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Abstract To analyze the risk and reason of false-negative
HBV DNA results of NAT reagents among blood dona-
tions of China and discuss the necessity of two amplifica-
tion targets for HBV DNA tests among donations. In this
study, samples that showed discordant results on two
commercially available assay platforms were further
detected by established in-house methods based on con-
served regions of the HBV genome. The HBV concentra-
tion of these samples was determined using two
commercially available reagents. The samples with high
titers of HBV were detected by an in-house method. The
samples showing high Ct differences between two regions
in the in-house method were further sequenced and aligned
with primers and probes. The results showed that the
established method has a good detection performance. The
mismatch between reverse primers and sample sequences
led to decreased detection capacity of S and C regions by
the in-house method, but it could be compensated by
another region. Among the false-negative samples detected
by commercial reagents, most were because of low titers;
however, there were 7 samples with HBV DNA concen-
trations much higher than the LOD of the commercial
reagents, which may be due to mismatch of the primer or
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probe. This study highlights the potential risk of HBV
false-negative detection by commercial NAT reagents. The
dual-target assay may be helpful for HBV screening and
reduce the risk of false-negative detection.

Keywords Hepatitis B virus - Nucleotide acid test - Dual-
target - False-negative - Transmission risk

Introduction

Nucleotide acid technology (NAT) is an important part of
blood screening, which plays critical roles in preventing the
transmission of blood-borne viruses through transfusion
and improves blood safety. Generally, it is used for
screening of hepatitis B virus (HBV), hepatitis C virus
(HCV), and human immunodeficiency virus (HIV).

HBYV is highly prevalent globally and there are a total of
350 million HBV carriers, a one-third of whom live in
China [1]. An epidemiological survey has shown an HBV
surface antigen (HBsAg) prevalence of 7.18% among
Chinese individuals [2]. The meta-analysis results showed
an HBsAg prevalence of 1.085% among Chinese blood
donors, which poses risk of transfusion-transmitted HBV
infection and thus threatens blood safety [3]. To improve
blood safety, China started to implement NAT as a
mandatory tool for blood screening in addition to sero-
logical screening from 2010. The prevalence of HBV DNA
among Chinese HBsAg-negative blood donations was
1/1482 from 2010 to 2015 [4].

HBYV transmission routes includes sexual transmission,
mother to child transmission, and transfusion transmission.
This study aimed to address the strategies for reducing the
risk of transfusion transmission. The presence of HBV at
low concentrations in blood donations, especially the
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occult hepatitis B virus infections (OBI), demands the
requirement of highly sensitive NAT reagents. HBV titers
lower than the limit of detection (LOD) of NAT reagents
pose a risk of false-negative results.

Another factor which may result in “false negative”
screening is the mismatch between HBV sequence and
primer/probes in NAT reagents. HBV is a highly variable
DNA virus that replicates through its pre-genomic RNA.
The mutation frequency of HBV was 10 times higher than
that of other DNA viruses [5, 6]. Mutations like drug-re-
sistant mutations caused by antiviral drugs and vaccine
escape mutations further increase the complexity of HBV
DNA mutations [7, 8]. These factors result in a high risk of
HBV DNA detection by real-time PCR assays. Previous
studies report underestimation of HBV quantitation due to
the mismatch between primer/probe and samples [9, 10].

Among the viruses screened by NAT, HIV is a geneti-
cally diverse retrovirus. Blood infected with HIV is unde-
tected by NAT reagents due to mutations in primer/probe
binding regions, leading to the transmission of HIV in
recipients [13]. The mono-target HIV NAT reagents are
reportedly more vulnerable to sequence variations than
dual-target reagents [11, 12].

There are very few studies reporting false-negative
screening of HBV DNA. This study aimed to discuss the
risk of false-negative screening of HBV using NAT. Most
commercial NAT reagents target the surface “S”, pre-
Core, and Core “C” region of the HBV genome. In this
study, we developed an in-house method for HBV DNA
screening based on the conserved S and C region of HBV.
The risk of “false negative” screening of single “S” or
“C” region was analyzed. Considering the high mutation
rate of HBV DNA and high prevalence of HBsAg in
Chinese individuals and blood donors, we speculated that
mono-target NAT assays may result in “false negative”
screening because of the mismatch between primer/probe
and HBV sequence. The necessity of two different targets
of HBV DNA for NAT screening was also explored.

