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ABSTRACT

Objectives: To investigate hepatitis B virus presence in plasma and cerebrospinal fluid (CSF) of people
living with HIV (PLWH) associated cryptococcal meningitis (CM) in Botswana.
Methods: Baseline plasma and CSF samples from the AMBIsome Therapy Induction Optimization for CM
study, which enrolled adult PLWH with CM in Botswana (2018-2021), were screened for HBV surface
antigen (HBsAg), viral load, occult hepatitis B infection (HBsAg- and HBV DNA+), and sequenced the
surface/polymerase region to assess mutations and genetic diversity.
Results: Among 81 participants, 67.9% (55/81) were male, median age was 40 years (IQR: 34-44), median
CD4+ T cell count was 29 cells/pl (IQR: 11-65). Available plasma (n = 77) and CSF (n = 74) samples
were screened for HBV. Plasma HBsAg prevalence was 29.7% (95% CI: 20-42 (19/64) and 18.8% (95% CI:
10-30 (13/69) in CSF. Occult HBV infection (HBsAg- and HBV DNA+) was detected in 35.5% (95% CI: 21-
53, 11/31) in plasma and 2.4% (95% CI: 0.06-13, 1/42) in CSF. ART exposure was associated with reduced
plasma HBV DNA (P = 0.04), with no significant effect observed in CSF (P = 0.7). In plasma-CSF pairs,
plasma showed higher detection rates for HBsAg, HBV DNA, and OBI (P < 0.01). HBV was sequenced in
5 CSF and 4 plasma samples, including 3 pairs. Genotypes A and D detected were concordant between
pairs, but 2 pairs showed mutational frequency discordance.
Conclusion: HBsAg and HBV DNA were detected in CSF of PLWH with CM, suggesting the CSF may be a
reservoir.
© 2026 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Hepatitis B Virus compartmentalization is a phenomenon where
the virus establishes distinct populations within different anatom-
ical and cellular compartments of the infected host, other than
hepatocytes [1]. HBV deoxyribonucleic acid (DNA), ribonucleic acid
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(RNA), and proteins have been detected in a variety of sites, includ-
ing peripheral blood mononuclear cells, lymph nodes, spleen, bone
marrow, brain, and cerebrospinal fluid (CSF) despite being known
as a hepatotropic virus [1-4]. The presence of HBV in the central
nervous system (CNS) is thought to be rare because the CNS is
believed to be protected from viral entry by a blood-brain barrier
(BBB). This is a highly selective and partially permeable membrane
and is believed to prevent most large molecules, pathogens, and
even immune cells from freely crossing into the CNS. However, it
has been proven that viral pathogens like HIV, SARS-CoV-2, and
HBV do cross this barrier [5-7]. Emerging evidence suggests the
presence of HBV DNA in the CNS may be more frequent, empha-
sizing the potential role of the CNS as an HBV reservoir where HBV
persists, often in a latent or low-replication state, despite antiviral
therapy or immune responses [7-10].

HBV compartmentalization can be driven by genetic diversity,
which is brought about by HBV’s high mutation rate during reverse
transcription due to the lack of proofreading by the polymerase
enzyme. The error rate of HBV polymerase is reported to be ap-
proximately 1 per 105-107 base syntheses [11]. Since HBV repli-
cates separately in different compartments, mutations occur and
accumulate differently in each compartment, leading to viral vari-
ants that differ from each other [1]. Several other factors influence
the emergence of mutations that promote the existence of genet-
ically distinct HBV viral populations in different anatomical com-
partments. Low immune pressure in the extrahepatic sites results
in the development of mutations that cause the virus to evade
immune response. Other factors include tissue-specific factors,
where distinct environments favor replication and distinct gene ex-
pression, causing HBV viral population variations across compart-
ments [12,13].

In addition to lowered immune pressures, limited drug pene-
tration through the BBB creates a conducive environment for HBV
replication and selection of resistant strains and unique HBV qua-
sispecies [7]. Low concentration of anti-HBV drugs in the CNS, such
as tenofovir, lamivudine, and entecavir, may lead to HBV persis-
tence by promoting the development of resistance-associated mu-
tations [7,13-15]. This highlights the need to investigate the impact
of HBV presence, the replication ability of HBV, and evolutionary
dynamics in the CNS environment. Prior literature suggests that
the CNS might be a refuge for HBV because of its low immune
pressure, although it has also been suggested that HBV is unable
to replicate within the CNS, and this therefore limits its relevance
in infection [7,9]. One study counterargues this claim as it has re-
ported HBV replication in neuronal cells with distinct mutations
detected in the HBV sequences from the CSF of patients with trans-
verse myelitis, in contrast to plasma HBV, highlighting the ability
of HBV to replicate in the CNS [9].

People living with HIV (PLWH), particularly those with ad-
vanced HIV disease (AHD), are at increased risk for CNS infections
such as cryptococcal meningitis (CM) [16]. CM is an acute fungal
disease caused by a yeast of the genus Cryptococcus [16]. CM causes
inflammation of the meninges, which can compromise the BBB’s
selective permeability [17]. The BBB disruption and inflammatory
condition caused by CM may create opportunities for HBV pene-
tration to the CSFE.

Extensive research has been done in Botswana to explore HBV
prevalence in plasma [18-20], but not investigating the prevalence
of HBV and compartmentalization in CSF or other sites. Consider-
ing the potential impact of the presence of HBV in CNS and the
limited drug penetration through these compartments, compart-
mentalization might compromise HBV treatment and elimination.
World Health Organization guidelines for HBV emphasize accurate
diagnosis and effective treatment. There is a need for research fo-
cused on HBV compartmentalization in specific anatomical sites to
bridge the existing knowledge gap on HBV compartmentalization
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and also provide valuable insights into the potential mechanisms
of immune evasion and CNS involvement in people with HBV, ulti-
mately facilitating the development of more targeted and effective
treatment strategies.

