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ABSTRACT Hepatitis E virus (HEV) has emerged as a cause of chronic hepatitis among
immunocompromised patients. Molecular assays have become important tools for the
diagnosis and management of these chronically infected patients. A real-time reverse
transcription-quantitative PCR (RT-qPCR) assay utilizing Pleiades probe chemistry and an
RNA internal control for the simultaneous detection and quantification of HEV RNA in
human serum was developed based on an adaptation of a previously described and
broadly reactive primer set targeting the overlapping open reading frame 2/3 (ORF2/3)
nucleotide sequence of HEV. A chimeric bovine viral diarrhea virus construct containing
an HEV RNA insert (SynTura HEV) was developed, value assigned with the first World
Health Organization (WHO) international standard for HEV RNA (code 6329/10), and
used to prepare working assay calibrators and controls, which supported an assay quan-
tification range of 100 to 5,000,000 IU/ml. The analytical sensitivity (95% detection rate)
of this assay was 25.2 IU/ml (95% confidence interval [CI], 19.2 to 44.1 IU/ml). The assay
successfully amplified 16 different HEV sequences with significant nucleotide mismatch-
ing in primer/probe binding regions, while evaluation of a WHO international reference
panel for HEV genotypes (code 8578/13) showed viral load results falling within the re-
sult ranges generated by WHO collaborative study participants for all panel members
(genotypes 1 to 4). Broadly reactive RT-qPCR primers targeting HEV ORF2/3 were suc-
cessfully adapted for use in an assay based on Pleiades probe chemistry. The availability
of secondary standards calibrated to the WHO HEV international standard can improve
the standardization and performance of assays for the detection and quantification of
HEV RNA.
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Hepatitis E virus (HEV) is a small, nonenveloped, positive-stranded RNA virus that is
approximately 7.2 kb in length. The virus is a member of the Hepeviridae family and

contains short 5= and 3= untranslated regions (UTRs) and 3 partially overlapping open
reading frames (ORFs) (1). Currently, there are 4 major genotypes of HEV that have been
implicated in human disease. HEV genotypes 1 and 2 appear to be restricted to human
infection and have been strongly associated with waterborne, epidemic outbreaks of
disease in subtropical regions of the developing world (2, 3). In contrast, autochthonous
HEV infections occurring in industrialized countries and involving genotypes 3 and 4
have been shown to be zoonotic in origin and have been associated with direct animal
exposure, ingestion of raw or undercooked meats, and transmission via contaminated
blood products (4–6). These autochthonous HEV infections have occurred primarily in
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immunocompromised or immunosuppressed individuals (4, 7). More recently, chronic
infection due to a camelid HEV strain (genotype 7) was reported in a liver transplant
recipient (8).

In the setting of solid-organ transplantation (SOT), acute HEV infection can lead to
chronic hepatitis E, with a potential for rapid progression to cirrhosis (9–12). Therefore,
diagnostic testing for HEV is of particular importance among such patients exhibiting
signs and symptoms of viral hepatitis, particularly in those cases that cannot be
confirmed by routine virological testing. Additionally, due to the effects of immuno-
suppression and/or poor assay sensitivity, anti-HEV antibodies can remain undetected
or be inconsistently detected in some of these patients, further complicating the
diagnosis of hepatitis E and delaying appropriate medical intervention (13, 14).

Given these potential limitations of serological testing among immunocompro-
mised patients, the diagnosis and management of both acute and chronic HEV infec-
tions require a combination of serological and nucleic acid amplification techniques
(NATs) (15, 16). Molecular methods capable of accurately quantifying HEV viral load (VL)
have also become increasingly important for monitoring changes in VL among chron-
ically infected patients undergoing antiviral treatment. Significant decreases in serum
or plasma VL or viral clearance during therapy may be important predictors of the
virologic response (17–23).

Previous studies have shown that the performances of laboratory-developed tests
(LDTs) for the detection and quantification of HEV RNA can vary greatly as a result of
HEV diversity and assay design (24, 25). The assays shown to have the best overall
performance characteristics are real-time reverse transcription-quantitative PCR (RT-
qPCR) assays that target the overlapping region of ORF2 and ORF3 (24–27). Despite
their important role in patient care, there are currently no commercial molecular-based
assays for the detection of HEV RNA in human serum or plasma widely available in the
United States.

