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© Accurate subtyping of hepatitis C virus genotype 1 (HCV-1) remains clinically and epidemiologically

. relevant. The Abbott HCV Genotype Plus RUO (GT Plus) assay, targeting the core region, was evaluated
as areflex test to resolve ambiguous HCV-1 results in a challenging sample collection. 198 HCV-1

. specimens were analysed with GT Plus (38 specimens with and 160 without subtype assigned by the

. Abbott RealTime Genotype Il (GT Il) assay targeting the 5’NC and NS5B regions). Sanger sequencing

. of the core and/or NS5B regions were performed in 127 specimens without subtype assignment by

: GT I, with “not detected"” results by GT Plus, or with mixed genotypes/subtypes. The remaining GT

. Plusresults were compared to LiPA 2.0 (n=45) or just to GT Il results if concordant (n =26). GT Plus
successfully assigned the subtype in 142/160 (88.8%) samples. “"Not detected” results indicated other
HCV-1 subtypes/genotypes or mismatches in the core region in subtype 1b. The subtyping concordance
between GT Plus and either sequencing or LiPA was 98.6% (140/142). Therefore, combined use of GT I
and GT Plus assays represents a reliable and simple approach which considerably reduced the number of
ambiguous HCV-1 results and enabled a successful subtyping of 98.9% of all HCV-1 samples.

Chronic infection with hepatitis C virus (HCV) can progress to liver cirrhosis, hepatocellular cancer and death!.
In 2015, 71 million people worldwide were estimated to be chronically infected?. Being highly genetically diverse,
HCV has been classified into 8 major genotypes and 86 confirmed subtypes®*. Genotypes 1, 2 and 3 are distrib-
uted worldwide, genotype 1 being the predominant one, specifically subtypes 1a and 1b°. In Spain, a 1.5% HCV
seroprevalence has been estimated in the general population®, with genotype 1 being the most prevalent one
(66.9%), with subtype 1b predominating over 1a’.
Since the efficacy and barrier to resistance of non-pangenotypic direct-acting antiviral agents (DAAs) depend
. on the HCV genotype and subtype (especially for subtype 1a and 1b), HCV genotyping must be performed prior
© to treatment initiation and will determine the choice of therapy®. Additionally, genotyping upon treatment failure
. may differentiate between relapse and reinfection®. Furthermore, knowledge of circulating genotypes and sub-
© types is necessary for epidemiological purposes!’.
While commercial genotyping assays use sub-genomic regions such as core or NS5B in addition to the more
. conserved 5" untranslated (5'NC) region, the high genetic variability and small differences between genotypes
: and subtypes still remain a challenge for both real-time PCR and line probe-based HCV genotyping assays.
* This also applies to HCV-1 subtyping''~?!. In case of ambiguous results, the use of a second genotyping method
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Figure 1. Flowchart diagram of the study design and methods used. GT, genotype; ST, subtype; GT II, Abbott
RealTime HCV Genotype Il assay; GT Plus, Abbott HCV Genotype Plus RUO assay; LiPA, VERSANT HCV
Genotype 2.0 assay; mGT, mixed genotypes; mST, mixed 1a and 1b subtypes; NGS, next-generation sequencing.

may help guiding treatment selection. Nucleotide sequencing and phylogenetic analysis of the NS5B or core/E1
regions has been recommended as the reference genotyping method in consensus proposals®2. However, even this
method is not able to resolve every individual sample, e.g. due to failure of amplification!"'>1723, Furthermore, the
procedure is considered impractical for most clinical laboratories because it is time-consuming, less sensitive?!,
may be technically challenging, and does not readily allow for detecting mixed-type infections.

The Abbott RealTime HCV Genotype II assay (GT II, Abbott Molecular Inc.) is a real-time PCR assay which
includes specific probes for the identification of genotypes 1 to 6 (5'NC region), and subtypes 1a and 1b (NS5B
region). Using this assay, about 5.4% of all genotypes 1 were not classified at the subtype level in our centre'®. The
novel HCV Genotype Plus RUO assay (GT Plus, Abbott Molecular Inc., Des Plaines, USA) has been designed to
complement GT II or other assays as a reflex test in order to resolve ambiguous HCV-1 results. By targeting the
core region, it identifies subtypes la, 1b and genotype 6.

The aims of this study were: (i) to evaluate the performance of the GT Plus assay in a challenging collection of
genotype 1 clinical specimens not subtyped by the GT II assay and obtained from three geographical regions; and
(ii) to assess its accuracy at identifying 1a and 1b subtypes in comparison with the reference method.

Material and Methods

Study design. A flowchart diagram of the study design and the methods used is shown in Fig. 1. A total
of 198 samples were included in this study and classified into two groups. Group 1 consisted of 160 genotype 1
samples for which no subtype had been assigned by the GT II assay upon routine testing (including eight samples
with mixed genotypes). These samples were retrospectively collected in three different geographic areas in order
to assess the performance of the GT Plus assay in subtyping these challenging samples. Group 2 consisted of 38
genotype 1 samples with subtypes assigned by the GT II assay (16 identified as 1a, 16 as 1b including three mixed
genotypes, and six mixed la+ 1b subtypes). The Group 2 samples were included in order to assess the concord-
ance between both Abbott assays (GT II and GT Plus). Overall, the two groups included 17 mixed infections (11
mixed genotypes and six mixed subtypes).

All samples from Groups 1 and 2 underwent testing with the GT Plus assay. Subsequently, samples in Group 1
were subjected to the reference method for HCV genotyping based on Sanger sequencing and phylogenetic anal-
ysis of the targets of the two assays (NS5B region for GT II, and core region for GT Plus), except for 44 samples
from Israel; GT Plus results for these 44 samples and another sample that failed Sanger sequencing were compared
to the results of the line probe-based VERSANT HCV Genotype 2.0 Assay (LiPA, Siemens Healthcare GmbH,
Erlangen, Germany) according to the manufacturer’s procedure. Out of Group 2, only samples with discordant
results between the two Abbott assays, including partially discordant results in the case of mixed genotypes or
subtypes, were subjected to the reference sequencing method. The result of one discordant sample from Israel was
compared to LiPA. Finally, all samples with suspected mixed genotypes or subtypes or discordant results between
core and NS5B sequences were further characterised by next-generation sequencing (NGS). The HCV genomic
targets of the molecular techniques used in this study are listed in Table 1.

