al. Identification of a
quadruple mutation that confers tenofovir resistance in chronic hepatitis B patients. J. Hepatol. 2019, 70, 1093-1102. [CrossRef]
[PubMed]

Matthews, G.V.; Bartholomeusz, A.; Locarnini, S.; Ayres, A.; Sasaduesz, J.; Seaberg, E.; Cooper, D.A.; Lewin, S.R.; Dore, G.J.;
Thio, C.L. Characteristics of drug resistant HBV in an international collaborative study of HIV-HBV-infected individuals on
extended lamivudine therapy. Aids 2006, 20, 863-870. [CrossRef] [PubMed]

Lukhwareni, A.; Gededzha, M.P.; Amponsah-Dacosta, E.; Blackard, ].T.; Burnett, R.J.; Selabe, S.G.; Kyaw, T.; Mphahlele, M.].
Impact of Lamivudine-Based Antiretroviral Treatment on Hepatitis B Viremia in HIV-Coinfected South Africans. Viruses 2020,
12, 634. [CrossRef]

Torresi, J.; Earnest-Silveira, L.; Deliyannis, G.; Edgtton, K.; Zhuang, H.; Locarnini, S.A.; Fyfe, J.; Sozzi, T.; Jackson, D.C. Reduced
antigenicity of the hepatitis B virus HBsAg protein arising as a consequence of sequence changes in the overlapping polymerase
gene that are selected by lamivudine therapy. Virology 2002, 293, 305-313. [CrossRef]


http://doi.org/10.1128/AAC.01064-18
http://doi.org/10.1128/AAC.46.2.425-433.2002
http://doi.org/10.1093/bioinformatics/bty695
http://doi.org/10.1093/nar/gks414
http://www.ncbi.nlm.nih.gov/pubmed/22600739
http://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://doi.org/10.1038/nmeth.4285
http://www.ncbi.nlm.nih.gov/pubmed/28481363
http://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
http://doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
http://doi.org/10.1038/s41586-018-0043-0
http://www.ncbi.nlm.nih.gov/pubmed/29670290
http://doi.org/10.1111/2041-210X.12628
http://doi.org/10.1097/QAD.0000000000001080
http://doi.org/10.1007/s00535-021-01780-5
http://doi.org/10.1097/QAD.0b013e328340fde2
http://doi.org/10.1186/s12879-020-05575-6
http://www.ncbi.nlm.nih.gov/pubmed/33198649
http://doi.org/10.1016/j.jhep.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16455151
http://doi.org/10.1371/journal.pone.0046345
http://doi.org/10.1016/j.jhep.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30794889
http://doi.org/10.1097/01.aids.0000218550.85081.59
http://www.ncbi.nlm.nih.gov/pubmed/16549970
http://doi.org/10.3390/v12060634
http://doi.org/10.1006/viro.2001.1246

Viruses 2022, 14, 788 13 of 13

42.

43.

44.

45.

46.

47.

Mokaya, J.; McNaughton, A.L.; Bester, P.A.; Goedhals, D.; Barnes, E.; Marsden, B.D.; Matthews, P.C. Hepatitis B virus resistance
to tenofovir: Fact or fiction? A systematic literature review and structural analysis of drug resistance mechanisms. Wellcome Open
Res. 2020, 5, 151. [CrossRef]

Zhang, X.; Chen, X.; Wei, M.; Zhang, C.; Xu, T; Liu, L.; Xu, Z. Potential resistant mutations within HBV reverse transcriptase
sequences in nucleos (t) ide analogues-experienced patients with hepatitis B virus infection. Sci. Rep. 2019, 9, 1-9. [CrossRef]
Neumann-Fraune, M.; Beggel, B.; Pfister, H.; Kaiser, R.; Verheyen, J. High frequency of complex mutational patterns in lamivudine
resistant hepatitis B virus isolates. ]. Med. Virol. 2013, 85, 775-779. [CrossRef] [PubMed]

Kramvis, A. Molecular characteristics and clinical relevance of African genotypes and subgenotypes of hepatitis B virus. SAMJ
South Afr. Med. ]. 2018, 108, 17-21.

Andersson, MLL; Preiser, W.; Van Rensburg, C.; Taljaard, J.; Hoffmann, C.J. The HIV/HBV co-infected patient: Time for proactive
management. South Afr. Med. ]. 2015, 105, 281. [CrossRef] [PubMed]

WHO. Global Health Sector Strategy on Viral Hepatitis 2016-2021. Towards Ending Viral Hepatitis; World Health Organization:
Geneva, Switzerland, 2016.


http://doi.org/10.12688/wellcomeopenres.15992.1
http://doi.org/10.1038/s41598-019-44604-6
http://doi.org/10.1002/jmv.23530
http://www.ncbi.nlm.nih.gov/pubmed/23408582
http://doi.org/10.7196/SAMJ.8907
http://www.ncbi.nlm.nih.gov/pubmed/26294869

	Introduction 
	Materials and Methods 
	Study Participants and Data Collection 
	HBV and HIV Quantification 
	HBV Nested Polymerase Chain Reaction 
	PCR Purification and Sequencing 
	Sequence Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	References