In response to these important and yet largely unmet clinical needs, we developed
and determined the performance characteristics of an RT-qPCR assay (HEV RT-qPCR) for
the simultaneous detection and quantification of HEV RNA in human serum. This assay,
based on Pleiades probe chemistry (28) and calibrated to the first World Health
Organization (WHO) international standard for HEV RNA (code 6329/10) (29), is an
adaptation of a previously described and broadly reactive primer/probe set targeting a
conserved nucleotide sequence in the ORF2/3 region of HEV (30).

RESULTS
Analytical specificity of RT-qPCR. Primer and probe sequences, based on an

adaptation of a previously described and broadly reactive qPCR primer/probe set (30),
were modified through the use of primers with 5= flaps to enhance amplification
efficiency (31), Pleiades probe chemistry (28), and the incorporation of modified bases
to optimize probe performance (32). The specificity of these primer and probe se-
quences was initially assessed by performing BLASTn searches with each of these
sequences. Results generated from sera of 50 healthy blood donors further confirmed
the assay specificity, with minimal background fluorescence being observed between
qPCR cycles 15 to 50 (ΔRn mean � 0.016; standard deviation [SD] � 0.006) and during
the dissociation curve analysis (�ΔRn/ΔT mean � 0.002; SD � 0.001). DNA oligonu-
cleotide constructs corresponding to 16 HEV sequences exhibiting high levels of
nucleotide mismatching within the HEV ORF2/3 primer and probe binding regions (see
Table S1 in the supplemental material) were tested by HEV RT-qPCR. Since all 16
constructs generated cycle threshold (CT) values and dissociation curves with melting
temperature (Tm) values ranging from 57.7°C to 68.2°C (Table S2), the primers and
probe used for HEV RT-qPCR demonstrated specific detection of this diverse group of
HEV sequence variants, including representative sequences of HEV genotypes 1
through 4.

Analytical sensitivity and linearity of RT-qPCR. Replicate testing performed with
dilutions of the WHO HEV international standard at levels of 500, 200, 50, 20, 10, and
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0 IU/ml demonstrated an analytical sensitivity (95% detection rate) of 25.2 IU/ml (95%
confidence interval [CI], 19.2 to 44.1 IU/ml) (see Table S3 in the supplemental material).
Among these replicates, dissociation curve analysis produced a mean Tm of 68.4°C
(range of 68.1°C to 68.9°C). Tenfold dilutions of SynTura HEV (2.00 log10 to 7.00 log10

IU/ml) were each tested 5 times in 3 separate assay runs. Linear regression produced a
slope of 1.039 (R2 � 0.998), with an overall mean VL difference of 0.06 log10 IU/ml and
individual differences ranging from �0.02 log10 to 0.27 log10 IU/ml (Fig. S1). The
within-run SD at various levels ranged from 0.07 log10 to 0.20 log10 IU/ml, while the
between-run SD at these various levels ranged from 0.03 log10 to 0.14 log10 IU/ml.
These results demonstrated good assay sensitivity, linearity, and reproducibility over a
VL range spanning 5 logs.

Calibrators and controls for RT-qPCR. Assay calibrators (SynTura HEV) and con-
trols were tested over 10 assay runs. The efficiencies of these qPCRs were determined
as follows: efficiency � 10(�1/slope) � 1. Acceptable qPCR efficiencies were expected to
range from 90% to 100%, with corresponding slopes ranging between �3.6 and �3.3,
respectively. Data from the 10 assay runs demonstrated excellent efficiency (mean
slope � �3.33; SD � 0.03) (see Table S4 in the supplemental material). The mean
results for the high- and low-positive controls were 4.83 log10 IU/ml (SD � 0.04 log10

IU/ml) and 2.80 log10 IU/ml (SD � 0.05 log10 IU/ml), respectively. The performance of
the HEV calibrators was evaluated by testing replicate dilutions (at 2.70 log10 and 4.00
log10 IU/ml) of the WHO HEV international standard by HEV RT-qPCR using these assay
calibrators to perform VL assignments, followed by a comparison of expected and
observed results. Observed mean VLs for the low (2.70 log10 IU/ml) and high (4.00 log10

IU/ml) dilutions of the WHO HEV international standard were 2.66 log10 IU/ml (range of
2.62 log10 to 2.72 log10 IU/ml) and 3.96 log10 IU/ml (range of 3.93 log10 to 3.98 log10

IU/ml), respectively. Consistent and reproducible results for these calibrators and
controls prepared with SynTura HEV were observed over multiple assay runs, support-
ing an HEV RT-qPCR quantification range extending from 100 (2.00 log10) IU/ml to
5,000,000 (6.70 log10) IU/ml.

