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Abstract

Background Chronic hepatitis B (CHB) is a significant global health challenge, with tenofovir disoproxil fumarate
(TDF) widely used as an effective treatment option. Despite TDF's efficacy in suppressing hepatitis B virus (HBV) DNA,
it rarely achieves functional cure, requiring hepatitis B surface antigen (HBsAg) clearance or seroconversion, which are
an optimal goal of CHB treatment. This study aimed to evaluate the long-term effects of TDF monotherapy on HBsAg
clearance rates through a systematic review and meta-analysis, combined with a longitudinal modeling analysis to
investigate HBsAg dynamics.

Methods Eligible studies published between January 1st, 2008, and September 28th, 2023, in PubMed, EMBASE, and
Web of Science were included in the systematic review and meta-analysis. The longitudinal model was developed
based on data from 123 subjects in a Phase Il trial cohort.

Results Twenty-three studies were selected for meta-analysis. The summarized HBsAg clearance rate was near
zero and unlikely to increase with extended treatment. The longitudinal model of HBsAg dynamic in CHB patients
receiving TDF monotherapy showed a good fitting performance and extrapolation predictive ability. Model-based
simulation confirmed that HBsAg clearance remained unlikely with prolonged therapy, with median HBsAg levels
reducing by 21% after 168 weeks.
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Conclusions The consistency between meta-analysis and model simulation outcomes indicated that TDF
monotherapy can achieve a limited reduction in HBsAg levels but did not result in functional cure, which reinforced
the limited role of TDF monotherapy in comprehensive CHB management.

HBsAg Clearance Induced by Long-term Tenofovir Disoproxil Fumarate Monotherapy in
Chronic Hepatitis B Treatment: a Meta-Analysis and Longitudinal Modeling Analysis
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Background
Chronic hepatitis B (CHB) is a global public health chal-
lenge of this decade. According to the report from World
Health Organization, 254 million people are living with
hepatitis B and approximately 1.2 million new hepatitis
B infections occur each year [1]. Despite effective disease
management, a considerable number of CHB patients
eventually progress to liver fibrosis, cirrhosis, hepato-
cellular carcinoma, resulting in an increased number
of hepatitis B—related deaths from 820 000 in 2019 to
1.1 million in 2022 [1]. Besides, novel and highly effective
treatments for CHB are often associated with high costs.
Therefore, it remains meaningful to fully evaluate the
long-term efficacy of traditional, low-cost antiviral drugs,
which provides important references for the goal of
improving the overall clinical benefits for CHB patients.
As currently recommended in several clinical guide-
lines, the mainstream therapeutic options for CHB are
nucleos(t)ide analogs (NAs) and interferon (includ-
ing pegylated interferon-a [PegIlFN«a]) [2—4]. Tenofo-
vir (including tenofovir disoproxil fumarate [TDF] and
tenofovir alafenamide [TAF]) exhibits stronger efficacy
and better safety among NAs [5]. Both NAs and PeglFNa
are recommended for treatment-naive CHB patients, but
the treatment course of PeglFN« should be limited to no
more than 96 weeks [2—4]. Additionally, long-term use of
PegIFNo may lead to some adverse effects and is associ-
ated with high costs. Considering the efficacy, safety, and
treatment cost, the majority of CHB patients still choose

NAs as the initial treatment or for long-term mainte-
nance therapy.

Functional cure is now generally agreed as an opti-
mal and realistic treatment goal for CHB [6-8]. Because
of the viral genetic material in hepatocyte nucleus (e.g.
covalently closed circular DNA [cccDNA] and inte-
grated HBV DNA), CHB cannot be completely cured.
Functional cure involves a sustained shut down of viral
replication with undetectable HBV DNA and hepatitis B
surface antigen (HBsAg) in serum, which requires HBsAg
clearance and seroconversion [8]. The clearance refers
to undetectable HBsAg in the serum, while the serocon-
version additionally requires the appearance of anti-HBs
antibodies (HBsAb). Due to the lack of direct effects
on cccDNA and inadequate restoration of host antivi-
ral immune responses against HBV, NAs rarely achieve
HBsAg clearance [9, 10]. Thus, the monitoring of HBsAg
has not received sufficient attention in NAs monother-
apy. However, HBsAg is an important indicator to iden-
tify advantageous patients who show excellent efficacy
in long-term NAs therapy and have a high likelihood of
functional cure after combination therapy of NAs and
PegIFN« [4].

