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Abstract: Hepatitis B (HBV) infection is a major public health concern. Perinatal transmission of
HBYV from mother to child represents the main mode of transmission. Despite the existence of
effective immunoprophylaxis, the preventive strategy is inefficient in neonates born to mothers with
HBV viral loads above 2 x 10° IU/mL. To prevent mother-to-child transmission, it is important to
identify highly viremic pregnant women and initiate antiviral therapy to decrease their viral load.
We developed a simple innovative molecular approach avoiding the use of automatic devices to
screen highly viremic pregnant women. This method includes rapid DNA extraction coupled with
an isothermal recombinase polymerase amplification (RPA) combined with direct visual detection on
a lateral flow assay (LFA). We applied our RPA-LFA approach to HBV DNA-positive plasma samples
with various loads and genotypes. We designed a triage test by adapting the analytical sensitivity to
the recommended therapeutic decision threshold of 2 x 10° TU/mL. The sensitivity and specificity
were 98.6% (95% CI: 92.7-99.9%) and 88.2% (95% CI: 73.4-95.3%), respectively. This assay performed
excellently, with an area under the ROC curve value of 0.99 (95% CI: 0.99-1.00, p < 0.001). This simple
method will open new perspectives in the development of point-of-care testing to prevent HBV
perinatal transmission.

Keywords: hepatitis B virus; mother to child transmission; Chelex extraction; recombinase poly-
merase amplification; lateral flow; immunochromatographic strip

1. Introduction

Prevalence of hepatitis B (HBV) infection ranges worldwide from 0.5% to more than 7%
in the WHO-defined African region [1,2]. The main long-term complications associated with
chronic HBV infection are liver cirrhosis and hepatocarcinoma [2,3]. Deaths due to these
complications increased by more than 33% between 1990 and 2013, with 821,000 deaths
worldwide in 2019 [4].

To reduce incidence of mother-to-child HBV transmission (HBV MTCT), WHO rec-
ommends administration of HBV vaccine to all neonates and, in addition, recommends
administration of immunoglobulins against HBV (HBIG) to neonates born to women in-
fected with HBV within 12 h of delivery. The major risk of failure of this treatment is the
presence of a high viral load in the pregnant woman [5-10]. Prevalence of HBs antigen
positive (HBsAg+) pregnant women ranges from 3.2% in Eritrea, 4.8% in Burkina Faso to
11% in Republic of South Soudan [11,12]. Among them, about 7.5% in Burkina Faso [11],
5.6% in the Democratic Republic of the Congo [7], and 5.2% in Mozambique [13] have an
elevated viral load. However, administrating the birth dose of HBV vaccine is frequently
logistically difficult, making the HBV MTCT prevention program suboptimal. To overcome
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these difficulties, the European Association for the Study of the Liver [3] and the American
Association for the Study of Liver Diseases [14] recommend initiating antiviral therapy in
pregnant women with HBV viral loads greater than 2 x 10° TU/mL between 28 weeks and
32 weeks of gestation [5] to prevent mother-to-child transmission. African countries such
as Burkina Faso have initiated programs including treatment of highly viremic mothers to
strengthen the prevention of HBV MTCT [11]. In addition, other countries were engaged
in this way, performing feasibility study for arresting vertical transmission of HBV [7]
or piloting an intervention of the prevention of HBV MTCT [13]. This therefore requires
knowledge of the HBV viral loads of women.

HBV viral load is measured using commercialized system such as the Xpert®HBV
Viral Load Test (Cepheid, Sunnyvale, CA, USA) or the COBAS® Ampliprep/ COBAS®
TaqMan® system (Roche Diagnostics, Indianapolis, IN, USA) [15]. Others kits are also
based on a quantitative real-time polymerase chain reaction (PCR) assay [16]. However,
these technologies are poorly accessible in low- and middle-income countries (LMICs), as
PCR requires well-equipped laboratories including the use of sophisticated instruments
and trained personnel. Costs of these technologies will be prohibitive in the healthcare
systems of some countries and therefore will not be available to a large majority of women.
In Burkina Faso, the cost of HBsAg testing (USD 3.88) and HBV DNA quantification
(USD 37.02) is paid by the patient [11]. There is therefore a great need to facilitate access to
these molecular analyzes thanks to point-of-care tests at lower costs and usable in a simple
medical center.