Given the CNS involvement in CM and its potential to facilitate
HBV entry, investigating HBV presence in the CSF of PLWH with
CM presents an opportunity to explore HBV compartmentalization.
This study investigates the presence and potential compartmental-
ization of HBV in the CSF of PLWH with CM in Botswana.

Methods
Study population and ethics statement

This was a retrospective cross-sectional study utilizing archived
baseline samples from the AMBIsome Therapy Induction Opti-
mization for CM (AMBITION-CM) (ISRCTN: 72509687) study [21].
AMBITION-CM enrolled 84 participants in the Botswana site, both
antiretroviral therapy (ART)-experienced and naive PLWH aged >18
years between the years 2018 and 2021 to investigate a single
high-dose liposomal amphotericin B regimen for CM [22]. This
study, however, used stored baseline samples which were collected
before/upon initiation of CM treatment from 81 participants, ex-
cluding 3 participants due to insufficient volumes of both plasma
and CSF samples. Approval for the use of stored samples for this
study was sought from the Health Research and Development
Committee (HRDC) at the Ministry of Health (permit number HRDC
#01057). AMBITION-CM participants had consented for their resid-
ual samples to be used in subsequent studies.

Serology testing

All the available plasma and CSF samples were screened for
HBV surface antigen (HBsAg) as previously described [23]. Briefly,
samples were screened for HBsAg using murex version 3 (Diasorin,
Dartford, UK). All HBsAg-positive samples underwent repeat con-
firmatory testing.

Quantification of HBV DNA in plasma and CSF

Plasma and CSF HBV DNA levels were quantified using the
COBAS HBV Test v.2.0 with a broad linear range of 20 to 7 x 108
IU/ml. All available samples (>750 ul) were tested regardless of
HBsAg status in order to also detect occult hepatitis B Infection
(OBI, HBsAg- and HBV DNA+). Samples with insufficient volume
(<750 pl) were diluted at 1:1 or 1:2 ratios based on sample avail-
ability. To account for dilution, measured HBV DNA concentrations
from 1:1 diluted samples were multiplied by 2, while those from
1:2 diluted samples were multiplied by 3 prior to analysis. Ad-
justed values were reported and used for all statistical analysis. All
samples with HBV DNA levels below the assay detection limit (<20
IU/ml) were reported as <20 IU/ml.

DNA extraction and PCR amplification

The QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany) was
used to extract DNA from 200 ul plasma and CSF samples with
either positive HBsAg or detectable HBV DNA according to man-
ufacturer’s instructions, with a final elution volume of 30 pl. The
DNA extracts were amplified targeting the 415 bp fragment of the
surface/polymerase gene by a semi-nested PCR with two rounds
of amplification using Taqg DNA Polymerase High Fidelity kit (Invit-
rogen, Waltham, MA, USA) with all volumes halved, maintaining
concentration of reagents. A previously documented protocol was
used for PCR [18,24]. Briefly, the first round had a 2 minutes de-
naturing step at 94°C, 40 cycles of denaturing for 15 seconds at
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94°C, annealing for 30 seconds at 55°C, and elongation for 2 min-
utes at 68°C, and an extension at 68°C for 7 minutes using HBV840
(5’-GTTTAAATGTATACCCAAAGAC-3/;nt840-861) and HBV381 (5'-
TGCGGCGTTTTATCATCTTCCT-3’; nt381-402) primers [25]. The sec-
ond round had denaturation at 94°C for 2 minutes and then
40 cycles of denaturation at 94°C for 20 seconds, annealing at
55°C for 30 seconds, elongation at 68°C for 2 minutes, and ex-
tension at 68°C for 7 minutes using HBV381 and HBV801 (5'-
CAGCGGCATAAAGGGACTCAAG-3’ nt801-822) primers [25]. Prod-
ucts from both first and second rounds were viewed on a 1%
agarose gel stained with ethidium bromide, and the amplified tar-
geted products were taken for sequencing after purification.

Sequencing method

Library preparation was performed using the Rapid barcoding
sequencing protocol 96 V14—barcoding kit (SQK-RBK114.96) [26].
The prepared library was loaded onto R10.4.1 flow cells (FLO-
MIN114), and sequencing was performed on the GridION platform
(Oxford Nanopore Technologies, Oxford, UK). Base calling and de-
multiplexing were executed in high-accuracy mode using Min-
KNOW. Raw FASTQ files were exported and processed using Guppy,
employing dual-indexed reads for base calling and demultiplexing.
For reference-based assembly of HBV, we utilized Genome Detec-
tive 1.132/1.133 (https://www.genomedetective.com/), and we then
downloaded FASTA files and viewed them on Aliview. The FASTA
files were then uploaded to Geno2pheno (https://hbv.geno2pheno.
org) to identify HBV genotypes and mutations. In addition, phylo-
genetic analysis was performed using Bayesian Evolutionary Anal-
ysis by Sampling Trees (BEAST), incorporating both reference se-
quences from Botswana and study-generated sequences. The tree
was constructed using the Markov Chain Monte Carlo (MCMC)
method to explore various phylogenetic models [27,28]. The MCMC
analysis ran for 100 million iterations, logging parameters at ev-
ery 10,000 steps. Finally, the resulting tree was visualized using
FigTree.

Statistical analysis

This study summarized participants’ sociodemographic and
clinical characteristics using proportions for categorical variables
and medians and interquartile ranges, depending on data distribu-
tion. Categorical comparisons were made using Fisher’s exact test
or the Chi-squared test, as appropriate. To assess detection rates
for HBV markers in plasma-CSF paired samples, the McNemar test
was used to compare detection rates of HBsAg, HBV DNA, and
occult hepatitis B virus (OBI) where HBsAg is negative, and HBV
DNA is positive, between the two compartments. Wilcoxon signed-
rank test was performed to assess whether there was a difference
in log-transformed HBV viral load (VL) between compartments in
available plasma-CSF pairs. For the Wilcoxon signed-rank test of
HBV VLs, values reported as target not detected or <20 IU/ml (be-
low the assay’s limit of detection) were standardized to 10 IU/ml
for analysis.