This study was approved by the Ethics Committee (Comité d'Etica de la Investigaci6 Clinica -CEIC~, Germans
Trias i Pujol University Hospital, coordinator centre), and was conducted in agreement with the Declaration of
Helsinki, Organic Law 15/1999 of 13 December about the protection of personal data, Law 14/2007 of 3 July
on Biomedical Research, and Guideline for Good Clinical Practice of 2016. Informed consent was waived as
anonymised retrospective samples were used.

Clinical specimens. Left-over plasma or RNA samples archived at —80°C were retrospectively selected from
three laboratories in different geographic locations: (i) Germans Trias i Pujol University Hospital (Badalona,
North-eastern Spain) (n =74); (ii) Virgen de la Victoria University Hospital (Mélaga, Southern Spain) (n = 64);
and (iii) Maccabi Mega-Lab (Rehovot, Israel) (n =60). These specimens were selected according to previous GT
IT assay results as follows: genotype 1 with no subtype assigned (Group 1, n=160), or genotype 1 with subtype
assigned (Group 2, n=38) including la (n=16), 1b (n=16) and la+ 1b (n=6).
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Targeted genomic region and genotypes/subtypes detected

Genotyping method 5/NC Core NS5B
GTII 1,2,3,4,5,6 — 1a, 1b
GT Plus — la,1b, 6 —
LiPA 1,2a/2¢, 2b, 3,4, 53, 6 1a, 1b, 6¢-61 —
. Primers designed for genotype 1. Pangenotypic primers. Partial region
Sanger sequencing - Full region (nt 342-914) (nt 8259-8639)

Pangenotypic primers. Partial region

NS5B NGS — - (nt 8254-8641)

Pangenotypic primers. Pangenotypic primers. Partial region

I
5'NC-core NGS Partial region (nt146-341) | (nt 342-914)

Table 1. Genotyping methods used and HCV genome target regions. GT II, Abbott RealTime HCV Genotype
IT assay (Abbott Molecular Inc.); GT Plus, HCV Genotype Plus RUO assay (Abbott Molecular Inc.); LiPA,
VERSANT HCV Genotype 2.0 Assay (Siemens Healthcare GmbH); NC, non-coding; NGS, next-generation
sequencing; nt, nucleotide.

Genotyping by Abbott GT Il and GT Plus assays. Both genotyping assays are based on real-time PCR
technology. Plasma specimens were tested with the fully automated Abbott m2000 system, including RNA
extraction, PCR plate set-up, amplification and detection. When only previously extracted RNA was available,
the amplification mix and PCR plate were prepared manually. The GT II assay identifies genotypes 1, 2, 3, 4, 5,
and 6 with fluorescence-labelled oligonucleotide probes targeting the 5’NC region, as well as subtypes 1a and
1b targeting the NS5B region. When a fluorescent signal is only obtained from the HCV-1 specific probe (5NC
region) but 1a and 1b specific probes fail to provide a valid signal, HCV-1 subtype cannot be assigned. The GT
Plus assay detects genotypes la, 1b, and 6 in a single reaction with probes targeting the core region. Results are
interpreted by Abbott software as 1a, 1b, 6, or “not detected”. All analyses were performed following the manu-
facturer’s recommendations.

Genotyping by NS5B and core sequencing and phylogenetic analysis. This method served as gold
standard to assess (i) the accuracy of both Abbott genotyping assays in identifying 1a and 1b subtypes, and (ii)
the presence of mismatches within the target regions for primers and probes of these assays. Starting from RNA
extracted with the Abbott m2000sp system, retrotranscription reactions were performed in a 30 ul volume con-
taining 7.5 ul eluted RNA, 0.25mM dNTPs, 150 U Moloney murine leukaemia virus reverse transcriptase and 6 ul
5x RT buffer (Promega), 30 U RNasin RNase inhibitor (Promega), and 0.75 g random hexadeoxynucleotides
(Roche) in order to retrotranscribe the whole HCV genome preventing any bias during the reaction. The reac-
tions were incubated at 42 °C for 2 min, 20 °C for 5 min, 25 °C for 5 min, 30 °C for 5 min, 35 °C for 5min, 37 °C for
5min, 42 °C for 45 min, and 2 min at 94 °C.

NS5B region was partially amplified and sequenced using a pangenotypic strategy as previously described*.
To amplify the whole core region of HCV genotype 1 (573 bp, H77 positions 342-914), three different strategies
were used. Supplementary Table S1 lists primers and thermal cycler profiles used in each PCR strategy. The first
strategy was performed as previously published?. The second strategy consisted of two PCR rounds performed
each in a 50 ul reaction volume with 5ul cDNA, 5l Pfu DNA polymerase 10x buffer, 1.5 U Pfu DNA polymerase
(Promega, Mannheim, Germany), 0.25mM dNTPs, and 0.3 uM primers. The third amplification alternative con-
sisted of two PCR rounds performed each with the amplification mix described above.

Amplification products were size selected and purified with Agencourt AMPure XP system (Beckman
Coulter) following manufacturer’s instructions, and subjected to bidirectional Sanger sequencing with second
round amplification primers. Sequence readings were assembled and edited with the STADEN package v1.6%.
Study sequences were aligned by ClustalW implemented in MEGA 6% together with reference sequences. Then,
jModeltest®® was used to obtain the evolutionary model that best fitted the data according to the Akaike informa-
tion criterion. This model was used to reconstruct a maximum likelihood phylogenetic tree with PHYML”. The
robustness of the tree topologies was assessed by bootstrap analysis implemented in PHYML (500 replicates).
Information regarding the presence of mutations in the primer/probe-binding regions of the commercial assays
was kindly provided by Abbott as these sequences are proprietary.