In recent years, several methods alternative to PCR have been developed for am-
plifying nucleic acids outside molecular biology laboratories [17-20]. These tests are
mostly based on isothermal amplifications, avoiding the use of sophisticated thermal cy-
clers [17,18,21]. Among them, recombinase polymerase amplification (RPA) [17,21,22] has
been used for the detection of many pathogens, such as SARS-CoV-2 [23-25] and HIV [26].
Briefly, a recombinase facilitates insertion of primers into the DNA at a relatively low and
constant temperature between 37 °C and 42 °C. Single-stranded DNA binding proteins
stabilize the displaced DNA strand. Then, a polymerase extends primers to synthesize
a new antisense DNA strand. As with PCR, the use of two opposing primers allows the
exponential amplification of the target sequence.

Recent publications have reported the development of HBV nucleic acid isothermal
amplification assays. The detection steps involve either fluorescence [27-29] or electro-
chemical read-outs [30]. All these assays are qualitative. The aim of our work was to
develop a semi-quantitative assay that could accurately detect HBV infection in pregnant
women with viral loads of 2 x 10° IU/mL and above. Furthermore, to move closer to a
point-of-care format, we tested whether the amplified products could be visually detected
on a lateral flow strip. We then evaluated the performance of this method on HBV-positive
and HBV-negative plasma samples.

2. Materials and Methods
2.1. Plasma Samples

A total of 89 plasma samples (Supplementary Table S1) from blood donors previously
screened for HBV DNA by routine nucleic acid testing were obtained from the Etablisse-
ment Francais du Sang (EFS, Saint-Denis, France). These samples were genotyped and
titrated as previously described [31]. The panel included samples from HBV genotypes A
(n=27),B(n=11),C(n=7),D(n=31), E (n=11), and F (n = 1), and one undefined sample
(n=1).

For the selection of primers and analysis of the detection limit of our assay, we
used, as the HBV standard, a genotype D HBV plasma sample titrated at a viral load of
1.46 x 10° IU/mL. Plasma samples from blood donors shown by PCR to be HBV negative
(n =19) were collected by the EFS and thereafter used as negative controls. We used one
HIV-positive and one HCV-positive sample collected by the EFS as controls for specificity.
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All donors signed an informed consent form. All samples were stored at —80 °C under the
collection number DC-2021-4414.

2.2. Primers, Probe, and Internal Control

The primers selected to conduct the RPA reaction were based on previous reports
by Shen et al. [29] and Yi et al. [32] after checking for accuracy against a large set of
HBV strains. The HBV-Fc forward primer sequence was consequently modified from a
published sequence. HBV probe was designed in order to be compatible with either the RPA
exonuclease III (RPA-Exo) or RPA endonuclease IV (RPA-NFO) kits (see subsequent sections
for details). An internal control was developed to validate each analysis. It consisted of
a double-stranded DNA (Integrated DNA Technology, Coralville, IA, USA) flanked by
the forward and the reverse primers sequences, whereas the inner part is targeted by a
specific control probe [33]. Sequences are described in Table 1. Primers and probes were
synthetized by Kaneka Eurogentec (Seraing, Belgium).

Table 1. Primers and probes used in this study.

Sense Sequence Position * Reference
RPA Exo Kit: Primers and Probe
HBV-Fc Forward ATT-CGC-AGT-CCC-CAA-CCT-CCA-ATC-ACT-CAC-C 309-339 This study
HBV-R1 Reverse AAT-ACC-ACA-TCA-TCC-ATA-TAA-CTR-AAA-GCC 755-726 Shen et al.
P1F-HBV Forward AAC-CTC-CAA-TCA-CTC-ACC-AAC-CTC-T 322-346 Yi et al.
PIR-HBV Reverse GAT-AGT-CCA-GAA-GAA-CCA-ACA-AGA-AGA 455-429 Yi et al.
CCA-AYT-TGT-CCT-GGC-TAT-CGY-TGG-ATG-[dT- .
EXO_HBV Forward b\ M1-GITHF]-C[dT-BHQ1]G-CGG-CGT-TTT-ATC-AT-[Spacer C3] 200029 Thisstudy
RPA-NFO Kit: Primers, Probe, and Synthetic Control
HBV-Fc Forward ATT-CGC-AGT-CCC-CAA-CCT-CCA-ATC-ACT-CAC-C 309-339 This study
Plgﬁf"' Reverse FAM-GAT-AGT-CCA-GAA-GAA-CCA-ACA-AGA-AGA 455-429 Yi et al.
Biotin-CCA-AYT-TGT-CCT-GGC-TAT-CGY-TGG-ATG- .
HBV probe Forward TG[THF]-CTG-CGG-CGT-TTT-ATC-AT-[Spacer C3] 353-399  This study
Svntheti GGCCTAAATTCGCAGTCCCCAACCTCCAATCACTT
Zon treolc ACCAACCTCCTGTCCTCGATCATGCCCATCAGCAG
Lo Forward CTTATGATCAATATGATCCAAACCGAGGCGCTTCC This study
Ollg‘t’iré“ TCTTCATCCTGCTGATGCCTCATCTTCTTGTTGGT
cleotide TCTTCTGGACTATCAAGGTAT
Control probe Forward Digoxigenin-CGA-TCA-TGC-CCA-TCA-GCA-GCT-TAT-GAT- This study