The ART status of the participants was categorized as ART-naive,
ART-experienced, or unknown based on documented HIV treat-
ment history. Participants with unknown ART status were excluded
from comparative analyses. ART in this study was based on inclu-
sion of anti-HBV-active agents, which included tenofovir disoproxil
fumarate (TDF), lamivudine (3TC), and tenofovir alafenamide (TAF)
containing regimens to evaluate their effect on HBV outcomes. HBV
outcomes included HBsAg positivity and detectable HBV DNA in
both plasma and CSF. Associations between ART status and HBV
outcomes in plasma and CSF were evaluated using Fisher’s exact
test, and corresponding P-values were reported.
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Table 1

Baseline characteristics of participants in this study.
Characteristics Statistic
Gender, males, No. (%), (n = 81) 55 (67.9)
Age, years, median (IQR), (n = 81) 40 (34-44)
CD4+ T cell count, cell/mm3, median (IQR), 29 (11-65)
(n=173)
Mental status, abnormal, No. (%), (n = 81) 28 (34.6)
WBC count cells/mm?, median (IQR), 7 (2-58)
(n=179)
Death status after study completion, dead, 20 (24.7)
No. (%), (n = 81)
Baseline HIV-1 VL, log;o copies/ml, median
(IQR)
CSF HIV VL (n = 65) 4.3 (3.4-5.6)
Plasma HIV VL (n = 76) 5.1 (4.0-5.4)
Duration on ART, months, median (IQR) 8.5 (0.5-72.7)
(n =33)
ART status, No. (%) (n = 81)
ART-experienced 33 (40.7)
ART-naive 31 (38.3)
Unknown 17 (21.0)
HBV VL, log;o copies/ml, median (IQR)
CSF HBV VL (n = 60) 0.0 (0.0-0.0)
Plasma HBV VL (n = 60) 0.0 (0.0-1.3)
HBV, detectable VL, No. (%)
CSF HBV VL detectable 6 (10.0)
Plasma HBV VL detectable 22 (36.7)

Out of 60 CSF samples, only 4 had detectable HBV DNA, ranging from 3060 to
942,153 1U/ml, while the rest were below the assay detection limit (<20 IU/ml).
Out of 60 plasma samples, 22 had detectable HBV DNA, 8 of which ranged from 50
to >170,000,000 IU/ml, while the remaining were below the assay detection limit
(<20 IU/ml).

The wide interquartile range observed for ART duration reflects substantial hetero-
geneity in treatment exposure, including both recently initiated and long-term ART
users.

ART, antiretroviral therapy; CD4, cluster of differentiation 4; CSF, cerebrospinal fluid;
HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; HIV, human immunode-
ficiency virus; IQR, interquartile range; VL, viral load; WBC, white blood cell count.

Neurological clinical presentation at baseline was investigated
using variables of mental status and Glasgow Coma Scale (GCS)
scores. Mental status was analyzed as a binary variable (normal vs
abnormal), while GCS was analyzed as a continuous variable. Par-
ticipants were stratified by CSF HBsAg status. Categorical variables
were compared using Fisher’s exact test, and continuous variables
were compared using nonparametric tests due to non-normal dis-
tribution. All statistical analyses were performed using Stata ver-
sion 18.0 (StataCorp LLC, College Station, TX, USA), with P-values
<0.05 considered statistically significant.

Results
Participant demographic characteristics

The baseline demographics and clinical characteristics of 81
AMBITION-CM participants who were either screened for HBV HB-
sAg and/or HBV DNA in plasma and/or CSF in this study are shown
in Table 1.

Prevalence of HBV

Of the 81 participants included from the AMBITION-CM study,
77 plasma samples were retrieved. Due to low sample volumes,
64 (83.1%) were screened for HBsAg. The prevalence of HBsAg in
plasma was 29.7% ([19/64], 95% CI: 20-42). Among the 19 HBsAg-
positive samples, HBV DNA was quantified in 17 (89.5%), with
6 (35.3%) testing HBV DNA-positive, 10 (58.8%) negative, and 1
(5.9%) yielding an invalid result, likely due to hemolysis.

Among the 45 HBsAg-negative plasma samples, 31 (68.9%) were
tested for OBI, after excluding 14 (31.1%) due to insufficient volume.
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AMBITION-cm study, plasma-CSF pairs
n=81

Plasma samples
Insufficient volume
4/81 (4.9%)

Plasma samples retrieved
77/81 (95.1%)

Screened for HBV DNA only
13/77 (16.9%)

HBsAg+
5/13 (38.5%)

HBsAg-
8/13 (61.5%)

HBsAg screened
64/77 (83.1%)

HBsAg+ HBsAg-
19/64 (29.7%) 45/64 (70.3%)

Insufficient volume
2/19 (10.5%)

HBV DNA screened
17/19 (89.5%) Insufficient volume

14/45 (31.1%)

HBV DNA screened
31/45 (68.9%)

CSF samples
Insufficient volume
7/81 (8.6%)

CSF samples retrieved
74/81 (91.4%)

Screened for HBV DNA only

5/74 (6.8%)
HBsAg-
5/5 (100%)
HBsAg screened
69/74 (93.2%)
HBsAg-

HBsAg+

13/69 (18.8%) 56/69 (81.2%)

Insufficient volume
14/56 (25.0%)

HBV DNA screened
42/56 (75.0%)

HBV DNA screened
13/13 (100%)

HBsAg+
6/17 (35.3%)

HBsAg-
10/17 (58.8%)

Invalid
1/17 (5.9%)

HBV DNA+
5/13 (38.5%)

HBV DNA-
8/13 (61.5%)

HBV DNA+
1/42 (2.4%)

HBV DNA-
41/42 (97.6%)

HBV DNA+
11/31 (35.5%)

HBsAg-
20/31 (64.5%)