Genotyping with the VERSANT HCV Genotype 2.0 Assay (LiPA). The LiPA assay is based on the
reverse hybridisation of biotinylated amplified products from the 5’NC and core regions. The genotypes/subtypes
1, 1a, 1b, 1a/1b, 2a/2c, 2b, 3, 4, 5a, 6 and 6¢-61 can be identified. Probes in the core region allow for a more reliable
identification of subtypes la, 1b and 6¢-1 than the previous version of this assay. RNA extraction was performed
using the Abbott m2000sp instrument and reagents. Hybridisation and detection steps were performed manually,
following the manufacturer’s instructions.

Assessment of mixed infections by NGS.  NS5B amplicons, as well as 5’NC-core ones if necessary (span-
ning the first 130 bp of the core region), were subjected to NGS and subtype calling using the methodology
and primers previously described®. Briefly, a RT-PCR-nested amplification was performed, and purified PCR
products were quantified using the PicoGreen assay (Invitrogen, Carlsbad, CA, USA), and quality analysed using
the BioAnalyzer DNA 1000 LabChip (Agilent, Santa Clara, CA, USA) prior to sequencing. PCR products from
multiple patients individually identified by a genetic barcode were mixed at equal molecular proportion, and
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sequenced using MiSeq sequencing platform with MiSeq reagent kit v3 (Illumina, San Diego, CA). The raw data
was filtered and processed to obtain a fasta file per sample which then was subjected to a phylogenetic analy-
sis together with reference sequences. This multiple alignment provided a matrix of genetic distances with the
Kimura-80 model with a gamma shape parameter of 0.42. The query haplotype was classified as the subtype with
the nearest reference sequence. For subtypes with multiple reference sequences, two other distances to the query
haplotype were computed: the average and the farthest in each subtype. These distances were used as clustering
quality scores. A high-quality clustering result was produced when the subtyping according to the shortest, the
average, and the farthest distances coincide. A confidence score was produced by 200 cycles of bootstrap analysis
on the multiple alignment obtained for each query haplotype and subtyping according to the shortest distance.
Query haplotypes classified with discordant shortest-distance and average-distance subtyping or with bootstrap
scores below 70 were tagged as doubtful. A minimum of 5 reads and of 1% abundance was imposed to infer a
mixed infection by a minority subtype. The data analysis system consisted of four R modules, implementing the
demultiplexing module, the quality filter and haplotype selection module, the phylogenetic analysis module, and
the expert system module.

Results
Al HCV genotype and subtype results according to the different genotyping methods used are summarised in
Table 2.

Ability of the GT Plus assay for subtyping genotype 1 samples with no subtype assigned by the
GTIlassay. Among the 160 samples in Group 1, the GT Plus assay resolved the subtype in 142 cases (88.75%;
lain 20 cases and 1b in 122 cases), while in the remaining 18 cases (11.25%) a “not detected” result was obtained.
For the latter, the reference method based on the NS5B and core sequencing and phylogenetic analysis was used
for HCV classification. Five out of 18 “not detected” cases correctly showed a “not detected” result as per assay
design since sequencing identified genotype 1 subtypes other than 1la or 1b in four cases (subtypes 1d, le, 1g,
and 1h) and a genotype 4m in the one case which previously was genotyped as HCV genotype 1+ 4 by the GT
IT assay. Another 12 cases were classified as 1b; evaluation of the sequences revealed the presence of mismatches
in the core region in which the 1b-specific probes or primers of the GT Plus assay anneal. No specific cluster
was observed in the phylogenetic tree of these “not detected” core sequences (Fig. 2), which include the region
targeted by the GT Plus assay. In the remaining “not detected” case, sequencing failed in both regions due to low
viral load (3.2 Log (IU/mL)) and LiPA was used for comparison to the GT Plus assay, which detected a subtype 1b.
In samples with a “not detected” result, viral loads ranged from 3.2 to 6.9 Log (IU/mL) and, thus, were above the
lower limit of detection of the GT Plus assay. Overall, among the samples with genotype 1 results without subtype
assigned by GT II, the proportion of HCV subtype 1b isolates identified by sequencing or LiPA that could not be
subtyped by the GT Plus assay was 9.6% (13/135) but varied geographically: 22.5% (9/40) in North-eastern Spain,
4.1% (2/49) in Southern Spain, and 4.3% (2/46) in Israel. Similarly, the proportion of non-1a non-1b subtypes,
which are not covered by the GT Plus assay design, also varied geographically (1.8% in Spain and 4.0% in Israel),
albeit the overall percentage was low.

Concordance at the subtype level of the GT Plus assay with the reference method or LiPA in
genotype 1 samples with no subtype assigned by the GT Il assay. Among the 160 samples of Group
1 with no subtype assigned by the GT II assay, 116 samples underwent sequencing using the reference method,
while remaining samples without sequencing results were compared to LiPA.

NS5B amplification and sequencing was successful in 115/116 samples (99.1%), and core sequencing in
111/113 samples (98.2%). Furthermore, HCV classification at subtype level based on the phylogenetic analysis
of NS5B and core sequences agreed between the two target regions in all samples (Table 2) except for two, which
were subjected to NGS (see below).

In those cases in which the GT Plus assay assigned a genotype 1 subtype (n=98), the concordance between
this subtype call and the reference method was 18/19 for subtype 1a (94.7%; one sample was classified as subtype
1b by sequencing), and 78/79 for subtype 1b (98.7%; one sample was classified as subtype 1g by sequencing).
Thus, the overall agreement between the GT Plus assay and the reference method was 98.0% (96/98).

For the remaining 44 of 160 samples, the GT Plus assay assigned the subtype in all cases, and the LiPA assay
was used as comparator to the GT Plus assay (Israel). The concordance between the genotype 1 subtypes identi-
fied by the GT Plus assay and by the LiPA assay, respectively, was 100% for both subtype 1a (1/1) and subtype 1b
(43/43), respectively.

Opverall, the accuracy of subtype 1a or 1b assignment by the GT Plus assay in comparison to either sequencing
or LiPA was 140/142 (98.6%); i.e. 19/20 (95%) for subtype la and 121/122 (99.2%) for subtype 1b.