CAA-T[THF]T-GAT-CCA-AAC-CGA-GGC-G-[Spacer C3]

Probe modifications: FAM: 6-carboxyfuorescein; THEF: tetrahydrofuran; BHQ: black hole quencher; spacer-C3:
3’ phosphate blocker. Other abbreviations: HBV: hepatitis B virus; RPA: recombinase polymerase amplifica-
tion. * Nucleotide position according to GenBank access number: LC150336, Subgenotype: A2. References:
Shen et al. [29], Yi et al. [32].

2.3. Nucleic Acid Extraction

Three puL of plasma was added to 50 pL or 500 pL of 5% (w/v) Chelex 100 resin solution
(Biorad, Marnes-la-Coquette, France). The internal control was added during the extraction
in such a way that there were 800 copies in the final reaction mixture. After vortexing,
the mixture was incubated at 56 °C for 15 min. After a second agitation, the mixture was
incubated for 8 min at 95 °C. After a final stirring, the sample was briefly centrifuged in a
bench-top device.
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2.4. RPA Exo Assay—Real-Time Fluorescence Detection

The real-time RPA assay was performed in a 50 pL volume using the TwistAmp® Lig-
uid Exo kit (TwistDx, Cambridge, UK). The reaction mixture included 25 pL of 2 x reaction
buffer, 2.1 uL forward primer (10 uM), 2.1 uL reverse primer (10 uM), 0.6 puL probe (10 uM),
1 uL ROX 50x (ThermoFischer Scientific, Illkirch, France), 2.6 uL. dH>O, 3.6 uL. dNTPs
(25 mm, ThermoFischer Scientific), 5 uL probe E mix (TwistDx), 2.5 uL of Core reaction
(TwistDx), and 1 uLL Exonuclease 3 (TwistDx). Extracted DNA (2 uL) was added to each
tube. The addition of 2.5 uL. magnesium acetate (280 mm) initiated the RPA reaction. After
an incubation for 4 min at 39 °C in a thermostat C (Eppendorf, Montesson, France), the
reaction was performed in a Step One Plus Applied Biosystem device (ThermoFischer
Scientific) at a temperature of 39 °C.

Real-time detection was performed by quantifying the fluorescent signal ratio (FAM
[6-carboxyfluorescein] /ROX [carboxyrhodamine]) every 30 s. The ROX passive reference
fluorochrome was added to the reaction to weight the well-to-well signals.

2.5. RPA-LFA-Naked Eye Detection

The RPA NFO reaction used a modified reverse primer labeled with FAM. The se-
quence of the NFO probe was designed to include the internal presence of tetrahydrofurane,
and a C3 blocking of the 3’ end. The HBV NFO probe was labeled with biotin and the
control NFO probe was labeled with digoxigenin (Supplementary Figure S1).

The real-time RPA assay was performed in a 50 uL volume using the TwistAmp®
NFO kit (TwistDx). The 50 pL reaction mix included 29.5 pL rehydration buffer, 3 L
extracted DNA template, 2.1 uL. FAM-labeled forward primer (10 uM), 2.1 pL reverse primer
(10 uM), 0.6 uL HBV probe (10 uM), 0.6 pL control probe (10 uM), 9.8 uL dH,O, and 2.5 pL
magnesium acetate (280 mm). The reaction was performed at 39 °C (accuracy: £ 0.5 °C) in
a thermostat C (Eppendorf). The resulting HBV amplicon was dual labeled with FAM and
biotin and the resulting control amplicons were dual labeled with FAM and digoxigenin.

Signals were visualized on an immunochromatographic strip (Milenia Biotech, GiefSen,
Germany). Biotinylated HBV amplicons were captured by streptavidin. Capture of the
internal control was performed using anti-digoxigenin antibodies. Amplicons and controls
were detected using gold beads coated with anti-FAM antibodies. A migration control was
present at the end of the strip and consisted of antibodies directed against immunoglobulins
present on the gold beads.

2.6. Statistics

Receiver operating characteristic (ROC) analysis was carried out with graphPad
software (GraphPad Prism, San Diego, CA, USA). The measure of the area under the ROC
curve (AUC) provided the performance of the assay.