Existing meta-analyses of NAs monotherapy com-
monly pooled results from different treatment dura-
tions without considering the time dependency of
HBsAg clearance [10-12]. Besides, in meta-analyses of
NAs monotherapy, most included studies have follow-
up of 1-2 years [12, 13], and those on achieving HBsAg
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clearance with long-term therapy are also relatively
scarce. Moreover, previous studies less report separate
results of TDF but instead combination of multiple NAs
[10, 12]. Therefore, this study aims to conduct a meta-
analysis and systematic review to evaluate the incidence
of HBsAg clearance in patients receiving long-term TDF
monotherapy. Additionally, a longitudinal model will be
developed to investigate the dynamic decline of HBsAg
level over the course of TDF treatment.

Materials and methods

Systemic review and meta-analysis

Literature search strategy

The systematic review and meta-analysis was per-
formed according to the preferred reporting items for
systematic review and meta-analysis (PRISMA) exten-
sion statement. The study protocol was registered with
PROSPERO, CRD42024613610. A systematic search in
PubMed, EMBASE, and Web of Science was conducted
among literatures published between January 1st, 2008,
and September 28th, 2023, using various combinations
of keywords “hepatitis B’, “CHB’, “tenofovir’, “tenofovir
disoproxil’; “tenofovir disoproxil fumarate’, and “Viread”.
Detailed search strategy for all databases was provided in
Supplementary Method 1.

Study selection criteria

Literatures that were accessible in full text and met the
following criteria were included: (1) interventional stud-
ies that provided the efficacy of TDF monotherapy for
CHB patients; (2) studies in which TDF monotherapy
continued for over 48 weeks (or 1 year); (3) HBsAg clear-
ance was defined as HBsAg<0.05 IU/mL or below the
lower limit of detection (LLOQ of 0.05 IU/mL) while
HBsAg seroconversion was defined as HBsAg<0.05 IU/
mL or below the LLOQ, and HBsAb level > 10 IU/mL; (4)
studies that reported HBsAg clearance or seroconversion
rate at the end of treatment/follow-up or at several time
points during the follow-up.

Exclusion criteria were as follows: (1) studies involved
patients with cirrhosis or other virus infection, such as
hepatitis D, hepatitis C, or HIV; (2) studies involved CHB
patients after hepatectomy and liver transplantation; (3)
studies involved patients in special populations, such as
pregnant women, breast feeding women, children, and
the elderly; (4) case series, letters, conference abstracts,
systematic reviews, reviews, dissertation, prognostic
studies, pharmacoeconomic studies and errata; (5) non-
English publications.

Data extraction

Data from each study were extracted independently
by two reviewers using a standardized data extraction
form. Disagreements were resolved by discussion, with
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assistance from a third reviewer if necessary. When mul-
tiple publications reported the same study, we extracted
all data and compared to remove duplicated data. A
PICOS structure was used to formulate the data extrac-
tion, as follows [14]: (1) population (age, gender, sample
size, baseline HBsAg level, pretreatment status [treat-
ment naive/NAs-treated], and hepatitis B e antigen
[HBeAg] negative/positive); (2) intervention and com-
parison (dosage, treatment cycle, and treatment dura-
tion); (3) outcome (the number, rate, and follow-up time
point of HBsAg loss); (4) study design and characterizes
(study design, clinical trial number or study name, the
first author’s name, country).

Statistical analysis

The statistical analysis was conducted following
Cochrane handbook for systematic reviews. Freeman—
Tukey double-arcsine transformation was applied to
stabilize the variance, in order to calculate the sum-
mary estimate and 95% confidential intervals (CI) in
each included study. Heterogeneity across studies was
assessed by the Cochrane Q test and I statistic. Random-
effects models were used to pool the estimated statistics
in the meta-analysis.

The Cochrane Risk of Bias tool was employed to evalu-
ate the quality of randomized controlled trials (RCTs),
while the Newcastle-Ottawa Scale (NOS) was used to
assess the quality of cohort studies. For single-arm stud-
ies, the quality was assessed using the MINORS (Meth-
odological Index for Non-Randomized Studies) score.