Concordance at the subtype level between the GT Plus assay and the GT Il assay in genotype
la and 1b samples. When testing the 38 genotype 1a and 1b samples of Group 2 using the GT Plus assay,
a genotype 1 subtype was assigned in 33 cases (86.8%). The agreement between both assays at subtype level was
15/16 for subtype 1a (93.8%; one sample was classified as mixed 1a+ 1b subtypes by GT Plus), 11/11 for subtype
1b (100%), and 1/6 for those detected as mixed 1a+ 1b subtypes (16.7%; two samples were classified as 1a by GT
Plus and three as 1b). The GT Plus result was “not detected” in the remaining samples (n =5): four of them were
1b by sequencing and the other one, initially detected as 1b+ 2 by the GT II assay, was genotype 2 by LiPA. The
overall concordance for single infections with either subtype 1a or 1b between both Abbott assays was 96.3%
(26/27 samples). If samples with mixed 1a+ 1b subtypes by the GT II assay were included and only considered
as concordant if both GT I and GT Plus assays detected the mixed subtypes, the overall concordance was 81.8%
(27/33 samples).
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la(16) la(16) —
la(18) — — la (1)
1b (1) 1b (1) —
1b (72) 1b(72) —
1b (1) failed (1) —
1b(117) 1b (1) — —
1(152) — — 1b (42
lg(1) lg(1) —
1b (12) 1b (12) —
Group 1 1 — -
le(1) le(1) —
Not detected (17)
1g(1) 1g(1) -
1h (1) 1h (1) —
failed (1) failed (1) 1b (1)
1,2(1) 1b (1) 2i(1) 1b (1) —
1b (1) 1b (1) —
> b
1,3(2) 1b (2) — — )
la(2) 1a(2) la(2) —
1,4(5) 1b(2) 1b(2) 1b(2) —
Not detected (1) 4m (1) — _
1a (16) fa (1) — — —
1a,1b (1) la(1) la(1) —
1b (13) 1b(11) — — —
Not detected (2) 1b(2) 1b (2) —
1b,2 (1) Not detected (1) — — 2a/2c (1)
Group 2
1b,3 (1) Not detected (1) 3a(l) 1b (1) —
1b,3,4 (1) Not detected (1) 1b (1) 1b (1) —
la,1b (1) 1b (1) 1b (1) —
1a, 1b (6) la(2) la(2) la(2) —
1b (3) 1b (3) 1b(3) —

Table 2. HCV genotype and subtype results according to the genotyping method used (). GT II, Abbott
RealTime HCV Genotype Il assay; GT Plus, Abbott HCV Genotype Plus RUO assay; LiPA, VERSANT HCV
Genotype 2.0 assay; NGS, next-generation sequencing.

Assessment of mixed infections. Seven 1a+ 1b mixed subtypes were detected either with the GT Plus
assay (n=2) and/or the GT II assay (n = 6). These mixed subtypes were assessed by Sanger (core and NS5B
regions) and NGS (NS5B region) but none of these methods confirmed a presence of mixed subtypes (Table 3).
Evaluation of the generated sequences revealed perfect matches in the probe regions of the GT II or GT Plus assay
for the subtypes that were confirmed by sequencing while mismatches were observed for the second subtypes.
Eleven mixed genotypes were detected by the GT II assay, eight in Group 1 and three in Group 2. The GT
Plus assay results in these samples were as follows (Table 4): (i) the genotype 1 subtype was resolved in seven
specimens and results were confirmed either by the reference method in the targeted core region (n=6; two la
and four 1b) or by LiPA (n=1; 1b); (ii) the GT Plus correctly showed a “not detected” result in one sample since
sequencing revealed the presence of genotype 4m; (iii) similarly, a “not detected” result was obtained in one
sample from Israel (I35) showing a result pattern across the assays that suggested a recombinant St. Petersburg
variant consisting of genotype 2k in the 5’NC and core regions and 1b in NS5B*! (GT II: genotype 2 in the 5’NC
and 1b in the NS5B regions; LiPA: 2a/2c in 5’NC and core regions; and GT Plus: “not detected” in the core region
since genotype 2 is not detected per assay design) but, unfortunately, there was no sample material left to perform
sequencing for confirmation; and (iv) two samples with a “not detected” result of GT Plus turned out to be gen-
otype 1b by sequencing of the targeted core region. Subsequently, all these samples with mixed genotypes were
subjected to NGS, except for the three cases from Israel due to lack of residual sample material (Table 4). In one
case (M49), NGS detected mixed la+ 1b subtypes that had not been identified by any of the previous assays. The
last two specimens in Table 4 (M51 and M54) showed discordant results at the genotype level between core and
NS5B Sanger sequencing and, thus, NGS was performed targeting the 5'NC-core region in addition the NS5B to
identify the cause of these discordant results. However, NGS did not detect any mixed genotypes but identified
genotype 2i for specimen M51 and genotype 3a for specimen M54 in both target regions, respectively. Thus, NGS
ruled out recombination between different genotypes as the cause of these rare discordant results. Nevertheless,
since genotype 1 primers had been used to amplify the core region during Sanger sequencing and pangenotypic
ones during NGS, it could be possible that the former ones had been able to amplify a minority population of
1b genomes that were below the NGS cut-off, i.e. Sanger sequencing of the core region could have revealed the
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Figure 2. Maximum likelihood phylogenetic subtree of the genotype 1 core region (which includes the region
targeted by the GT Plus assay) for samples belonging to Group 1 with a “not detected” result by the GT Plus
assay. Among the 18 “not detected” samples, sequencing of the core region failed for sample I51 and could not
be performed for samples 123 and 145 (not available). Sequences available in the Los Alamos National Library
HCV sequence database (http://hcv.]anl.gov/content/index) and International Committee on Taxonomy of
Viruses (ICTV) database® were used as reference sequences. The General time-reversible substitution model
was used (proportion of invariable sites: 0.394, gamma shape parameter: 0.694). Nodes supported with a
bootstrap value > 70% (500 replicates) are indicated. Sequences from the “not detected” samples are indicated
with their ID in boldface. The bar represents substitutions per nucleotide position. B, Badalona; I, Israel; M,
Milaga. Outgroup sequences include the other HCV genotypes.

presence of a 1b subpopulation besides genotype 2i for patient M51 and 3a for M54 being the dominant popula-
tion. Therefore, taking all data into account for specimens M51 and M54, we consider mixed genotypes, with sub-
type 1b below the NGS cut-off, as the most probable result. Overall, NS5B NGS results confirmed those obtained
by Sanger sequencing in 14/15 cases (93.3%) with suspected mixed subtypes or genotypes by Abbott assays.