Materials and Methods
Samples

A total of 372,318 HBsAg-negative blood donations were
screened by COBAS® TaqScreen MPX test, version 2
(Cobas) nucleic acid test (NAT) reagent in 7 blood banks
of China from July, 2014 to July, 2016. There were 372
HBV DNA reactive blood donations. A total of 70,387
HBsAg-negative blood donations were screened by
Haoyuan NAT reagent in 8 blood banks. There were 86
HBV DNA reactive blood donations. Procedures were
conducted according to the manufacturer’s instructions.

Among the HBV-reactive blood donations, 314 Cobas-
positive and 70 Haoyuan-positive blood donations were
sent to the National Center for Clinical Laboratories
(NCCL) of China.

HBV-Reactive Blood Donations Detected
by Commercial Kits in NCCL

The 314 Cobas-positive blood donations in blood banks
were further confirmed by Haoyuan NAT reagent in
NCCL. Samples which were negative by Haoyuan were
further evaluated by COBAS® TagScreen MPX test, ver-
sion 2 (Cobas) nucleic acid test (NAT) reagent. The sam-
ples which were positive by Cobas but negative by
Haoyuan were tested by an in-house method and also for
HBYV DNA titer detection. The 70 Haoyuan-positive blood
donations in blood banks were further confirmed by
COBAS® TagScreen MPX test, version 2 (Cobas) nucleic
acid test (NAT) reagent in NCCL. Samples which were
negative by Cobas were tested by Haoyuan NAT reagent.
The samples which were positive by Haoyuan but negative
by Cobas were tested by an in-house method and also for
HBYV DNA titer detection. Testing was done according to
the manufacturer’s (NAT reagents) instructions. In addi-
tion, blood donations with Cycle Threshold (Ct) below 32.5
detected by Haoyuan were also tested by an in-house
method. Haoyuan and Cobas NAT reagents targeted S and
C region of the HBV genome, respectively.

Establishment of the In-house Method

Based on the conserved S and C regions, an in-house
method was developed for HBV DNA screening using
primers and probes described previously [10]. Quantitative
polymerase chain reaction (qQPCR) was performed sepa-
rately using primers and probes for S and C region. The
HBV samples which were traced to WHO HBV DNA
Second International Standard (97/750) were diluted to
50 IU/mL, 20 IU/mL, 10 IU/mL, 5 IU/mL, 2.5 IU/mL,
and 1 TU/mL. LOD was determined by testing 20 replicates
by the in-house method. Specificity was determined by
testing 10 samples each of HCV-positive, HIV-positive,
human genome, and HBV-negative normal plasma.

Blood Donations Detected by the In-house Method

Each sample (4 mL) was concentrated by centrifugation at
20,000g and 4°C for 1 h. After centrifugation, 3.2 mL
supernatant was removed and the pellet was reconstituted
in the remaining 800 pL supernatant. DNA was extracted
from 500 pL of reconstituted pellet using an mSample
Preparation System DNA extraction kit (Abott, USA) on a
m2000sp nucleotide acid extraction machine (Abott, USA).
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The sequences of designed primers and probes as described
previously [10] were (5'-3") S-F: GATGTGTCTGCGG
CGTTTTA; S-R:GCAACATACCTTGATAGTCCAGA
AGAA, S-P:Fam-CCTCTICATCCTGCTGCTATGCCT
CA-BHQI1; C--TTCCGGAAACTACTGTTGTTAGAC, C-R:
ATTGAGATTCCCGAGATTGAGA, C-Probe:Fam-CCCTA
GAAGAAGAACTCCCTCGCCTC-BHQIL.