Qualitative detection of HEV RNA. Results obtained from 125 clinical serum
specimens tested by HEV RT-qPCR and a previously described nested RT-PCR assay (33)
showed generally good qualitative agreement (Table 1). Complete agreement was
observed among those specimens known to contain HEV RNA (n � 35; all genotype 4)
and those specimens from patients with suspected viral hepatitis (n � 68). In contrast,
mixed results were observed among a group of HEV IgM-positive specimens (n � 22)
evaluated in this study: 10/22 (45.5%) specimens showed no evidence of HEV RNA by
either assay, 8/22 (36.4%) specimens yielded detectable HEV RNA by both assays (6
containing genotype 1and 2 containing genotype 3 HEV RNA), and 4/22 (18.2%)
specimens yielded evidence of HEV RNA by HEV RT-qPCR only. Among the 8 IgM-
positive specimens with detectable HEV RNA by both assays, the mean VL was 801,000
IU/ml (range of 943 to 5,110,000 IU/ml), while the mean VL among the 4 IgM-positive
specimens with detectable HEV RNA by HEV RT-qPCR only was 238 IU/ml (range of 129

TABLE 1 Qualitative detection of HEV RNA in clinical serum specimens

HEV RT-qPCR result category

No. of specimens with nested
RT-PCR result

Positive Negative

Not detected 0 78a

Detected but at �100 IU/ml 1b 0
Quantifiable (100 to 5,000,000 IU/ml) 42 4c

Detected but at �5,000,000 IU/ml 0 0
aThree specimens required repeat testing (1:10 dilution) by HEV RT-qPCR due to MS2 RNA internal control
failure (i.e., PCR inhibition) during initial testing.

bDilution in normal human serum (1:6 dilution) was performed prior to testing by HEV RT-qPCR due to an
insufficient sample volume.

cHEV RT-qPCR results of 129, 249, 260, and 313 IU/ml, with the specificity of amplification being confirmed
by dissociation curve analysis (Tm values of 68.7°C, 68.7°C, 68.8°C, and 68.9°C, respectively).
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to 313 IU/ml). The specific detection of HEV RNA was confirmed by dissociation curve
analysis for each of the 4 specimens with HEV RNA detectable by HEV RT-qPCR only
(Table 1), but no additional testing of these specimens was possible due to an
insufficient specimen volume. The failure of nested RT-PCR to detect HEV RNA in these
4 specimens may be due, at least in part, to the relatively low HEV RNA levels (i.e., �500
IU/ml) observed among these specimens. A failure rate of 2.4% (3/125) for the MS2 RNA
internal control was observed among these specimens tested by HEV RT-qPCR.

Agreement of HEV RNA results. All 11 members of the WHO HEV reference panel
(code 8578/13) (comprised of HEV genotypes 1a, 1a, 1e, 2a, 3, 3b, 3c, 3e, 3f, 4c, and 4g)
were detected by HEV RT-qPCR, with Tm values ranging from 68.2°C to 68.9°C and
falling within the Tm range (68.1°C to 68.9°C) observed for the WHO HEV international
standard (Fig. 1). HEV RT-qPCR also generated VL results that were comparable to the
VL results obtained by WHO collaborative study participants with this diverse group of
HEV strains, including those genotypes associated with chronic infections in immuno-
compromised subjects.

Serial VL monitoring in SOT recipients. Serial VL testing confirmed active HEV
infection and demonstrated rapid clearance of detectable HEV RNA with normalization
of the serum alanine aminotransferase (ALT) level in the orthotopic liver transplant
(OLT) recipient after a 3-month course of ribavirin therapy (Fig. 2A). Despite a rapid
decline in the HEV VL of �3 logs, accompanied by a temporary normalization of the ALT
level, HEV RNA remained detectable in a kidney/pancreas transplant (KPT) recipient
during and after a 6-month course of ribavirin therapy (Fig. 2B). Both of these HEV
strains were identified as genotype 3 strains. ALT level and HEV VL appeared to be well
correlated in these patients; however, results of HEV serological test results did not
correlate well with the presence or absence of HEV RNA in these SOT recipients.