Subgroup analyses were conducted to assess whether
the efficacy changes with prolonged treatment. Separate
meta-analyses were performed for each subgroup, and
heterogeneity between subgroups was assessed using
the Cochrane Q test. All analyses were conducted by the
meta package in R 4.2.0 software [15].

Longitudinal HBsAg model

Model establishment

Detailed method for longitudinal modeling is provided in
Supplementary Method 2.

Model simulation

Longitudinal HBsAg level of CHB subjects during the
whole 168 weeks follow-up were simulated using individ-
ual parameters estimated in the model. The comparison
between observations and predictions before week 48
were used to evaluate the goodness of fit while that after
week 48 to assess the prediction performance. When cal-
culating HBsAg clearance rates over time, missing obser-
vations from subjects who switched to another treatment
at week 48 were imputed by individual predictions.
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Results
Systemic review and meta-analysis
The literature search strategy initially identified 5665
studies from three electronic databases. Candidate
papers were selected according to the inclusion and
exclusion criteria. The PRISMA flow diagram of the
selection process is shown in Fig. 1. Finally, 25 articles of
23 studies, involving 2423 individuals, were eligible for
the meta-analysis. Of all included studies, 13 were RCTs,
seven studies were cohort studies, two were clinical con-
trolled trials, and one was single-arm trial.

Detailed characteristics of included studies are
described in Table 1. As for prior treatment, 1335
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subjects from 12 studies were treatment naive patients,
579 subjects of nine studies were NAs-treated patients,
two studies were composed of both. As for HBeAg status,
four studies consisted of HBeAg-positive populations,
three studies were HBeAg-negative ones, and 16 studies
were mixed populations.

Both clearance rate and seroconversion rate were
used in studies to reflect the efficacy in HBsAg. Twenty-
two studies (2308 patients) reported HBsAg clearance
rate after TDF monotherapy and the summarized mean
HBsAg clearance rate was 0%, with 95% CI of 0%-0%
(I =0%, p=0.96 for Q test), as shown in Fig. 2a. Fourteen
studies (1877 patients) reported HBsAg seroconversion

[ Identification of studies via databases and registers ]

Records removed before screening:

Duplicate records removed (n = 1773)
Removed Meeting abstract (n = 1544)

Records excluded (n = 1975):

Wrong population (n = 835)
Wrong intervention (n = 255)
Wrong study design (n = 815)
Wrong language (n = 66)
Duplicate literature (n = 4)

Full text not retrieved: (n = 10)

Reports excluded (n = 338):

Fig. 1 PRISMA flow diagram
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Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bahardoust 2020 0 25 11% 0.00[0.00,0.14]

Batirel 2014 1 90 39% 001[0.00006 F#=——

Berg 2017 0o 21 09% 0.00[0.00,0.16]

Chan 2014 0 64 28% 0.00[0.00,006] *——

Chen 2021 1 330 143% 0.00[0.00,0.02] W

Dogan 2012 0 65 28% 000[0.00,006] #———

Fung 2017 2 141 61% 0.01[0.00,0.05] i—@—

Ha 2016 0 114 49% 0.00[0.00,0.03] &——

Hou 2015 0 257 111% 0.00[0.00,0.01 M-

Hsu 2021 0 74 32% 000[0.00,005 #———0

Hu 2021 0 120 52% 0.00[0.00,0.03] ®——

Jia 2022 0 100 43% 000[0.00,0.04] ¥—

Li 2021 0 62 27% 0.00[0.00,0.06] #——

Liang 2019 0 252 109% 0.00[0.00,0.01 M-

Liaw 2011 0 45 20% 000[0.00,008 #———

Marceliin 2016 0 185 80% 0.00[0.00,0.02] M—

Okan 2023 0 105 45% 000[0.00,0.03] ¥——

Shang 2021 0 27 12% 000[0.00,013] *

Suzuki 2021 0 74 32% 000[0.00,005 ®#——

Wu 2020 2 104 45% 002[0.00,007] i—@&——

Yang 2017 0 32 14% 0.00[0.00,0.11]

Yuan 2017 0o 21 09% 0.00[0.00,0.16]