We added S-F (concentration: 0.8 pmol/pL), S-R (con-
centration: 0.8 pumol/puL), S-P (concentration: 0.3 pmol/
pL) and C-F (concentration: 0.3 pmol/pL), C-R (concen-
tration: 0.3 pumol/pL) and C-P (concentration: 0.3 pmol/
pL) into two different qPCR tubes to target S and C regions
of the HBV genome, respectively. In-house qPCR was
performed using 5 x baorui master mix (baorui, Zhuhai,
China) and ABI7500 Real-Time PCR System (Applied
Biosystems, USA). Volume of the qPCR was 50 pL with
36 uL. DNA template. The PCR program comprised the
following steps: 50 °C for 2 min, 95 °C for 1 min, 95 °C
for 5's, 55 °C for 40 s, 60 cycles, 25 °C, 1 min. A weak
positive and negative external control were included in the
assay as a quality check.

HBYV Viral Load Testing

The HBV viral load of the samples was determined by
Abbott Real Time HBV Assay and Cobas TagMan HBV
test, version 2, which targeted the S and C region of HBV,
respectively.

Sequence and Alignment

Samples that showed very high differences between the Ct
values of S and C regions by the in-house method were
sequenced as described previously [10]. The sequences
were aligned with the primer/probes of S and C regions
from the in-house method.

Results

The Results of HBV Reactive Blood Donations
Detected by Commercial Kits in NCCL

Most of HBV-reactive blood donations were detected as
positive by both Cobas and Haoyuan NAT reagent meth-
ods. However, 21 Cobas-positive/Haoyuan-negative and 19
Haoyuan-positive/Cobas-negative blood donations showed
conflicting results between Cobas and Haoyuan reagents.
In addition, 12 blood donations were detected by Haoyuan
with a Ct below 32.5 (Fig. 1).
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LOD and Specificity of the In-house Method

Results showed that the 95% LOD was 5 IU/mL for S and
C regions of the in-house method. Results of the 10 cases
of HCV-positive, HIV-positive, human genome, and HBV-
negative normal plasmas detected by an in-house method
were negative, demonstrating good specificity of the in-
house method.

Results of Blood Donations Detected by the In-house
Method

Nineteen Haoyuan-positive/Cobas-negative, 21 Cobas-
positive/Haoyuan-negative and 12  Cobas-positive/
Haoyuan-positive samples were tested by the in-house
method. Results from the in-house method confirmed and
detected the S and C region of all the Cobas-positive/
Haoyuan-positive samples as positive. Of the 19 Haoyuan-
positive/Cobas-negative samples, the S region of 7 samples
and C region of 7 samples was positive, and both S and C
regions of 10 samples were negative (Table 1). Thus, 9/19
(47.4%) Haoyuan-positive/Cobas-negative blood samples
were also positive by the in-house method using two pri-
mers. Among the 21 Cobas-positive/Haoyuan-negative
samples, the S region of 16 samples was positive, C region
of 19 samples was positive, and both S and C regions of 2
samples were negative (Table 2). 19/21 (90.4%) Cobas-
positive/Haoyuan-negative blood samples were positive by
the in-house method.

HBYV Viral Load Testing

The HBV viral load of all the Haoyuan-positive/Cobas-
negative and Haoyuan-negative/Cobas-positive samples
was determined by Abbott Real Time HBV Assay and
Cobas TagMan HBYV test, version 2. Results showed that
among the Haoyuan-positive/Cobas-negative samples, the
HBYV viral load of only one sample was above the limit of
quantitation (LOQ) of Abbott Real Time HBV Assay.
Among the Haoyuan-negative/Cobas-positive samples, the
HBYV viral load of 6 samples was above the LOQ of Abbott
Real Time HBV Assay. Of the 6 samples tested, the highest
HBV DNA viral load was 139 IU/mL and 97 IU/mL,
determined by Abbott Real Time HBV Assay and Cobas
TagMan HBYV test, version 2, respectively (Table 3).

Sequence and Alignment

Among the samples detected by the in-house method, two
samples showed very high difference in Ct values of the S
and C region (Table 4). Sequencing results showed the
presence of a mutation in the 3’ region of reverse primers
of S and C regions (Fig. 2).
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Fig. 1 Samples used in this
study. Samples were collected
from blood banks of China and
sent to NCCL for further
detection

banks

blood donations

372,318 screened by Cobas in blood|

70,387 screened by Haoyuan in
blood banks

314 HBV positive donations |

| 70 HBV positive donations

Detected by Haoyuan

in NCCL

Detected by Cobas
in NCCL
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Repeated detected by Cobas
in NCCL two times