DISCUSSION

The emergence of autochthonous HEV infection as a cause of hepatitis among SOT
recipients has highlighted the need for standardized, sensitive, and specific assays for
the detection and quantification of HEV RNA in clinical serum or plasma specimens.
Real-time PCR has become the preferred tool for those diagnostic laboratories involved
in molecular assay development because of its ability to detect as well as quantify the
target of interest, in addition to its relative ease of use, rapid turnaround time, and
reduced risk of contamination. Despite continued advances in real-time PCR technol-

FIG 1 Results of members of the WHO international reference panel for HEV genotypes (code 8578/13)
tested by HEV RT-qPCR. Viral load ranges for individual panel members, based on combined data
obtained by laboratories participating in the initial evaluation of this HEV genotype panel (see Table 12
in reference 42), are indicated by vertical lines, while values obtained by HEV RT-qPCR are indicated by
horizontal lines. Tm values were obtained by dissociation curve analysis performed in conjunction with
HEV RT-qPCR.
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ogy, the design and optimization of molecular assays remain challenging due to a
variety of issues ranging from target selection to probe design (32, 34–39).

The use of a broadly reactive, but relatively well-conserved, HEV primer/probe set
targeting the overlapping region of ORF2 and ORF3 (25, 27, 30) was critical to the
successful development of an RT-qPCR assay for the detection and quantification of
HEV RNA. However, the potential for novel single nucleotide polymorphisms (SNPs)
within the primer and probe binding regions still posed a potential risk for detection
failure or underquantification of HEV RNA levels due to failed or poor hybridization of

FIG 2 Viral loads generated from sera with HEV RT-qPCR demonstrating clearance of detectable HEV RNA
from a patient following treatment with ribavirin (A) and persistently detectable HEV RNA in a patient
following treatment with ribavirin (B). Detectable HEV RNA levels of �100 IU/ml are indicated by a plus
sign, while undetectable HEV RNA levels are indicated by a minus sign. The lower limit of quantification
(LLoQ) and limit of detection (LoD) for HEV RT-qPCR are represented by horizontal dotted lines. RBV,
ribavirin; Rx, treatment.
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primers and/or probe sequences to the complementary target sequence (29, 40).
Adaptation of the original probe sequence using a Pleiades probe design (28) en-
hanced the stability of probe binding through use of a minor groove binder (MGB)
moiety, minimized potential background fluorescence, and allowed the probe to
remain intact for dissociation curve analysis following PCR amplification. Because the
dissociation curve analysis allowed probe annealing at a lower temperature (35°C), the
use of this probe design also permitted fluorescence detection despite the presence of
SNPs that were not accounted for in the original TaqMan probe design.

As key characteristics for any real-time PCR assay used in diagnostic testing, accu-
racy and reproducibility are critical to the successful development of quantitative
molecular assays. Although the availability of the first WHO HEV international standard
(code 6329/10) marked an important step toward making standardized VL testing for
HEV possible (24), this standard contained a relatively low concentration (250,000
IU/ml) of HEV RNA and was available in only limited quantities. These limitations
necessitated the development of a secondary HEV standard that could be produced at
a higher concentration and in larger quantities for routine use for testing clinical serum
or plasma specimens.

The use of SynTura technology (41) to develop assay calibrators had several distinct
advantages over the use of plasmids or RNA transcripts containing the HEV target
sequence. Unlike a DNA-containing plasmid or RNA transcript, SynTura HEV is a
packaged, recombinant bovine viral diarrhea virus (BVDV) containing the HEV RNA
target sequence. Therefore, SynTura HEV more closely mimicked the actual virus and
offered a better accounting of the cumulative effects of the entire assay procedure on
VL measurement, including the impact of the RNA extraction and reverse transcription
steps. Since this secondary standard contains a relatively short segment of the HEV
genome (121-nucleotide [nt] sequence of overlapping HEV ORF2 and ORF3), it is
suitable for use only in molecular assays that share this relatively small target region. In
the present study, SynTura HEV proved to be a reliable source of biosynthetic HEV RNA
suitable for the development of a secondary standard, which was then used success-
fully in assay verification studies (e.g., linearity and reproducibility), and for the devel-
opment of assay calibrators and controls supporting an assay quantification range
spanning nearly 5 logs (100 to 5,000,000 IU/ml).