Discussion

In the era of direct-acting antivirals against HCV infection, an accurate genotyping as well as a reliable discrimi-
nation between subtype 1a and 1b remains clinically and epidemiologically relevant®!®2. However, commercial
genotyping assays may result in a low percentage of HCV-1 results with no subtype assigned'!-'*!#-2!. The GT II
assay, which targets the NS5B region for identifying subtypes 1a and 1b, may fail to resolve the subtype in about
5-12% of HCV-1 specimens'"'>!%* However, a recent GT II software update has reduced the number of geno-
type samples without subtype assignment (4% in Herman et al.*!). An inability of the GT II assay to identify the
genotype 1 subtype may be due to (i) the presence of genetic variability in the NS5B region in which the probes
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B44 6.80 la la, 1b la la la 99.3%* 28,125
M56 6.94 1a, 1b la, 1b 1b 1b 1b 100 218,475
M34 7.93 1a, 1b 1b 1b 1b 1b 100 13,623
M52 6.52 1a, 1b 1b 1b 1b 1b 100 97,539
M53 Unknown 1a, 1b 1b 1b 1b 1b 100 56,280
M57 6.93 1a, 1b la la la la 100 70,548
M68 7.11 1a, 1b la la la la 99.27%* 62,310

Table 3. Sequencing results in samples with mixed HCV 1la+ 1b subtypes as detected by either the GT II
and/or the GT Plus assay. GT II, Abbott RealTime HCV Genotype II assay (Abbott Molecular Inc.); GT Plus,
HCV Genotype Plus RUO assay (Abbott Molecular Inc.); NGS, next-generation sequencing; B, Badalona; M,
Malaga. *In case of mixed subtype results, perfect match in the probe target region for the subtype that was
also identified by sequencing while the other subtype showed mismatches. *#100% was not achieved because
residual sequences appeared which were filtered and discarded as they were below 1%.

Bl 5.08 1,4 — la la la la 99.47%* 27,971
B29 5.74 1,4 — la la la la 100 44,412
M49 | 519 1,4 - 1b 1b 1b i: see fégé
Me67 7.43 1,4 — 1b 1b 1b 1b 100 79,335
123 5.38 1,4 — Not detected 4m — — — —

M35 6.60 1,3 — 1b 1b 1b 1b 98.8%* 78,924
110 4.60 1,3 1b 1b — — — — —

Bo4 5.30 1b, 3,4 — Not detected 1b 1b 1b 100 48,744
135% 6.32 1b,2 2a/2¢ Not detected — — — — —

M51 5.92 1,2 — 1b 2i 1b 1b 100 48,744
M54 6.73 1b,3 — Not detected 3a 1b 3a 99.3%* 89,058

Table 4. Sequencing results in samples with mixed genotypes detected by the GT II assay. GT II, Abbott
RealTime HCV Genotype IT assay (Abbott Molecular Inc.); GT Plus, HCV Genotype Plus RUO assay (Abbott
Molecular Inc.); LiPA, VERSANT HCV Genotype 2.0 assay (Siemens Healthcare GmbH); —, not tested; B,
Badalona; I, Israel; M, Mélaga. *Combination of results of all 3 assays is in agreement with a recombinant 2k/1b
(St. Petersburg) variant, however, no material was left for sequencing to confirm. **100% was not achieved
because residual sequences appeared which were filtered and discarded, being each of them below 1%.

specific for subtype 1a or 1b detection anneal (majority in the present study), (ii) the presence of rare HCV-1 sub-
types (four cases observed), or (iii) the presence of certain genotype 6 subtypes in which the 5’NC region targeted
by the genotype 1-specific probe is identical to some 1b subtypes!'*** (none observed in our study).

We evaluated the performance and accuracy of the novel GT Plus assay in resolving HCV-1 specimens not
subtyped by the GT Il assay (Group 1) in comparison with the reference method or with LiPA. While three other
evaluations of the GT Plus assay have previously been published!”*%, the present study investigated HCV-1
specimens including the largest collection of very challenging clinical specimens with ambiguous HCV-1 results
by GT II from three different geographical regions that was ever tested with the GT Plus assay and subsequently
evaluated by a reference method for confirmation. Additionally, it was the first study in generating full core region
sequences that shed some light into the reasons why this assay may not assign an HCV-1 subtype in rare cases.
This HCV sequencing information will also be useful for other manufacturers of core-based genotyping assays.

Herein, the GT Plus assay resolved the subtype in 88.8% (142/160) of Group 1 cases, while a “not detected”
result was obtained for the remaining 18 specimens. Since the GT Plus assay is designed to identify HCV sub-
types la and 1b as well as genotype 6, three main reasons may be pivotal if the GT Plus assay provides a “not
detected” result for genotype 1 samples without subtype by the GT II assay. Firstly, HCV-1 subtypes other than
laand 1b may be present which are not detected by the GT Plus assay due to its genotype coverage (i.e. la, 1b, 6)
per assay design. In the current study, 4/18 (22%) “not detected” samples were classified as 1d, le, 1g, and 1h by
sequencing, while the proportion of non-1a non-1b subtypes was higher in the study by Mokhtari et al. in France
(25/32,78.1%)". Secondly, another potential reason is the presence of mismatches in the core region targeted by
HCV la-, 1b- and 6-specific primers and probes used by the GT Plus assay. In the present study, evaluation of the
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core sequences confirmed this in 12/18 (66.7%) samples that were “not detected” by the GT Plus but classified as
subtype 1b by sequencing (for another sample sequencing failed). This proportion was higher than in the studies
by Mokhtari et al. (9.4%, 3 out of 32 cases, which were also 1b)!'' and Mallory et al. (7.1%, 1 out of 14 samples,
being 1a)**. Thirdly, in rare cases, a sample can be incorrectly genotyped as HCV-1 by GT 1, and consequently,
the GT Plus returns a “not detected” result. Indeed, we observed a “not detected” result in a sample originally
identified as mixed 1+ 4 genotypes by the GT II assay that turned out to be subtype 4m by sequencing. This was
also observed by Mallory et al., who reported a “not detected” result in a sample previously identified as HCV-1
with no subtype assigned by the GT II assay and classified as genotype 4 by sequencing*. The polymorphisms
present in specific HCV isolates circulating in different geographical areas (genetic diversity both among HCV-1
subtypes and within subtype 1b) influenced the proportion of “not detected” results by GT Plus in genotype 1
samples without subtype by GT II: it increased from 3.5% (2/57) in Southern Spain to 10% (5/50; including the
genotype 4 sample) in Israel, and up to 20.8% (11/53) in North-eastern Spain (overall 18/160, 11.3%). However, it
was lower than previously reported: 32/98 (32.7%) in France!!, and 7/14 (50.0%) in the USA.