Figure 1. Flow chart showing the prevalence of HBsAg and HBV DNA in plasma and CSF samples. Among 81 enrolled participants, 77 plasma and 74 CSF samples were
available for analysis. For plasma, 64 samples were screened for HBsAg, of which 29.7% (19/64) tested positive. HBV DNA was quantified in 17 HBsAg-positive plasma
samples, with 6 testing positive, 10 negative, and 1 invalid due to likely hemolysis. Among 45 HBsAg-negative plasma samples, 31 were tested for occult HBV infection (OBI),
and 35.5% (11/31) were HBV DNA-positive. An additional 13 plasma samples were tested for HBV DNA only due to insufficient volume for HBsAg testing, of which 5 were
positive. Overall, HBV DNA was detected in 36.1% (22/60) of plasma samples tested for HBV DNA. For CSF, 69 samples (93.2%) were screened for HBsAg, with a prevalence
of 18.8% (13/69). All HBsAg-positive CSF samples were tested for HBV DNA, and 38.5% (5/13) were positive. Among 56 HBsAg-negative CSF samples, 42 were tested for HBV
DNA, with 1 (2.4%) testing positive. Five additional CSF samples were tested for HBV DNA only because of insufficient volume for HBsAg testing, and all were negative.

Overall, HBV DNA was detected in 10% (6/60) of CSF samples tested for HBV DNA.

OBI was detected in 11 (35.5%) samples ([11/31], 95% CI: 19-55).
Additionally, 13/77 plasma samples (16.9%) were screened for HBV
DNA only, due to insufficient volumes for HBsAg testing; of these,
5 (38.5%) tested HBV DNA-positive and 8 (61.5%) negatives. Overall,
HBV DNA was detected in 36.1% of plasma samples ([22/60], 95%
Cl: 25-50) (Figure 1).

Out of 74 CSF samples retrieved, 69 (93.2%) were screened for
HBsAg. The prevalence of HBsAg in CSF was 18.8% ([13/69], 95% ClI:
10-30). Among the 13 HBsAg-positive CSF samples, all were tested
for HBV DNA, with 5 (38.5%) testing positive and 8 (61.5%) nega-
tives. Of the 56 HBsAg-negative CSF samples, HBV DNA quantifi-
cation was performed in 42 (75.0%), excluding 14 (25.0%) due to

insufficient volumes. HBsAg-negative but HBVDNA positive was de-
tected in 1 sample (2.4%) ([1/42], 95% CI: 0.06-13), while 41 (97.6%)
were negative. Additionally, 5/74 CSF samples (6.8%) were screened
for HBV DNA only, as volumes were insufficient for HBsAg testing
and all samples were HBV DNA negative. Overall, HBV DNA was
detected in 10% of CSF samples ([6/60], 95% CI: 4-21) (Figure 1).

Comparison of HBV detection rates between plasma and CSF
A total of 53 plasma-CSF paired samples were available for

comparing HBsAg detectability, 58 pairs for comparing HBV DNA
detectability, and 41 pairs for assessing OBI in plasma to HBsAg-
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negative but HBV DNA-positive observation in CSF among the two
compartments. In paired observation analysis (McNemar test for
paired binary data), plasma had statistically significant higher de-
tection rates in HBsAg (McNemar’s chi2 = 6.3; P = 0.01), HBV
DNA (McNemar's chi2 = 16.0; P = 0.0001), and OBI in plasma
against HBsAg-negative and HBV DNA positivity in CSF (McNemar’s
chi2 = 6.4; P = 0.01) detection rates. Plasma HBV log VLs were
significantly higher than CSF log VLs in the 58 paired samples
(Wilcoxon signed-rank test: z = 4, P = 0.0001). This study also ob-
served 23.1% (3/13) of HBsAg-positive CSF samples that had plasma
pairs that were HBsAg-negative. This phenomenon was observed in
HBsAg only and not on HBV DNA. Of the 3 samples, 1 was an OBI
in its plasma pair with a VL <20. All the 3 samples were subjected
to a 1:1 dilution during HBV DNA quantification.

Association between ART status and HBV outcomes

Among participants with available ART status data, plasma HBV
DNA detection was significantly higher among ART-naive individu-
als, 14 (56.0%), compared to ART-experienced individuals, 5 (23.8%)
(P = 0.04). Plasma HBsAg positivity was also higher among ART-
naive individuals, 11 (40.7%), compared to ART-experienced indi-
viduals 6 (23.1%), although this difference was not statistically sig-
nificance (P = 0.2). In contrast, no significant association was ob-
served between ART status and CSF HBV outcomes. CSF HBsAg pos-
itivity was similar between ART-naive and ART-experienced indi-
viduals (19.2% vs 14.8%, P = 0.7), and CSF HBV DNA detection did
not differ significantly between groups (16.0% vs 10.0%, P = 0.7).

Neurological characteristics by CSF HBsAg status

Abnormal mental status was observed in 7/13 (53.9%) of CSF
HBsAg-positive participants and 37/56 (66.1%) of CSF HBsAg-
negative participants, with no significant difference between
groups (Fisher’s exact test, P = 0.5). GCS were high in both
CSF HBsAg-positive and CSF HBsAg-negative participants. Median
scores were 15 (IQR 14-15) in both groups, with minimal variabil-
ity among CSF HBsAg-positive and negative individual.

PCR and sequencing

A total of 6 HBV-infected individuals were included for geno-
typing and mutational analysis, comprising of three plasma-CSF
paired samples and three single compartment samples (2 CSF-only
and 1 plasma-only). A 415 bp fragment of the surface/polymerase
gene was successfully amplified and sequenced from these sam-
ples. The 3 plasma-CSF pairs that were successfully sequenced
were denoted as No 1 (BKSP0O5 and BKSP008), No 2 (BKSP003
and BKSP001), and No 3 (BKSP0O7 and BKSP0O06). The 2 CSF-
only sequenced samples included BKSP002 and BKSP009, while the
plasma-only sequence was denoted BKSP010; BKSP004 was an HBV
positive control (Figure 2).