The overall performance characteristics of HEV RT-qPCR were favorable for its use for
the routine detection and quantification of HEV RNA in human serum. Evaluation of
qualitative results obtained from 125 clinical serum specimens (Table 1) suggests a
relatively low inhibition rate (2.4%) among clinical serum specimens tested by HEV
RT-qPCR along with a higher sensitivity than that of a previously described nested
RT-PCR protocol (33). The observed sensitivity of our assay (limit of detection [LoD] of
25.2 IU/ml; 95% CI, 19.2 to 44.1 IU/ml) was consistent with data from other reports that
recognized the relative insensitivity of some nested RT-PCR protocols for the detection
of HEV RNA (24). Furthermore, VL results obtained by testing members of the WHO HEV
genotype reference panel yielded satisfactory agreement with VL results generated by
collaborative study participants among representative strains of all 4 major HEV geno-
types (Fig. 1). Of particular importance, the narrow range of Tm values (68.2°C to 68.9°C)
associated with the amplification products generated from individual panel members
suggests that unanticipated SNPs with the potential to affect probe binding efficiency
were not present in any of the nucleotide sequences of these 11 HEV strains. Although
our assay was capable of amplifying and detecting all diluted DNA oligonucleotides
representing worst-case mismatching with assay primer and probe sequences (based
on reported HEV sequences available from GenBank), underquantification of HEV RNA
levels in clinical specimens containing such HEV strains could occur, as suggested by
the higher CT and lower Tm values observed with some of these oligonucleotides (see
Table S2 in the supplemental material).

The accurate detection and quantification of HEV RNA have become important tools
for the diagnosis of chronic HEV infection and monitoring of HEV VL in SOT recipients
undergoing antiviral treatment. In the present study, serial monitoring of HEV VL in the

HEV RNA Detection and Quantification Journal of Clinical Microbiology

May 2017 Volume 55 Issue 5 jcm.asm.org 1483

http://jcm.asm.org


2 SOT recipients demonstrated a rapid decline in HEV VL following the initiation of
ribavirin therapy. While a relatively good correlation was observed between ALT level
and HEV VL, direct measurement of HEV RNA levels currently offers the preferred means
of assessing viral kinetics in an infected patient.

In summary, our use of Pleiades probe chemistry, together with a broadly reactive
HEV primer/probe set and synthetic assay calibrators and controls (SynTura HEV),
enabled the development of an HEV RT-qPCR assay that is sensitive, accurate, and
reproducible, in addition to being able to detect and quantify HEV strains of all 4 major
genotypes. The use of secondary standards, like SynTura HEV, calibrated to the WHO
HEV international standard can improve the overall performance and standardization of
nucleic acid-based assays used for the detection and accurate quantification of HEV
RNA in clinical practice.

MATERIALS AND METHODS
Clinical specimens. A total of 125 serum specimens were selected for evaluation by HEV RT-qPCR,

including 68 specimens from patients with elevated serum transaminase levels and suspected viral
hepatitis, 22 specimens from patients with serological evidence of recent HEV infection (HEV IgM
antibody enzyme-linked immunosorbent assay [ELISA] kit; Anogen-Yes Biotech Laboratories, Mississauga,
Ontario, Canada), and 35 specimens known to contain HEV RNA. In addition to testing by HEV RT-qPCR,
all 125 specimens were tested for HEV RNA by a nested RT-PCR assay as previously described (33). The
691-bp products amplified by the nested RT-PCR assay for all HEV RNA-positive specimens were also
sequenced to determine the HEV genotype as previously described (5, 33). Finally, serial serum speci-
mens obtained from 2 SOT recipients, a 60-year-old male OLT recipient (n � 5) and a 56-year-old male
KPT recipient (n � 4), with serological evidence of HEV infection (recomWell HEV IgG, IgM; Mikrogen
GmbH, Neuried, Germany) were evaluated by HEV RT-qPCR. Genotypes of the HEV strains detected in
these 2 SOT recipients were determined by Sanger sequencing of segments of ORF1 and ORF2
performed at the Laboratory Branch of the Division of Viral Hepatitis, Centers for Disease Control and
Prevention, Atlanta, GA. This research study protocol was reviewed and approved by the Mayo Clinic
institutional review board.