The accurate recognition of subtypes la and 1b represents a common and difficult challenge to commercial
assays. In the present study, the GT Plus assay demonstrated to be highly reliable in assigning 1a and 1b subtypes
in specimens initially not subtyped by the GT II assay (Group 1), as the proportion of calls by the GT Plus assay
that were confirmed by sequencing was very high (98.0%; 96 out of 98 samples). This proportion was higher than
that observed in Mokhtari’s study (84.3%; 43 out of 51 samples)'!, but similar to that reported by Mallory et al.
(97.1%; 168 out of 173 samples)**. In agreement with the latter study, we suggest a non-specific reactivity as the
most probable cause for the rare discordant results observed in the present study; one subtype 1b misclassified
by the GT Plus as subtype la, and one subtype 1g misclassified as subtype 1b. When we included LiPA results
for those samples in which sequencing was not done, overall agreement at the subtype level (with either LiPA or
sequencing) even slightly increased to 98.6% (140/142), as the agreement at HCV-1 subtype calling between the
GT Plus and the LiPA assays was 100% (all being 1b except one 1a case). The LiPA assay also relies on the core
region for the identification of subtypes 1a and 1b, and genotype 6. However, it may fail to correctly identify 1a
and 1b subtypes in a variable percentage of cases (5-14%)'>"'%, and tends to misclassify genotype 6 as genotype
11923 'While the latter is unlikely in Spain and Israel, we have relied on the LiPA assay for assessment of GT Plus
HCV-1 subtype calls in 31% of the cases. As this fact may be a limitation of our study, we have analysed the con-
cordance between the GT Plus and LiPA assays separately from the concordance between the GT Plus assay and
sequencing.

The identification of mixed infections represents another challenge for current commercially available assays
based on real-time PCR or line-probe hybridisation'>!619213536_Mixed infections have been reported particularly
in those patients exposed to multiple HCV infections such as people who inject drugs®”. It has been suggested that
NGS may improve the detection of minor genotypes/subtypes in mixed infections; however, NGS assays includ-
ing the one used herein®® usually require comparably high viral loads, while real-time subtype-specific nested
reverse transcriptase PCR can detect virus at low concentrations. It has previously been suggested that the GT
IT assay is able to reliably detect mixed infections if the minor genotype/subtype represents at least 20-30% of
the circulating variants (similarly to Sanger sequencing)'**. Furthermore, it is able to genotype at viral loads of
500 IU/mL and below depending on the genotype®. In our study, NGS of the NS5B region did not detect mixed
la+ 1b subtypes as previously identified by either the GT Plus (n=1), the GT II (n =5) or both (n=1) assays.
Alternatively, the detection of the two mixed la+ 1b subtypes by the GT Plus assay could have been due to
cross-reactivity between both subtypes. The latter is supported by our evaluation of the sequences that revealed
no mismatches in the probe target region for the subtypes confirmed by sequencing while there were mismatches
observed for the other subtypes, respectively. On the other hand, in a sample classified as mixed 1 + 4 genotypes
without genotype 1 subtype assignment by GT II, only NS5B NGS identified mixed 1a+ 1b subtypes while GT
Plus and Sanger sequencing of both NS5B and core regions concordantly classified it as 1b only. Lastly, in order to
further characterise two specimens with discordant results between core and NS5B Sanger sequencing (1b/2i and
1b/3a), two distant genomic regions of the virus (5'NC-core and NS5B) were subjected to NGS. While the NGS
assay did not confirm the presence of mixed genotypes in these specimens, the evidence gathered from Sanger
sequencing and real-time PCR assays nevertheless points to the presence of both genotypes, respectively. These
few examples show that even the application of gold standard methods may lead to discordant results and cannot
unambiguously resolve the HCV genotype of some specifically challenging samples. Hence, more data is required
to establish the lowest viral load that can be reliably detected by NGS for minor types®’.

Finally, when focusing on the results from North-eastern Spain (Germans Trias i Pujol University Hospital),
5.7% of all genotypes 1 from 2009 to 2016 (76 out of 1322) were not classified at the subtype level by the GT II
assay. Among them, 53/76 left-over plasma samples were available and analysed with the GT Plus assay in this
study. In 42/53 (79.2%) the subtype was successfully resolved. Thus, we can estimate that the use of the GT Plus
assay as a reflex test after the GT II assay would have decreased the overall ratio of HCV-1 samples in need of sub-
typing by the reference method from 5.7% down to 1.1%, which translates into a successful resolution of 98.9% of
all HCV-1 samples when the two Abbott genotyping assays are combined. This corresponds well to the recently
reported significant reduction of genotype 1 cases without subtype assignment down to 0.4%° and to the increase
of the successful genotyping rate to >99%!'".

In conclusion, in the largest study focused on HCV-1 specimens not subtyped by the GT II assay, the GT Plus
assay was able to assign the subtypes 1a and 1b in the majority of cases (88.8%), and subtype calling was highly
reliable (98.6%) in comparison with sequencing or LiPA. The GT Plus assay is fully automated and can easily and
rapidly be performed in the laboratory. Consequently, combined application of the GT II assay followed by the
GT Plus assay using the Abbott 72000 platform represented an adequate approach which substantially reduced
the number of ambiguous genotype 1 samples requiring subtyping by alternative methods down to 1.1%.
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Data Availability

Protocols used are specified or referenced in the manuscript. NS5B and core sequences obtained by Sanger se-
quencing were deposited in the EMBL sequence database (http://www.ebi.ac.uk/embl). All commercial assays
were used following the instructions of the manufacturers. The Abbott HCV GT Plus RUO assay is not commer-
cially available. Data other than proprietary information can be provided on request.