Total (95% Cl) 2308 100.0%  0.00 [0.00, 0.00]

Heterogeneity: Tau® = 0; Chi” = 11.37, df = 21 (P = .96); I° = 0% ' T ' '
0 0.05 0.1 0.15

(b)

Study Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Berg 2017 0 21 11% 0.00[0.00,0.16] *

Chan 2014 0 64 34% 000[0.00,0.06) *——

Chen 2021 1 330 175% 0.00[0.00,0.02] -

Fung 2017 0 141 75% 0.00[0.00,0.03] M—

Ha 2016 0 114 61% 0.00[0.00,0.03] ®—

Hou 2015 0 257 137% 000[0.00,001] M—

Jia 2022 0 100 53% 000[0.00,0.04] ®&——

Koike 2018 0 109 58% 000[0.00,003] ®—

Liang 2019 0 252 134% 0.00[0.00,0.01] MW—

Marcellin 2016 0 185 98% 0.00[0.00,0.02] E—

Okan 2023 0 105 56% 0.00([0.00,0.03] ¥——

Suzuki 2021 0 74 40% 000[0.00,0.05] ®———

Wu 2020 0 104 55% 0.00[0.00,0.03] ®——

Yuan 2017 0 21 11% 0.00[0.00,0.16] *

Total (95% CI) 1877 100.0%  0.00[0.00,0.00] |

Heterogeneity: Tau® = 0; Chi*=1.82,df =13 (P =1.00); P = 0% | ' ' ‘
0 0.05 0.1 0.15

Fig. 2 HBsAg-related treatment effect of long-term TDF monotherapy by

rate, of which the summarized mean was also 0%, with
95% CI of 0%-0% (I?=0%, p=1.00 for Q test), as shown
in Fig. 2b. Overall, long-term TDF monotherapy cannot
achieve HBsAg clearance in CHB patients. The heteroge-
neity among studies was not significant.

For quality assessment, all RCTs indicated a low risk of
test bias and missing data, attributed to the use of quan-
titative laboratory measures and a missed visit rate below
20% (Supplementary Figure S1). Each of the nine cohort

meta-analysis. (@) HBsAg clearance rate; (b) HBsAg seroconversion rate

studies exhibited a low-risk score and the single-arm
study were as well (Supplementary Table S1 and S2).

Longitudinal HBsAg model

In total, 123 subjects were included in the modeling
dataset, of which 19 subjects did not switch to other
treatment after week 48. Demographic and clinical char-
acteristics of subjects at enrolment are summarized in
Supplementary Table S3. Except for age, other baseline
characteristics of the 19 non-switch individuals used
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Fig. 3 Longitudinal HBsAg level of patients receiving treatment. The points on a same gray line belong to one individual. Blue line and shadow indicate
the median and 95% confidence interval of loess regression from patients receiving continues TDF monotherapy, while red line and shadow for patients
who received TDF monotherapy for only 48 weeks and then switched to other treatment

Table 2 Estimated parameters of the IDR model of HBsAg

Parameters Estimates RSE Shrinkage Bootstrap
Median 95% Cl
HBsAg, (IU/mL) 393 11% - 392 (385,
399)
Koyt (1/day) 0.00969 21.7% - 0.00976 (0.00792,
0.0133)
Eror 0.113 11.8% - 0110  (0.0820,
0.121)
B5_Hoshg 0.990 13% - 0990 (0968,
1.01)
IV HBsAg, 10.5% 93% 32% 10.1%  (7.8%,
11.0%)
IV Eqpr 78.6% 137% 21% 793%  (71.2%,
97.9%)
Onop (IU/ML)  3.04 29.2% 9% 303 (225,
4.49)
Oprop 12.3% 93% 9% 124%  (10.5%,
14.4%)

Notes: RSE, relative standard error; Cl, confidence interval; 11V, inter-individual
variability

for extrapolation validation were not significantly dif-
ferent from those of the entire population for modeling.
Non-switch subjects tended to have a lower baseline of
HBsAg, but the time trend of HBsAg ratio to baseline
were similar between this subgroup and overall popula-
tion (Fig. 3).