3. Results
3.1. Selection of Primers and Probe and Analytical Evaluation

We evaluated four combinations of the two forward primers and two reverse primers
(Table 1) for RPA Exo real-time amplification. With the combination of HBV-Fc and P1R-
HBV primers, fluorescence signals were observed as quickly as 5 min after the reaction was
initiated (Figure 1). The combination of P1F-HBV and P1R-HBV primers gave a positive
signal after 20 min whereas the other tested combinations gave no signal.

The detection limit of the combination of HBV-Fc and P1R-HBV was investigated
using a panel of five-fold serial dilutions of the standard HBV sample (Figure 2). The
detection limit of this real-time RPA assay was a viral load of 1.17 x 10* IU/mL; taking
into account the dilution factors due to the extraction and the amplification reaction, this
corresponds to 1.4 IU in the reaction mixture.
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Figure 1. Real-time HBV RPA Exo test for primer screening. Extraction of the HBV standard
sample with a viral load of 1 x 10° TU/mL was carried out with 5% Chelex 100. Green line: HBV-
Fc/P1R-HBV primer combination; blue: P1IF-HBV/P1R_HBYV; grey: HBV-Fc/HBV-R1; orange: P1F-
HBV/R1-HBV; purple: non-template control; yellow: dH,O. Rn corresponds to the ratio of FAM
(6-carboxyfluorescein) to ROX (carboxyrhodamine) fluorescence.
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Figure 2. Detection limit of the HBV RPA Exo test. Amplification curves for five-fold serial dilutions
ranging from viral loads of 1.46 x 10° TU/mL to 4.6 x 10% IU/mL. Each point of the curve represents
the mean of two replicates. Rn corresponds to the ratio of FAM to ROX fluorescence. NTC refers to
non-template control.

3.2. Development of the RPA-LFA

The detection limit of our assay was then determined on five-fold dilutions of the
standard HBV sample tested in duplicate. Amplified genomes from the 1.17 x 10* IU/mL
(1.4 IU in the reaction tube) standard samples were detected in duplicate on strips (Figure 3).

To obtain a detection limit of 2 x 10° IU/mL, we changed our extraction conditions,
using a 10 times larger volume of 5% Chelex 100. The first dilution tested was a sample
with a viral load of 1 x 10° IU/mL (for which the assay detected both duplicates). After
a 20 min RPA reaction, the assay detected both duplicates of the 2 x 10° IU/mL sample
but was unable to detect either of the 4 x 10* IU/mL sample duplicates (Figure 4). No
additional signals were observed with RPA incubation time up to 40 min.
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Figure 3. Detection limit of the HBV RPA-LFA (50 uL). To determine the detection limit of the
RPA-LFA (lateral flow assay) in the format of extraction using 50 puL 5% Chelex 100, five-fold serial
dilutions of the standard control ranging from viral loads of 1.46 x 10° TU to 4.6 x 102 IU/mL were
tested. Each dilution was tested in duplicate. NTC refers to non-template control.
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Figure 4. Detection limit of the HBV RPA-LFA (500 pL). To determine the detection limit of RPA-LFA
in the format of extraction using 500 uL 5% Chelex 100, five-fold serial dilutions of the HBV standard
control ranging from viral loads of 1 x 10° TU/mL to 4 x 10* IU/mL were tested. Each dilution was
tested in duplicate. NTC refers to non-template control.

In all cases, the internal control was present. In addition, testing of HIV- and HCV-
positive plasma samples did not result in nonspecific reactions (Supplementary Figure S2).

3.3. Analysis of Biological Samples

In the RPA-LFA format with a threshold of 1.17 x 10% TU/mL, we analyzed 89 HBV-
positive samples alongside 19 HBV-negative plasma samples. The assay detected 54 out
of the 60 positive samples above 1.17 x 10* IU/mL and 6 out of the 29 samples below
1.17 x 10* IU/mL. None of the negative samples tested positive. The AUC was 0.92 (95%
CI: 0.86-0.98, p < 0.001) (Figure 5A). At a viral load of 1.17 X 10* IU/mL, the RPA-LFA had
a sensitivity of 83.7% (95% CI: 71.0-91.5%) and a specificity of 89.8% (95% CI: 79.5-95.3%).