References

1.
2.
3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Lauer, G. M. & Walker, B. D. Hepatitis C virus infection. N. Engl. J. Med. 345, 41-52 (2001).

Geneva: World Health Organization. Global Hepatitis Report 2017 (2017).

International Committee on Taxonomy of Viruses (ICTV). Flaviviridae. Confirmed HCV genotypes/subtypes. https://talk.
ictvonline.org/ictv_wikis/flaviviridae/w/sg_flavi/634/table-1-confirmed-hcv-genotypes-subtypes-june-2017 (2018).

Borgia, S. M. et al. Identification of a Novel Hepatitis C Virus Genotype From Punjab, India: Expanding Classification of Hepatitis
C Virus Into 8 Genotypes. J. Infect. Dis. 218, (1722-1729 (2018).

. Blach, S. et al. Global prevalence and genotype distribution of hepatitis C virus infection in 2015: a modelling study. Lancet

Gastroenterol. Hepatol. 2, 161-176 (2017).

. Bruggmann, P. et al. Historical epidemiology of hepatitis C virus (HCV) in selected countries. ] Viral Hepat. 21(1), 5-33 (2014).
. Aguilera, A. et al. Prevalence and distribution of hepatitis C virus genotypes in Spain during the 2000-2015 period (the GEHEP 005

study). J Viral Hepat. 24, 725-732 (2017).

. European Association for the Study of the Liver. EASL recommendations on treatment of hepatitis C 2018. ] Hepatol. 69, 461-511

(2018).

. Abdelrahman, T. et al. Next-generation sequencing sheds light on the natural history of hepatitis C infection in patients who fail

treatment. Hepatology 61, 88-97 (2015).

Buti, M. et al. Elimination of hepatitis C in Spain: Adaptation of a mathematical model based on the public health strategic plan for
addressing hepatitis C in the National Health System. Med. Clin. 148, 277-282 (2017).

Mokhtari, C. et al. Characterization of Samples Identified as Hepatitis C Virus Genotype 1 without Subtype by Abbott RealTime
HCV Genotype IT Assay Using the New Abbott HCV Genotype Plus RUO Test. J. Clin. Microbiol. 54, 296-299 (2016).

Ceccherini Silberstein, F. et al. Hepatitis C virus gene sequencing as a tool for precise genotyping in the era of new direct antiviral
agents. Hepatology 63, 1058-1059 (2016).

Mallory, M. A, Lucic, D. X, Sears, M. T,, Cloherty, G. A. & Hillyard, D. R. Evaluation of the Abbott realtime HCV genotype Il RUO
(GT 1II) assay with reference to 5’UTR, core and NS5B sequencing. J. Clin. Virol. 60, 22-26 (2014).

Gonzalez, V. et al. Accuracy of a commercially available assay for HCV genotyping and subtyping in the clinical practice. J. Clin.
Virol. 58, 249-253 (2013).

Chueca, N. et al. Using NS5B Sequencing for Hepatitis C Virus Genotyping Reveals Discordances with Commercial Platforms. PLoS
One 11, e0153754, https://doi.org/10.1371/journal.pone.0153754 (2016).

Liu, C. H. et al. Comparison of Abbott RealTime HCV Genotype II with Versant line probe assay 2.0 for hepatitis C virus genotyping.
J. Clin. Microbiol. 53, 1754-1757 (2015).

Guelfo, J. R. et al. Reassessment of genotype 1 hepatitis C virus subtype misclassification by LiPA 2.0: implications for direct-acting
antiviral treatment. J. Clin. Microbiol. 52, 4027-4029 (2014).

Neukam, K. et al. NS3 genomic sequencing and phylogenetic analysis as alternative to a commercially available assay to reliably
determine hepatitis C virus subtypes 1a and 1b. PLoS One 12, €0182193, https://doi.org/10.1371/journal.pone.0182193 (2017).
Nieto-Aponte, L. et al. Assessment of a Novel Automatic Real-Time PCR Assay on the Cobas 4800 Analyzer as a Screening Platform
for Hepatitis C Virus Genotyping in Clinical Practice: Comparison with Massive Sequencing. J. Clin. Microbiol. 55, 504-509 (2017).
Stelzl, E. et al. Evaluation of the new cobas® HCV genotyping test based on real-time PCRs of three different HCV genome regions.
Clin. Chem. Lab. Med. 55, 517-521 (2017).

Herman, S. A. et al. Cobas(R) HCV Gt for Use on the Cobas(R) 4800 System: A Highly Accurate HCV Genotyping Test. J. Hepatol.
64, S612 (2016).

Simmonds, P. et al. Consensus proposals for a unified system of nomenclature of hepatitis C virus genotypes. Hepatology 42,
962-973 (2005).

Cai, Q., Zhao, Z., Liu, Y., Shao, X. & Gao, Z. Comparison of three different HCV genotyping methods: core, NS5B sequence analysis
and line probe assay. Int. J. Mol. Med. 31, 347-352 (2013).

Martrd, E. et al. Evaluation of a new assay in comparison with reverse hybridization and sequencing methods for hepatitis C virus
genotyping targeting both 5’ noncoding and nonstructural 5b genomic regions. J. Clin. Microbiol. 46, 192-197 (2008).

Saludes, V. et al. Baseline prediction of combination therapy outcome in hepatitis C virus 1b infected patients by discriminant
analysis using viral and host factors. PLoS One 5, e14132, https://doi.org/10.1371/journal.pone.0014132 (2010).

Staden, R, Beal, K. F. & Bonfield, J. K. The Staden package, 1998. Methods Mol. Biol. 132, 115-130 (2000).

Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol.
Biol. Evol. 30,2725-2729 (2013).

Darriba, D., Taboada, G. L., Doallo, R. & Posada, D. jModelTest 2: more models, new heuristics and parallel computing. Nat.
Methods 9,772 (2012).

Guindon, S. & Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol.
52, 696-704 (2003).