The HBsAg data from CHB patients receiving TDF
monotherapy were fit using an indirect response (IDR)
model. The estimated parameters and bootstrap results
are shown in Table 2. All the parameters had reasonable
typical values and acceptable relative standard errors
(RSE) (less than 30%). The goodness of fit (GOF) plot and
virtual prediction check (VPC) demonstrated the good
description and predictive ability of the model (Supple-
mentary Figure S2 and S3).

The longitudinal HBsAg level of CHB subjects receiv-
ing TDF monotherapy were simulated using individual
parameters estimated in the model (Fig. 4). Before week
48, the consistency between the median and 95% confi-
dence intervals of observed and predicted values indi-
cated a high degree of model fit. After week 48, the vast
majority of observations dataset fell in the 95% predic-
tion CI, which was an external validation of the efficacy
extrapolation.

Changes in HBsAg with extended TDF treatment

A stratified meta-analysis was conducted by time points
to explore changes in HBsAg with prolonged TDF mono-
therapy. Summarized HBsAg clearance rate was 0%
(95% CI, 0%-0%) at week 48, 0% (95% CI, 0-1%) at week
72, 0% (95% CI, 0%-0%) at week 96, 0% (95% CI, 0-2%)
at week 144, 0% (95% CI, 0%-0%) at week 192, 1% (95%
CI, 0-2%) at week 240 (Supplementary Figure S4). There
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Fig.4 Comparison of prediction and obervation. The gray lines represent individual observations; the red solid lines, upper dash lines and lower lash lines

represent medians, 95% and 5% percentiles of predictions, respectively

was no significant heterogeneity of HBsAg clearance rate
between groups (p=0.75 for Q test). Similar results were
observed in HBsAg seroconversion rate (Supplementary
Figure S5). The subgroup analysis indicated that HBsAg
status did not change with prolonged TDF treatment.

The HBsAg level of 123 CHB patients were simulated
using the longitudinal model. According to the simula-
tion, only one of the subjects reached the threshold of
HBsAg clearance after week 144, with a rate of <0.01%.
The clearance rate predicted by the longitudinal model
was consistent with the results of the meta-analysis
(Fig. 5). Specifically, the median of simulated HBsAg level
decreased from 298 IU/mL at baseline to 234 IU/mL at
week 168 (representing a 21% reduction), which was far
from the threshold of HBsAg loss and unlikely to reach it
even with extended treatment.

Discussion

The management of CHB is crucial for improving overall
human health. NAs are one of the first-line therapy for
the initial treatment or long-term maintenance therapy
for CHB. Although NAs monotherapy rarely achieves
functional cure, it is important to investigate HBsAg
clearance rate of patients receiving long-term NAs
monotherapy. This study focused on TDF to conduct a
systematic review and meta-analysis and establish a lon-
gitudinal HBsAg model, demonstrating that long-term
TDF monotherapy was capable of suppressing HBsAg

to a certain extent but rarely leaded to HBsAg clearance.
Currently, no recent meta-analysis (up to Sep. 2023)
has explored the long-term HBsAg response in patients
undergoing TDF monotherapy and there are also few
studies that developed longitudinal models to describe
the dynamic changes in HBsAg levels with TDF treat-
ment. The results will provide important references for
the disease management of overall CHB patients.
Focusing on HBsAg levels during long-term NAs
monotherapy holds the following meanings. First, a small
subset of patients may achieve functional cure following
long-term TDF monotherapy [16]. Sustained monitor-
ing of HBsAg could provide a critical criterion for when
to discontinue antiviral therapy for these individuals [17,
18]. Patients with post-treatment HBsAg levels <100 IU/
mL are less likely to relapse after discontinuation [19].
Second, HBsAg levels are one of evidence to identify
NAs-treated advantageous CHB patients, who have a
high likelihood of achieving a functional cure with com-
bination therapy of NAs and PeglFN« [2—4]. Third, the
status of HBsAg clearance in patients with NAs mono-
therapy can serve as a historical control for other stud-
ies. Furthermore, compared with previous studies that
did not distinguish between different types of NAs
[10-12], this study focused on the efficacy of long-term
TDF monotherapy in achieving HBsAg clearance, which
provides more relevant insights for CHB patients treated
with TDEF. Based on current experience, very few patients
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who achieved HBsAg clearance receiving NAs may even
require several years of therapy [20]. It was necessary to
conduct a systematic review on the effect of long-term
(>48 weeks) NAs maintenance therapy on HBsAg clear-
ance, as well as to examine whether there was a time-
dependent relationship.