Sequences generated from this study were investigated for evo-
lutionary relationship using BEAST, and Botswana reference se-
quences from the Botswana Combination Prevention Project (BCPP)
study, a pair-matched, community-randomized trial conducted in
30 rural or peri-urban communities in Botswana from 2013 to
2018, were included. The BCPP study aimed to evaluate the im-
pact of a combination HIV prevention strategy on population-level
HIV incidence [29]. Overall, genotype A (n = 3) and D (n = 2)
were identified in CSF samples, similarly in plasma, A (n= 3) and D
(n = 1) (Figure 2). Among the paired samples, all pairs were con-
cordant, with all having identical genotype (Table 2).

The HBV mutations identified in this study in each compart-
ment in two regions, the surface and reverse transcriptase re-
gion, for each pair and for individual compartments can be ob-
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served in Table 2. A comparative analysis of the frequency of HBV
mutations in the surface and reverse transcriptase regions across
paired plasma and CSF samples revealed notable compartmental
differences (Figure 3). In Pair 1, both regions showed a higher fre-
quency of mutations in the plasma compartment compared to CSF
(Figure 3a, b). In contrast, Pair 2 showed a higher frequency of
mutations in the CSF compartment for both regions compared to
the plasma (Figure 3a, b). In Pair 3, the mutation frequencies were
concordant across compartments in both the surface and reverse
transcriptase regions (Figure 3a, b).

Among the paired samples, CSF-specific mutations were ob-
served in Pair 2 (genotype D), including S114T, R122K, Y134F, and
S143T in the surface region, as well as F122H, H124HN, H126HY,
F151Y, and R153W in the reverse transcriptase region. In contrast,
the remaining genotype A pairs did not exhibit compartment-
specific mutations in the CSF when compared to their matched
plasma samples (Table 2).

Discussion

This study reports, for the first time, evidence of HBV in the
CSF of PLWH with CM in Botswana. The detection of HBV DNA
and HBsAg in the CSF and the discordant mutational frequen-
cies in plasma-CSF pairs (Pair 1 and Pair 2), as well as the CSF
compartment-specific mutations observed in Pair 2 suggests that
the CNS may serve as an extrahepatic reservoir for HBV, a find-
ing that aligns with prior research demonstrating HBV persistence
in nonhepatic sites [1-3,7]. The detection of HBV in the CSF chal-
lenges the assumption that the BBB effectively restricts viral entry
into the CNS, building further on studies on HIV presence in the
CNS [5,30-32].

The detection of HBV in the CSF is accompanied by an elevated
median CSF WBC count cells/mm3 of 7 cells/ul (IQR: 2-58), ob-
served in participants with AHD and a median CD4 count of just
29 cells/ul (IQR: 11-65). This high WBC count is surprising given
the severe immune suppression and suggests that the CNS is able
to implement a localized immune response. When compared to
cohorts with higher immunity, such as Joseph et al. [30] who re-
ported a median CSF WBC count of 1 cell/ul (IQR: 1-3) at a median
CD4 count of 539 cells/ul, and Patel et al. [31] who reported 10
cells/ul (IQR: 1-70) with a median CD4 count of 435 cells/ul, our
findings are counterintuitive. Rather than correlating with immune
competence, the high WBC counts in our cohort seem to reflect
localized immune activation, possibly driven by pathogen burden
within the CNS. The presence of HBV in the CSF may be one of
several drivers of this immune response. The discordant HBV mu-
tations in Pair 2 between compartments suggest potential active or
independent replication in the CNS, potentially triggering localized
inflammation. Alongside CM and CNS HIV replication, HBV may
contribute to immune cell recruitment into the CSF, explaining the
unexpected high WBC count despite immunodeficiency. This rein-
forces the concept of CNS compartmentalization, where immune
activity and viral replication can occur independently.

Our study reported a high plasma HBsAg prevalence of 29.7%.
Studies previously conducted in Botswana report HBsAg prevalence
in plasma ranging from 1.1% to 10.6%, with most data derived from
specific groups such as blood donors or PLWH [23,28,33,34]. These
studies typically included individuals with a broader range of im-
mune status and likely less AHD than this cohort. Considering that
the population used in this study had low median CD4 count and
elevated HIV VL, the high HBV prevalence is likely driven by the
profound immunosuppression due to coinfection with HIV, which
plays a role in impairing immune control of HBV and suscepti-
bility to infection and also increasing chances of HBV reactiva-
tion/seroreconversion [35]. Our study also recorded a high HBsAg
prevalence in the CSF at 18.8%, suggesting that presence of HBV in
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Figure 2. Bayesian phylogenetic tree of isolated surface gene fragments from CSF and plasma sequences (highlighted in pink) and reference BCPP HBV sequences (in black).
A total of six HBV-infected individuals were included for genotyping and mutational analysis, comprising three plasma-CSF paired samples and three single-compartment
samples (two CSF-only and one plasma-only). A 415 bp fragment of the HBV surface/polymerase region was successfully amplified and sequenced from all included samples.
The three plasma-CSF pairs sequenced were designated as Pair 1 (BKSP005 and BKSP008), Pair 2 (BKSP001 and BKSP003), and Pair 3 (BKSPO06 and BKSP007). The CSF-only
sequences were BKSP002 and BKSP009, and the plasma-only sequence was BKSP010. BKSP004 served as the HBV-positive control for sequencing. The figure illustrates the
sequencing outcomes and sample genotypic relationships on a Bayesian phylogenetic tree.

the CNS is not an unusual finding in the context of AHD, especially
in a population with a high prevalence of HBV, which increases
the chance of HBV spillover to the CNS and potentially developing
independent replication in the CNS compartment. Previous stud-
ies support the detection of HBsAg in the CSF in reported cases
of people with transverse myelitis and neuropathies [36,37]. The
prevalence of HBsAg positivity in the CSF has not been extensively
reported, and most studies have only tested for HBV DNA in the
CSF of people with positive plasma HBsAg.