Quer, J. et al. High-resolution hepatitis C virus subtyping using NS5B deep sequencing and phylogeny, an alternative to current
methods. J. Clin. Microbiol. 53,219-226 (2015).

Zakalashvili, M. et al. Identification of hepatitis C virus 2k/1b intergenotypic recombinants in Georgia. Liver Int. 38, 451-457 (2018).
European Association for the Study of the Liver. EASL recommendations on treatment of hepatitis C 2016. J. Hepatol. 66, 153-194
(2017).

He, C. et al. Utility of the Abbott RealTime HCV Genotype Plus RUO assay used in combination with the Abbott RealTime HCV
Genotype Il assay. J. Clin. Virol. 99-100, 97-100 (2018).

Mallory, M. A. et al. Evaluation of the Abbott RealTime HCV genotype II plus RUO (PLUS) assay with reference to core and NS5B
sequencing. J. Clin. Virol. 90, 26-31 (2017).

Lampinen, J. et al. Detection of Mixed Hepatitis C Virus (HCV) Infection Using Abbott RealTime HCV Genotype II Assay. Annual
Meeting of the Association for Molecular Pathology (AMP). JMD 15, 895 (2013).

Minosse, C., Giombini, E., Bartolini, B., Capobianchi, M. R. & Garbuglia, A. R. Ultra-Deep Sequencing Characterization of HCV
Samples with Equivocal Typing Results Determined with a Commercial Assay. Int. J. Mol. Sci. 17 (2016).

Cunningham, E. B., Applegate, T. L., Lloyd, A. R., Dore, G. J. & Grebely, ]. Mixed HCV infection and reinfection in people who inject
drugs-impact on therapy. Nat. Rev. Gastroenterol. Hepatol. 12,218-230 (2015).

Rodriguez-Frias, F. et al. High HCV subtype heterogeneity in a chronically infected general population revealed by high-resolution
hepatitis C virus subtyping. Clin. Microbiol. Infect. 23, 775.e1-775.€6, https://doi.org/10.1016/j.cmi.2017.02.007 (2017).

Leckie, G. et al. Evaluation of Abbott RealTime Hepatitis C Virus (HCV) Genotype II Assay. Annual Meeting of the Association for
Molecular Pathology (AMP). JMD 15, 896-897 (2013).

SCIENTIFIC REPORTS |

(2019) 9:3678 | https://doi.org/10.1038/s41598-019-40099-3 9


https://doi.org/10.1038/s41598-019-40099-3
http://www.ebi.ac.uk/embl
https://talk.ictvonline.org/ictv_wikis/flaviviridae/w/sg_flavi/634/table-1-confirmed-hcv-genotypes-subtypes-june-2017
https://talk.ictvonline.org/ictv_wikis/flaviviridae/w/sg_flavi/634/table-1-confirmed-hcv-genotypes-subtypes-june-2017
https://doi.org/10.1371/journal.pone.0153754
https://doi.org/10.1371/journal.pone.0182193
https://doi.org/10.1371/journal.pone.0014132
https://doi.org/10.1016/j.cmi.2017.02.007

www.nature.com/scientificreports/

Acknowledgements

The HCV Genotype Plus RUO assay reagents were kindly provided by Abbott Molecular Inc. (Des Plaines, IL,
USA). EM holds a Miguel Servet position for researchers in the Spanish National Health System (CPII15/00028,
Instituto de Salud Carlos ITI/FSE, European Union). Authors thank CERCA Programme/Generalitat de Catalunya
for their support to the Germans Trias i Pujol Research Institute (IGTP). Authors also thank Elisabeth Bascufiana,
Jordi Hernandez, Montserrat Jiménez, Damir Garcia-Cehic, Leonardo Nieto-Aponte, and Josep Gregori for their
help in specimen processing.

Author Contributions

E.M. and B.R. contributed to the conception and design of the study; V.S., A.A., I.V,, L.S., ER,, J.Q. and E.M.
contributed to data acquisition; V.S., A.A., L.V,, L.S., BR,, ER,, J.Q. and E.M. contributed to data analysis and
interpretation; V.S., A.A., L.M. and E.M. drafted the article and all authors critically revised it for content. All
authors approved the final version to be published.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-40099-3.

Competing Interests: B.R. is an employee of Abbott GmbH & Co. K.G. E.M. received grant support by Abbott
GmbH & Co. K.G. to perform this study and travel sponsorship for presentation of results at meetings. The
other authors declare no competing financial interests. Authors declare no competing non-financial interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:3678 | https://doi.org/10.1038/s41598-019-40099-3 10


https://doi.org/10.1038/s41598-019-40099-3
https://doi.org/10.1038/s41598-019-40099-3
http://creativecommons.org/licenses/by/4.0/

	Reliable resolution of ambiguous hepatitis C virus genotype 1 results with the Abbott HCV Genotype Plus RUO assay

	Material and Methods

	Study design. 
	Clinical specimens. 
	Genotyping by Abbott GT II and GT Plus assays. 
	Genotyping by NS5B and core sequencing and phylogenetic analysis. 
	Genotyping with the VERSANT HCV Genotype 2.0 Assay (LiPA). 
	Assessment of mixed infections by NGS. 

	Results

	Ability of the GT Plus assay for subtyping genotype 1 samples with no subtype assigned by the GT II assay. 
	Concordance at the subtype level of the GT Plus assay with the reference method or LiPA in genotype 1 samples with no subty ...
	Concordance at the subtype level between the GT Plus assay and the GT II assay in genotype 1a and 1b samples. 
	Assessment of mixed infections. 

	Discussion

	Acknowledgements

	Figure 1 Flowchart diagram of the study design and methods used.
	Figure 2 Maximum likelihood phylogenetic subtree of the genotype 1 core region (which includes the region targeted by the GT Plus assay) for samples belonging to Group 1 with a “not detected” result by the GT Plus assay.
	Table 1 Genotyping methods used and HCV genome target regions.
	Table 2 HCV genotype and subtype results according to the genotyping method used (n).
	Table 3 Sequencing results in samples with mixed HCV 1a + 1b subtypes as detected by either the GT II and/or the GT Plus assay.
	Table 4 Sequencing results in samples with mixed genotypes detected by the GT II assay.