Detected by Haoyuan
in NCCL
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once

21 HBV positive
two times

12 donations with
Haoyuan Ct value<<
325

19 HBV positive | |6 HBYV negative

Detected by in-house method and HBV viral load detection

Table 1 The results of 19 Haoyuan positive/Cobas negative blood
donations detected by in-house method

Region gPCR-S positive ~ qPCR-S negative  Total
qPCR-C positive 5 2 7
gPCR-C negative 2 10 12
Total 7 12 19

Table 2 The results of 21 Cobas positive/Haoyuan negative blood
donations detected by in-house method

Region gPCR-S positive ~ qPCR-S negative  Total
gqPCR-C positive 16 3 19
qPCR-C negative 0 2 2
Total 16 5 21
Discussion

Hepatitis B virus (HBV), a DNA virus, seriously endangers
human health through blood transfusion, one of the most
important transmission routes. Although HBV is highly
prevalent in China, with the development of serology
assays and NAT reagents, the risk of transfusion trans-
mitted HBV was reduced. However, because of the com-
plex HBV infection models, limitations of the LOD of

serological and NAT assays, and highly variant HBV
DNA, a part of HBV-positive samples remained undetected
by current blood screening reagents.

In the current blood screening strategies, NAT is the last
method of detection for blood donations and the result of
NAT is critical to prevent transfusion-transmitted HBV and
improve blood safety. NAT could detect blood donations in
a window period or OBI stage [13, 14]. The HBV load of
part of the OBI blood donations were below 5 IU/mL,
which could lead to undetectable results because of limi-
tations of the LOD of NAT reagents [15, 16]. In this study,
the viral load of most of the Haoyuan-positive/Cobas-
negative, Haoyuan-negative/Cobas-positive and in-house
method-positive samples were below the LOQ of Abbott
Real Time HBV Assay (10 IU/mL) and Cobas TagMan
HBYV test, version 2 (20 IU/mL). These results showed that
samples with low HBV titer detected by NAT reagents
could be undetectable. The undetectable samples with low
titer detected by NAT reagents compose a big part of “false
negative” blood donations. This demonstrated the neces-
sity to improve the sensitivity of NAT reagents.

In this study, an in-house method was developed tar-
geting the S and C regions of the HBV genome to avoid
false-negative results due to mismatches in the primer/
probe binding region of mono-targets to some extent. The
in-house method showed good specificity. The samples
were detected by an in-house method to show that the
blood donations were positive for HBV DNA by another
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Table 3 The single NAT reagent positive samples whose HBV concentration was higher than 10 IU/mL

No. Ct of Ct of Ctof S Ctof C HBYV titer by Abott (IU/ HBYV titer by Cobas(IU/ Ct value of
Haoyuan Cobas region region mL) mL) Cobas
1 Undetected 352 38.84 37.84 54 <20 39.3
2 Undetected 354 41.19 41.4 29 22 37.6
3 Undetected 34.5 39.62 37.67 27 <20 38.1
4 Undetected 37.8 39.71 39.77 15 Undetected Undetected
5 Undetected 37.8 42 39.05 12 Undetected Undetected
6 36.26 Undetected 42.67 46.15 14 Undetected Undetected
7 Undetected 29.8 36.65 354 139 97 354

Table 4 The Ct values of two samples whose Ct difference of two region of in-house method was big

No. Ct of S region Ct of C region Ct of Haoyuan Ct of Cobas HBYV titer by Abott (IU/mL) Ct value of Abott
1 30.2 38.14 25.6 26.1 2510 30.18
2 46.54 36.79 31.68 335 91 35.17
3 34.45 34.14 29.64 30.6 229 33.42
4 35.76 34.95 29.54 32.6 161 33.91
Forward Primer (nt376) Probe Reverse Primer (nt467) «
GATGIGTCTGCGGCGITITATCATC TTCCTGTICATCCIGCTGCTATGCCTGATCTICTIG TTGG TICTICTGGACTACCAAGGTATGITGE
1
S
2 G
Forward Primer(nt2328) Probe Reverse primer(nt2447)«
TICCGGASACTACTGTIGTIAGAC GAAGAGGCAGGTCLCCTAGAAGAAGAACTCCCTCGCCTCGCAGACGAAGGTC TCAATCGCCGCGTCGCAGAAGA TCTCAATCTCGGGAATCTCAAT
£ T A
5 4