With mechanism of reducing viral replication and
partially restoring immune system, TDF can moder-
ately lower HBsAg levels but typically fails to achieve full
clearance of HBsAg [21]. In this study, both HBsAg clear-
ance or seroconversion rate were near zero with TDF
monotherapy, and did not increase with extended treat-
ment to 240 weeks. Similar results that 1 to 5 years of
NAs monotherapy rarely achieved HBsAg seroclearance
were also reported in other meta-analyses and authorita-
tive guidelines [3, 10, 12, 22]. The pooled HBsAg loss rate
in this study may be a comparatively low value yet still
within the expected range. Even with the extension of
TDF monotherapy to 10 years, the proportion of HBsAg
clearance was low at the end of follow-up (4%, 8/198)
[23]. Simulation from the longitudinal model showed a
limited HBsAg reduction (from 298 to 234 IU/mL) over
168-week TDF treatment. Comparable HBsAg decline
was observed in others studies of NAs monotherapy, and
further extension of treatment duration does not lead to
additional inhibition [24, 25]. Given the low incidence of
HBsAg clearance or seroconversion, the impact of any
factors on this event was challenging to demonstrate. In

this meta-analysis, no significant heterogeneity between
subgroups was reported in this study probably, including
treatment duration, prior treatment status, and HBeAg
status, were conducted (results not fully shown). It is
worth noting that in HIV/HBV-coinfected individuals
receiving TDF-based antiretroviral therapy, HBsAg clear-
ance rates of 7.2—11.3% have been reported [26—28], pos-
sibly due to the effects of immune reconstitution and dual
antiviral pressure. However, as the present study specifi-
cally focused on CHB monoinfection, these populations
were not included in the analysis.

A longitudinal model was developed to describe the
dynamic decline of HBsAg level over the course of TDF
treatment. The meta-analysis analyzed trial-level data
from multiple published studies to generate the highest-
quality summary evidence, whereas the longitudinal
model employed individual-patient data from a Phase III
study to quantify patient-specific HBsAg dynamics and
predict the probability of HBsAg loss, serving as a sup-
plement to the meta-analysis. In this study, the dynamic
of HBsAg in CHB patients receiving TDF monotherapy
was quite simple, thus an IDR model [29], rather than
complex models [30, 31], was selected finally. For NAs-
treated CHB patients, the stable production of HBsAg
from cccDNA in hepatocyte nucleus can be regarded as a
biological process. The simplicity of the model structure
allowed for the estimation of population typical value and
inter-individual variability of parameters using nonlinear
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mixed-effect method. To date, no population model was
reported for the inhibitory effect of TDF monotherapy on
HBsAg.

Certainly, there were still some limitations in this
study. First, in the meta-analysis, HBsAg clearance rates
of TDF monotherapy were almost zero, limiting the con-
duction of a model-based meta-analysis to describe the
time-dependent change in HBsAg clearance rates, and
also reducing the significance of subgroup analyses. Sec-
ond, the representativeness of CHB patient data used for
longitudinal modeling could be further expanded (e.g.
higher HBsAg baseline or higher HBV DNA level), and
the data volume should also be appropriately increased.
Besides, the established longitudinal model may be more
suitable for predicting the dynamic of HBsAg in patients
who have not achieved functional cure after long-term
TDF treatment but not entire population, as the major-
ity of the modeling dataset consists of such patients. The
situation of functional cure was more complex, involv-
ing the interaction of immune system and HBV infec-
tion, which needed a more mechanism-based model (e.g.
quantitative system pharmacology (QSP) model) and
more supporting data.

Conclusions

In conclusion, a systematic review and meta-analysis
based on recent studies was conducted, and the results
demonstrated that the incidence of HBsAg clearance or
seroconversion in CHB patients undergoing long-term
TDF monotherapy was close to zero. Furthermore, a
longitudinal HBsAg model proved that TDF mono-
therapy can achieve a limited reduction in HBsAg levels
but did not result in functional cure. The results of the
meta-analysis and longitudinal model were mutually
supportive.
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