In the RPA-LFA format with a threshold of 2 x 10° IU/mL, we analyzed 89 samples
(34>2 x 10° TU/mL, 55 < 2 x 10° IU/mL) alongside 19 HBV-negative plasma samples. The
assay detected 33 out of the 34 samples above 2 x 10° IU/mL. False-negative sample was
characterized by a viral load of 2.45 x 10° TU/mL. The AUC was 0.99 (95% CI: 0.99-1.00,
p < 0.001) (Figure 5B). At a viral load of 1.98x10° TU/mL, the assay showed a sensitivity of
98.6% (95% CI: 92.7-99.9%) and a specificity of 88.2% (95% CI: 73.4-95.3%). A sensitivity
of 100% was achieved at a viral load of 2.52 x 10° IU/mL, while a specificity of 100% was
achieved at a viral load of 9.41 x 10* IU/mL.
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Figure 5. ROC (receiver operating characteristic) curve of the HBV RPA-LFA test. (A): 89 HBV-
positive plasma samples alongside 19 HBV-negative plasma samples extracted with 50 puL 5% Chelex

100 solution, (B): 89 HBV-positive plasma samples alongside 19 HBV-negative plasma samples
extracted with 500 uL 5% Chelex 100 solution.

4. Discussion

Rapid molecular tests for the quantitative detection of HBV genomes are not available
on the market. WHO recommends that in settings in which antenatal HBV DNA testing
is not available, HBeAg testing can be used as an alternative to HBV DNA testing [10].
HBe antigenemia [8] has been described as an alternative marker for detecting high HBV
load with a pooled sensitivity of 88.2% and a pooled specificity of 92.6% [8]. Recently, the
accuracy of the Hepatitis B core-related antigen (HBcrAg) (including HBeAg, HBcAg, and
P22cr) to detect samples with HBV DNA levels above 2 x 10° IU/mL has been evaluated
and showed an AUC of 0.94 with a sensitivity of 91.4% and specificity of 93.2% [34]. This
quantitative test showed an analytical sensitivity of around 3 Log U/mL corresponding to
a viral load of around 100 IU/mL [34].

The aim of our study is to develop a simple semi-quantitative nucleic acid test that
focus on the 2 x 10° IU/mL threshold to answer to clinical needs in order to initiate
an antiviral treatment. We combined simple DNA extraction, RPA, and lateral flow im-
munochromatography. Then, we adapted the analytical sensitivity of our test for detecting
HBV DNA to the therapeutic decision threshold, so that it can be used as a simple triage
test. This combined method was able to detect viral loads at a limit of 1.17 x 10* ITU/mL. To
fit with the viral load threshold of 2 x 10° IU/mL used for initiation of MTCT prophylaxis,
samples were extracted in a 10-fold larger volume. In these conditions, the analytical
performance of the assay for detecting samples with a viral load above 2 x 10° IU/mL
gave a sensitivity of 98% and a specificity of 88% with an accuracy of 0.99. Referring to
WHO ASSURED criteria for point-of-care tests in LMICS, our test is affordable; the cost is
estimated to be less than USD 7. It is also specific and easy to use, having minimal steps.
This test is rapid (less than 1 h), does not require specific equipment, and is deliverable.

RPA technology requires an isothermal temperature around 37 °C; this is easily ob-
tained with simple water baths, thermos cups, or body heat [35,36]. Moreover, RPA reagents
are available in lyophilized forms with high stability, facilitating their use in the field. RPA
is less prone to inhibition in poorly purified DNA preparations than classical PCR ampli-
fication, thus simplifying sample preparation while reducing reagent requirements and
the time-to result [26,35,37]. Hence, the extraction step was simplified for only requiring
Chelex 100 resin rather than commercial kits. New developments are in progress to adapt
this rapid molecular testing on whole blood samples collected with finger pricks.

The commercial availability of strips with different deposits of streptavidin and anti-
digoxigenin antibodies has provided the opportunity to integrate an internal control for
identification of invalid results due to the presence of inhibitors or human errors. The
amplification of the internal control uses the same primers as those amplifying the HBV
genome. The internal sequence of the control has been modified to differentiate the two am-
plified products. The complementary probe of the control DNA is tagged with digoxigenin
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in the 5" end, whereas the complementary probe of HBV is tagged with biotin. Negative
HBYV results will only be validated if the internal control is positive. However, the presence
of this control will not invalidate false-negative HBV samples with mutations that prevent
them from being amplified and/or detected.

In conclusion, this proof-of-concept study demonstrates the possibility of combining a
simplified rapid extraction followed by RPA amplification and detection with the naked
eye on a strip including an internal control. Furthermore, we demonstrated by using
the example of the MTCT diagnosis that the threshold of assay could be adjusted to
the target. In-field implementation is required to further evaluate the test’s usefulness,
and it needs further validation on a larger cohort of HBV-positive plasma samples from
pregnant women.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/diagnostics12030621/s1, Table S1: Characteristics of the Plasma
samples used for Testing and Validation; Figure S1: Complete design of detection strip with test and
control amplicons; Figure S2: Testing of HIV- and HCV-positive plasma samples.
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