Fig. 2 Alignment of sequence of samples with primer/probe of S and C regions. There were mutations in the 3’ end of the S and C region of “1”
and “2” samples where the difference between Ct values of S and C regions by the in-house method was very high

method. If one blood donation was HBV DNA-positive in
blood banks and NCCL by one commercial NAT reagent
and in-house methods, but negative by another commercial
reagent, it is a case of false-negative screening. To
understand the cause of false-negative results, we per-
formed HBV DNA quantitation detection of selected
samples in this study. Most of them were undetected or
under the limit of quantitation of commercial reagents for
HBV DNA quantitation. This implies to a large part of
false-negative results which was because of the low titer of

@ Springer

HBV. Among the Haoyuan-positive/Cobas-negative sam-
ples, the HBV DNA titer of only one sample was 14 IU/mL
determined by Abbott Real Time HBV Assay, while
undetectable by Cobas TagMan HBV test, version 2. The
titer of the sample was 6 times higher than that of the LOD
of Cobas (2.3 IU/mL). This may have occurred because of
mismatches in the region targeted by Cobas NAT reagents
and also may be due to the fluctuations of HBV DNA
quantification when HBV titer was low. Among the Cobas-
positive/Haoyuan-negative samples, the HBV DNA titer of
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6 samples was higher than 10 IU/mL, ranged from 12 to
139 IU/mL which was much higher than the LOD of
Haoyuan NAT reagents (6.3 [U/mL). Especially, one
sample was determined 139 IU/mL by Abbott Real Time
HBV Assay and 97 IU/mL by Cobas TagMan HBV test,
version 2. The false-negative results by Haoyuan for this
sample were because of the mismatch of primer/probe with
sequence of NAT reagents and were independent of the
low titer of HBV DNA. However, as the sequences of
primer/probe of commercial NAT reagents were not dis-
closed by the manufacturer, it becomes difficult to check
for mismatch by alignment. Though the proportion of
mismatch samples among blood donations was low, the
false-negative result of donations with high titer of HBV
would easily lead to HBV transmission through blood
transfusion. These results demonstrated a risk of false-
negative screening by commercial NAT reagents with
mono-targets among Chinese blood donations.

The in-house method detected samples on the basis of
different Ct values for S and C region of two samples. The
targeted S and C region were sequenced and aligned with
the primer/probe sequence. In the samples whose Ct value
of the S region were higher than that of the C region by
9.75, there was a mutation in the 3’ region of the reverse
primer binding region of the S region. In the sample whose
Ct value of the C region were higher than that of the S
region by 7.96, there was a mutation in the 3’ region of the
reverse primer binding region of the C region. This
demonstrated that mismatch of primer/probe sequences
with samples leads to decreased detection capacity and
even undetectable results. Study also demonstrated
decreased HBV titer due to the occurrence of mutants in
the binding region of the primer or probe in the C region of
HBV [10, 17]. Therefore, NAT reagents with mono-target
may pose the risk of false-negative results of samples with
titers higher than the LOD due to mismatch of primer/
probe with the sequence of samples. In the in-house
method of this study, results indicated that the use of dual-
targets for screening could compensate the mismatch and
decrease the risk of false-negatives of mono-target
reagents. However, the dual-target NAT reagents used for
screening may lead to increased costs of blood donation
screening.

Conclusions

NAT plays a critical role in preventing HBV transmission
and improving blood transfusion safety. NAT reagents with
mono-target screening may pose “false negative” risk. The
samples with low HBV titer were undetected by commer-
cial NAT reagents, as the concentration of HBV was lower
than LOD of reagents. However, there were still several

undetected samples whose HBV titer was much higher than
the LOD, which may be attributable to the mismatch of
primer/probe with HBV DNA sequence. In the in-house
method, mono-target screening decreased detection
capacity due to the mismatch of primer with sequence and
addition of another target region could compensate for the
mismatched target. This demonstrated that there remains a
risk of HBV false-negative screening by commercial NAT
reagents. Dual-target may be helpful for HBV screening
and reduce the risk of false-negative screening.
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