We also compared HBsAg status in CSF and in plasma and
identified 3 cases where HBsAg was detected in CSF but unde-
tectable in plasma (HBsAg-). We also compared HBV DNA among

the 3 cases, and two of these cases had HBV DNA undetectable
in plasma, with 1 plasma sample as an OBI and having a VL of
<20 IU/ml. It is important to note that the plasma samples in this
study underwent dilution during processing and measurements of
VL, which could have reduced the sensitivity of HBV DNA detection
and quantification. Therefore, it is possible that cases that were
supposed to be represented as OBI with low-level HBV DNA fell
below the detection threshold due to dilution and may have been
false negatives in plasma. In Botswana, HBV screening is commonly
performed using serological testing, which detects HBsAg in blood
samples [23]. Cases where HBsAg is present in the CSF but unde-
tectable in plasma could be missed using current diagnostic pro-
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Table 2
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HBV surface region and reverse transcriptase region mutations in plasma and CSF by genotype.

Pair Genotype Region Plasma mutations CSF mutations
1 A Surface region P120T, A194V A194V
Reverse transcriptase region S109P, N122H, T128N, M129L, S109P, N122H, M129L, V1631
V1631
2 D Surface region T127P S114T, R122K, T127P, Y134F, S143T
Reverse transcriptase region L115V, F122L, Q130P, Y135S L115V, F122H, H124HN, H126HY, Y135S,
F151Y, R153W
3 A Surface region A194V A194V
Reverse transcriptase region S109P, N122H, M129L, V1631 S109P, N122H, M129L, V1631
CSF (BKSP002) D Surface region - Y100S, 1110L, T118K, T127A, P142L,
S143L, D144E, G145A
Reverse transcriptase region - L115V, N118T, F122L, H126Q, Q130P,
Y135C, R153S
CSF (BKSP009) A Surface region - E164V, L173P
Reverse transcriptase region - S105T, M129L, V163l
PLASMA (BKSP010) A Surface region A194V -

Reverse transcriptase region

S109P, N122H, M129L, V1631 -

tocols. This has significant public health implications and might
lead to undetected HBV infection and result in HBV being unknow-
ingly missed during clinical management, particularly in individ-
uals with compartmentalized HBV infection and immunocompro-
mised. Relying solely on plasma HBsAg testing may underestimate
the true burden of HBV infection and highlight the need for more
sensitive and comprehensive diagnostic approaches.

Along with HBsAg, HBV DNA was also quantified, and HBsAg-
negative with HBV DNA-positive profiles were determined in CSF
at a lower prevalence of (2.4%) than in plasma (35.5%). These find-
ings suggest potential compartmentalization of HBV within the
CNS, which may be driven by selective immune pressures, tissue-
specific factors, or limited drug penetration into the CSF, allowing
for HBV replication and mutations [3,12,13]. It is also important to
consider the potential impact of plasma and CSF sample dilution
on HBV DNA detection. Several samples required dilution due to
limited volume, which may have reduced assay sensitivity, particu-
larly for low-level viraemia. As a result, some samples classified as
HBV DNA-negative may represent false-negative results. This limi-
tation may have led to an underestimation of the true prevalence
of occult HBV infection (OBI), particularly in plasma and potentially
in CSF. Consequently, any observed differences in HBV DNA detec-
tion between plasma and CSF should be interpreted cautiously, as
they may partly reflect methodological constraints rather than true
biological compartmentalization.

In this study, HBV VL in CSF was lower than in the plasma pairs,
though the difference was not statistically significant. This trend is
consistent with previous findings, which reported mean HBV DNA
levels of 6.5 + 1.9 log IU/ml in serum and 2.4 + 0.7 log [U/ml in
CSF [7]. This difference could indicate restricted viral replication in
the CNS. Similar observations have been made in studies on other
viral infections, for instance, where lower HIV VLs were observed
in CSF compared to plasma [38]. Further investigation with larger
cohorts is needed to better understand the dynamics of HBV VL in
plasma and CSF.

In this cohort, the presence of HBV HBsAg in CSF was not
associated with differences in neurological clinical presentation
at baseline, as assessed by mental status and GCS scores. Both
CSF HBsAg-positive and HBsAg-negative individuals presented with
comparable levels of neurological impairment. However, interpre-
tation of these findings is limited by the relatively small number
of CSF HBsAg-positive participants, which may have reduced sta-
tistical power to detect clinical differences. Larger studies incor-
porating more detailed neurological assessments and longitudinal
follow-up are required to clarify the clinical significance of HBV
detection in the CNS.

The study also evaluated the relationship between partici-
pants ART exposure, including HBV active drugs, and HBV infec-
tion markers in both plasma and CSE. ART exposure was signif-
icantly associated with reduced HBV DNA detection in plasma,
as demonstrated by a lower prevalence of detectable HBV DNA
among ART-experienced individuals compared to ART-naive indi-
viduals (P = 0.04). In contrast, no significant association was ob-
served between ART status and HBV markers in CSF (HBsAg posi-
tivity and HBV DNA detection). Although plasma HBsAg positivity
was higher among ART-naive individuals (40.7% vs 23.1%), this dif-
ference did not reach statistical significance. The observed lower
HBV DNA plasma levels among ART-experienced individuals are
consistent with the known antiviral activity of HBV-active agents
(TDF, TAF, and 3TC), which are commonly included in first-line
ART regimens [39]. These agents inhibit HBV reverse transcrip-
tion and are effective in suppressing viral replication [40]. These
findings support existing evidence that HIV ART regimens con-
taining anti-HBV compounds contribute to reduced HBV replica-
tion in co-infected individuals. The significant difference in HBV
DNA detection between ART-naive and ART-experienced partici-
pants highlights the clinical benefit of HBV-active ART in control-
ling systemic HBV infection. HBsAg positivity not differing signif-
icantly between ART-naive and experienced groups suggests that
while ART may effectively suppress HBV replication, it does not
necessarily lead to clearance of viral antigens. HBsAg is known to
persist due to the stability of covalently closed circular DNA (cc-
cDNA) within hepatocytes and ongoing antigen production even in
the context of suppressed viral replication [41]. A notable finding
of this study is the absence of a significant association between
ART exposure and HBV detection in CSF. Neither HBsAg positiv-
ity nor HBV DNA detection differed between ART-naive and ART-
experienced individuals in this compartment. This findings suggest
compartmentalization of HBV within the CNS, where viral persis-
tence may occur independently of HBV circulation in the blood-
stream. It may also reflect limited penetration of anti-HBV agents
into the CSF, resulting in lower suppression of HBV replication in
this compartment [7]. While ART appears effective in reducing HBV
replication in the plasma, its limited impact in the CSF suggests
that HBV may persist in the CSF despite treatment. This may have
implications for long-term disease outcomes, particularly in indi-
viduals with advanced HIV infection and CNS involvement. Fur-
ther research is needed to determine whether persistent HBV in
the CSF contributes to neurological disease or influence treatment
outcomes.