HEV reference materials. The first WHO international standard for HEV RNA for nucleic acid
amplification technique (NAT)-based assays (code 6329/10) (29), consisting of HEV genotype 3a at a
reconstituted concentration of 250,000 IU/ml, was diluted (500, 200, 50, 20, 10, and 0 IU/ml) in normal
human serum for evaluation of analytical sensitivity. A total of 12 aliquots (600 �l each) were prepared
at each level and tested by HEV RT-qPCR. The first WHO international reference panel for HEV genotypes
for NAT-based assays (code 8578/13) (42), comprising 11 members and HEV genotypes 1a, 1a, 1e, 2a, 3,
3b, 3c, 3e, 3f, 4c, and 4g, was used to evaluate HEV genotype inclusivity and VL agreement with HEV
RT-qPCR results.

HEV sequence variants (DNA oligonucleotides). To evaluate the ability of HEV RT-qPCR to detect
atypical or variant HEV sequences, DNA oligonucleotide constructs corresponding to 16 HEV sequences
retrieved from the GenBank database and exhibiting high-level nucleotide mismatching within the HEV
ORF2/3 primer and probe binding regions (see Table S1 in the supplemental material) were synthesized
(Sigma-Aldrich Inc., St. Louis, MO), PAGE purified, quantified spectrophotometrically, and diluted to
�1,000 copies/ml prior to testing by HEV RT-qPCR. Data from dissociation (melt) curve analyses were
used to define a Tm acceptance range for use for the confirmation of HEV amplification products.

HEV secondary standard (SynTura HEV). A custom recombinant HEV reference material (SynTura
HEV) containing a 121-bp sequence corresponding to HEV genotype 3a (GenBank accession number
AF060669; nt 5258 to 5378) was developed in partnership with Thermo Scientific Quality Controls
(Fremont, CA). This material consisted of a BVDV construct modified by the introduction of 2 unique
restriction sites, SnaBI and PacI, enabling the insertion of the target sequence (41). After in vitro
transcripts of the recombinant viral genome were generated, RNA was introduced into Madin-Darby
bovine kidney (MDBK) cells, and recombinant BVDV-HEV was grown over several passages in the
laboratory. Viral progeny were sequenced and amplified by real-time PCR to ensure that the insert
contained the intended HEV sequence of the correct size. The SynTura HEV reference material was value
assigned and traceable to the WHO HEV international standard (43). A working assay calibrator, the
AcroMetrix primary standard (APS), was value assigned to the WHO HEV international standard. Subse-
quently, a custom manufacturing stock, the AcroMetrix standardized manufacturing stock (ASMS), was
value assigned by using the APS. All lots of SynTura HEV reference material were made by using the
ASMS and tested against the original APS to ensure consistency and traceability to this higher-order
standard.

SynTura HEV calibrators and controls. SynTura HEV reference material previously calibrated to the
WHO HEV international standard was diluted with normal human serum to prepare 5-member calibration
panels (at HEV RNA levels of 500, 5,000, 50,000, 500,000, and 5,000,000 IU/ml) and assay controls at 3
levels (0, 750, and 75,000 IU/ml). Calibrators and controls prepared by the manufacturer and shipped
frozen as single-use aliquots were stable for a minimum of 1 year when stored at �70°C (data not
shown). An acceptable performance of the HEV calibrators was confirmed by testing replicate dilutions
(2.70 and 4.00 log10 IU/ml) of the WHO HEV international standard by HEV RT-qPCR and comparing
expected and observed results.
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Nucleic acid extraction. The MagNA Pure LC high-performance total nucleic acid isolation kit, the
MagNA Pure LC instrument, and the Total NA HS 500 extraction protocol (Roche Diagnostics Corp.,
Indianapolis, IN) were used for sample preparation with input and elution volumes of 500 �l and 75 �l,
respectively. A bacteriophage MS2 RNA internal control (MGB Alert MS2 RNA template; ELITechGroup
Inc., Bothell, WA) was added directly to the MagNA Pure LC lysis/binding buffer (1:12,000 ratio) just prior
to the start of automated sample processing to protect it from RNase digestion in the unprocessed serum
specimens. Assuming 100% recovery of the template, each reaction mixture contained �250 copies of
the MS2 RNA internal control.

RT-qPCR primers and probes. The primer and probe sequences used for HEV RT-qPCR were based
on an adaptation of a previously described and broadly reactive primer set that amplifies a 69-bp
segment of the HEV ORF2/3 nucleotide sequence (30). The final assay design utilizing MGB Pleiades
probe chemistry (28) was developed in collaboration with ELITechGroup Inc. (Bothell, WA) and was used
in conjunction with an MS2 RNA internal control primer/probe set as outlined in Table 2.

RT-qPCR amplification. Each 50-�l reaction mixture combined 25 �l of the sample eluate with
primers and probes and a custom 5� LibertyTaq One-Step RT-qPCR master mix containing heat-labile
uracil-N-glycosylase (UNG) and ROX passive reference dye (Thermo Fisher Scientific, Waltham, MA).
Amplification and detection were performed on an Applied Biosystems 7900HT Fast real-time PCR
system (Thermo Fisher Scientific) using ROX reference dye normalization, 100% ramp rates, and the
following thermal cycling profile: 20 min at 30°C for one cycle, 5 min at 55°C for one cycle, 30 min at 49°C
for one cycle, and 2 min at 95°C for one cycle, followed by 50 repetitions of a three-step cycle (15 s at
95°C, 30 s at 56°C, and 30 s at 72°C). This amplification profile was followed by dissociation curve analysis,
which consisted of a 15-s hold time each at 95°C, 35°C, and 95°C with 100% ramp rates, except for a 5%
ramp rate during the final ramp from 35°C to 95°C. Fluorescent signals for HEV (6-carboxyfluorescein
[FAM] dye [absorption wavelength {�} � 496 nm; emission � � 517 nm]) and the MS2 RNA internal
control (AP525 dye [absorption � � 527 nm; emission � � 549 nm]) were acquired during each annealing
step of the amplification and throughout the final ramp of the dissociation step. The maximum change
in normalized fluorescence (ΔRn) values obtained from the sera of 50 healthy blood donors without
evidence of HEV infection were used to determine the mean background ΔRn and to establish a
standardized CT value of 0.08 ΔRn (mean background ΔRn plus 10 SD) for the assessment of HEV target
and MS2 RNA internal control amplification curves along with a CT acceptance range (30 to 42 cycles) for
the MS2 RNA internal control (data not shown).

Statistical analysis. Results from testing of the 12 replicate HEV RNA dilution panels (500, 200, 50,
20, and 0 IU/ml) prepared from the WHO HEV international standard were evaluated by Probit regression
analysis using a 95% detection rate.

SUPPLEMENTAL MATERIAL
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TABLE 2 HEV and internal control RT-qPCR primers and Pleiades probes

Target and primer
or probe Nucleotide sequencea

Concn
(1�) (�M)

HEV ORF 2/3
HEV forward primer 5=-AATAAATCATAAGGTGGTTTCTGGGGTGAC-3= 0.250
HEV reverse primer 5=-AATAAATCATAAGGGGTTGGTTGGATGAA-3= 1.000
HEV probe 5=-MGB-FAM-G*TGATTCTCAGCCCTTCG-NFQ-3= 0.400

MS2 RNA internal control
MS2 forward primer 5=-CCA*TCAAA*GTCGA*GGTGCCTAAAGTG-3= 0.075
MS2 reverse primer 5=-ACGAACGCCATGCGGCTACAGGAAGCTC-3= 0.075
MS2 probe 5=-MGB-AP525-G*CTGTTGGTGGTGTAGAGC-NFQ-3= 0.200

aUnderlined nucleotides represent 5= flaps added to enhance RT-qPCR amplification (31). G*and A* represent
super G and super A bases (ELITechGroup Inc.) incorporated to enhance stability (32). AP525, proprietary
fluorescent dye (ELITechGroup Inc.); FAM, 6-carboxyfluorescein; MGB, minor grove binder; NFQ,
nonfluorescent quencher; ORF, open reading frame.
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for Disease Control and Prevention, Atlanta, GA) for assistance in determining the HEV
genotypes in the SOT recipients.
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