This study is limited by the relatively small sample size
(n = 81) and by the very small number of samples that were
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Figure 3. (a) Frequency of mutations in the surface region. This figure compares the number of mutations detected in the HBV surface region between plasma and CSF
compartments across the three paired samples. In Pair 1, plasma exhibited a higher frequency of surface region mutations than CSE. In contrast, Pair 2 showed a higher
mutation frequency in CSF compared to plasma. Pair 3 demonstrated concordant mutation frequencies across compartments. These findings highlight compartment-specific
variation in surface region genetic diversity. (b) Frequency of mutations in the reverse transcriptase region. This figure illustrates the distribution of HBV RT region mutations
across plasma-CSF pairs. Similar to the surface region, Pair 1 showed more RT mutations in plasma, whereas Pair 2 showed a greater number of RT mutations in CSF. Pair 3
displayed matching RT mutation frequencies in both compartments. These patterns further support compartmental differences in HBV quasispecies between plasma and CSF.

successfully sequenced (n = 6), with only three plasma-CSF pairs
available for direct comparison. These limitations substantially re-
duce the statistical power of the analyses and restrict the general-
izability of the findings. Despite these limitations, concordant HBV
major genotypes were observed within paired samples. Sequenc-
ing was performed using the Oxford Nanopore GridION platform
and was limited to a partial region of the HBV genome, the 415 bp
fragment of the HBV surface/polymerase region. While this region
is informative for genotyping and resistance-associated mutations,
it may not capture full genomic diversity or sub-genotypic vari-
ation. Previous studies have demonstrated compartment-specific
HBV mutations across different anatomical sites when larger ge-
nomic regions or full-length genomes were analyzed. Therefore, it

is possible that additional compartment-specific variants or sub-
genotypic differences were not detected in the present study.
Future studies analyzing longer genomic regions, including full-
length sequences or additional regions such as PreS/S and poly-
merase, are needed to make more robust assessment of viral com-
partmentalization and potential genotypic or sub-genotypic discor-
dance between plasma and CSF.

A comparative analysis of the frequency of HBV mutations in
the surface region and the reverse transcriptase region in paired
plasma and CSF samples was also done and revealed notable
differences in mutations across compartments. Pair No.1 exhib-
ited a higher frequency of mutations in the plasma compartment,
whereas in Pair No.2, the frequency of mutations was higher in the
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CSF compartment. Interestingly, Pair No.3 showed complete mu-
tational concordance, with identical mutation frequencies in both
compartments. These findings may suggest potential HBV com-
partmentalization, where distinct viral populations may evolve in
plasma and CSF due to selective pressures or differential replica-
tion dynamics. While these observations may suggest the possi-
bility of compartment-specific viral evolution, they should be in-
terpreted cautiously given the extremely small number of paired
sequences analyzed. Although similar compartmentalization has
been widely documented in HIV, where independent viral repli-
cation in the CNS results in distinct quasispecies in CSF compared
to plasma [42], extrapolation of this phenomenon to HBV cannot
be made based on the current data. Larger studies with increased
numbers of paired plasma-CSF samples and broader genomic cov-
erage are required before definitive conclusions can be drawn.

In this cohort, HBV immune and diagnostic escape mutations
were observed in both plasma and CSF compartments, although
with notable compartmental differences, where the CSF was ob-
served with more immune escape mutations compared to the
plasma compartment. Among the paired samples, discordant mu-
tation profiles were seen. Pair 1 exhibited the 120T escape muta-
tion in plasma but not in CSF, whereas Pair 2 had a 122 K mu-
tation in CSF but not in plasma. This discordance suggests po-
tential compartmentalization of HBV quasispecies within the CNS,
consistent with previous findings indicating that the CNS may
harbor genetically distinct viral populations [7]. As observed in
Table 2, CSF-specific mutations were identified in Pair 2 (genotype
D), which, including S114T, R122K, Y134F, and S143T in the sur-
face region, as well as F122H, H124HN, H126HY, F151Y, and R153W
in the reverse transcriptase region. Several of these surface mu-
tations, particularly R122K, Y134F, and S143T, are associated with
immune escape, potentially affecting vaccine and diagnostic sen-
sitivity [43,44]. These compartment-specific mutations reflect po-
tential compartmentalized viral evolution or adaptation. The re-
maining genotype A pairs showed no CSF compartment-specific
mutations compared to their matched plasma samples, suggest-
ing a more conserved viral population across compartments in
these individuals. Despite the presence of mutations associated
with immune escape, no resistance mutations were detected. All
samples remained susceptible to lamivudine, adefovir, entecavir,
tenofovir, and telbivudine. These findings highlight the complexity
of HBV diversity in immunocompromised individuals and the im-
portance of monitoring both compartments when evaluating viral
evolution and treatment response, particularly in HIV-coinfected
populations.

Blood contamination during lumbar puncture is a recognized
limitation of CSF diagnostic studies and may affect microbiologic,
molecular, and viral detection assays performed on CSF samples.
CSF red blood cell (RBC) counts were not available in this study
dataset and therefore could not be evaluated in relation to HBV
detection in CSF. However, several findings suggest that blood
contamination alone may not fully explain HBV detection within
the CSF compartment. HBV case reports and sequencing stud-
ies have identified HBV DNA and HBV-specific mutations in CSF
that differed from plasma, suggesting possible CNS compartmen-
talization [7-10]. This study also detected CSF HBV DNA levels,
which were generally lower than corresponding plasma levels,
and paired plasma-CSF sequence analysis demonstrated discordant
mutational frequencies and compartment-specific sequence differ-
ences in some participants, suggesting possible localized viral evo-
lution within the CNS compartment rather than passive blood car-
ryover alone. However, because CSF RBC data were unavailable,
contamination during lumbar puncture cannot be definitively ex-
cluded. Future studies incorporating CSF RBC measurements and
markers of blood-brain barrier integrity would help distinguish
true CNS HBV presence from blood contamination.
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Limitations

This study has several limitations that should be considered
when interpreting the findings. The study population consisted
solely of PLWH who were co-infected with CM, lacking a con-
trol group of PLWH without CM or HIV-negative individuals with
HBV. The inclusion of appropriate control groups is generally con-
strained by ethical and practical considerations, as CSF sampling is
an invasive procedure that is typically performed only when clini-
cally indicated, making the recruitment of otherwise healthy indi-
viduals or asymptomatic controls challenging. The absence of these
comparison groups limits the ability to separate the independent
effects of HIV infection, CM, and advanced immunosuppression on
HBV detection in the CNS. The advanced immunosuppression and
CM-associated disruption of the BBB in this cohort may have influ-
enced the observed HBV detection in the CSF. There is need in fu-
ture to include CM-uninfected and HIV negative populations where
CSF sampling is clinically indicated to better clarify the role of CM
and HIV in HBV neuroinvasion and compartmentalization.

Secondly, a number of plasma and CSF samples had insufficient
volumes, which limited comprehensive testing for both HBsAg and
HBV DNA. This may have resulted in an underestimation of HBV
prevalence, and increased the lower limit of detection, and may
have reduced assay sensitivity, increasing the likelihood of false-
negative results. A formal linearity assessment was not performed
to evaluate the impact of dilution on quantification near the as-
say detection threshold. Future investigations should prioritize the
use of undiluted samples or highly sensitive assays with lower lim-
its of detection, alongside formal dilution linearity assessments, to
improve detection of low-level viraemia.

Another limitation of this study is that HBV RNA was not as-
sessed. Measurement of HBV RNA, particularly pregenomic RNA,
could have provided additional evidence of transcriptionally ac-
tive virus and helped distinguish between active viral replication
or nonreplicative HBV DNA. Therefore, although HBV DNA was de-
tected in CSF, this alone could not determine whether this repre-
sented active viral replication or just the presence of viral genetic
material. Future studies should incorporate HBV RNA testing to de-
termine whether HBV detected in the CSF represents active viral
replication and persistence within the CNS compartment.

Only a small number of paired plasma-CSF samples were suc-
cessfully sequenced, which restricts the ability to make solid con-
clusions regarding HBV compartmentalization. Only three pairs
were available for direct comparative analysis, limiting statistical
power to detect meaningful mutational differences between com-
partments. The sequencing was also limited to a short 415 base-
pair fragment, rather than the full HBV genome. This limited geno-
typic and mutational comparisons between compartments. Future
work should consider analysis on the full-length genome of HBV in
both compartments.

Detailed clinical hepatology data, including liver enzyme levels
(alanine transaminase/aspartate aminotransferase) and liver dis-
ease staging, were not systematically available, limiting assess-
ment of hepatic involvement or treatment response. Neurologi-
cal clinical assessment was limited to baseline mental status and
GCS, and more granular neurological evaluations were not avail-
able. The relatively small number of participants with detectable
HBV markers in the CSF, particularly HBV DNA-positive individuals
(n = 6), limited the ability to perform robust multivariable anal-
yses to identify factors independently associated with HBV pres-
ence in the CSF. Larger studies with greater numbers of CSF HBV-
positive participants are required to adequately evaluate predictors
of HBV detection and potential compartmentalization within the
CNS.

Lastly, the cross-sectional nature of the study using baseline
samples limits the ability to track HBV persistence in the CSF to
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confidently conclude whether HBV detection in the CSF represents
viral presence resulting from spillover or sustained replication and
persistence within and unique to the CNS compartment. The par-
ent AMBITION-CM study had follow-up lumbar punctures repeated
on Day 1 before/upon initiating CM treatment, Day 7, and Day 14
as part of routine CM management and study follow-up; however,
this current HBV study utilized archived baseline plasma and CSF
samples only and did not include longitudinal HBV follow-up anal-
ysis due to low volumes of archived residual follow-up samples. In
addition, detailed clinical and neurological correlations were not
consistently available, limiting assessment of associations between
HBV CSF detection and clinical manifestations. Future longitudinal
studies with larger, more representative cohorts are needed to con-
firm these findings and to further explore the clinical significance
of HBV presence in the CNS.

Conclusion

Our study confirms previous observations that HBV can be de-
tected in the CSF of PLWH with CM, supporting the concept of
HBV compartmentalization in the CNS. The observed differences in
mutational frequencies between paired CSF and plasma compart-
ments further suggest the possibility that the CNS may act as a
distinct viral reservoir. ART was observed to have no corresponding
effect on HBV in the CSF, highlighting possible limitations of HBV-
active drug penetration or independent viral persistence within
the CNS compartment. These findings highlight the importance of
considering extrahepatic HBV replication sites in treatment strate-
gies, particularly in populations with a high burden of HIV/HBV co-
infection. Future studies are warranted to investigate the origin of
distinct HBV detected in the CNS, especially whether detection of
HBV in the CNS reflects true HBV replication in this site or if it is
translocated from other extrahepatic sites.
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