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Abstract: Hepatitis A virus (HAV) is an emerging public health concern and there is an urgent need
for ways to rapidly identify cases so that outbreaks can be managed effectively. Conventional testing
for HAV relies on anti-HAV IgM seropositivity. However, studies estimate that 10-30% of patients
may not be diagnosed by serology. Molecular assays that can directly detect viral nucleic acids have
the potential to improve diagnosis, which is key to prevent the spread of infections. In this study, we
developed a real-time PCR (RT-PCR) assay to detect HAV RNA for the identification of acute HAV
infection. Primers were designed to target the conserved 5'-untranslated region (5'-UTR) of HAV, and
the assay was optimized on both the Qiagen Rotor-Gene and the BD MAX. We successfully detected
HAV from patient serum and stool samples with moderate differences in sensitivity and specificity
depending on the platform used. Our results highlight the clinical utility of using a molecular assay
to detect HAV from various specimen types that can be implemented in hospitals to assist with
diagnostics, treatment and prevention.

Keywords: viral hepatitis; clinical diagnostics; real-time PCR

1. Introduction

Hepatitis A virus is part of the genus Hepatovirus, within the Picornaviridae family.
It has a single-stranded positive-sense RNA genome and is primarily transmitted by the
fecal-oral route [1]. The virus causes acute infection of the liver that results in fatigue,
hepatitis and jaundice. Complications can include relapsing disease and in rare cases,
fulminant hepatic failure [2]. Globally the virus is a major cause of acute hepatitis [3]
and is responsible for over 1.5 million cases annually. Serological studies have shown
higher prevalence of hepatitis A virus (HAV) infection in many low- and middle-income
countries compared with high-income countries, and many individuals are likely infected
asymptomatically at a young age. However, increasing numbers of outbreaks are being
seen in regions with low endemicity and minimal population immunity, due to travel and
the international food trade that has resulted from globalization [4]. North America is
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considered a low endemicity setting with the majority of cases due to travel to high-burden
countries [5], although imported cases have the potential to cause disease spread. Recent
outbreaks in Canada and the USA demonstrate the importance of rapid case identification,
outbreak management and contact tracing. In the 2016-18 outbreak in San Diego County,
a high proportion of cases occurred among street-involved populations, most notably
among people who use drugs (PWUD) and individuals experiencing homelessness [3,6]. In
addition to numerous patients requiring hospitalization, a 3% mortality rate was reported
among cases. In Canada, it is estimated that each symptomatic case of HAV results in CAD
1140 to 1923 of direct costs to the healthcare system [7,8]. In Ontario from 2017 to 2018,
347 cases were reported with 134 being outbreak-associated cases [9]. Of note, prior to 2018,
Canadian data indicated that fewer than 300 cases were reported nationally highlighting
the increase in disease burden. Moreover, recent outbreaks highlight an urgent need for
rapid case identification in non-endemic countries to help prevent the spread of infections.

Infection with HAV is clinically indistinguishable from other presentations of viral
hepatitis. There is only one serotype of HAV and diagnosis has traditionally relied on
serological detection of IgM antibodies. However, IgM has a low predictive value in
patients that do not have a hallmark clinical presentation, and the antibodies may be
detected as much as six months after infection [10]. Moreover, in 10-30% of patients there
is the potential for false negative and indeterminate results, especially if the individual is
tested during the serological window [11], which can result in delays in case identification.
This is important as timely administration of immune-globulin and vaccines can moderate
disease, and limit transmission. Molecular assays have the potential to improve diagnosis
and expedite public health interventions by identifying cases that are seronegative at the
time of presentation [12,13].

The virus has a ~7.5 kb genome which comprises a 5'-untranslated region (5'-UTR),
a single open reading frame that encodes for structural proteins (VP4, VP2, VP3, and
VP1) and non-structural proteins (2A-C and 3A-D), and a 3’-untranslated region (3’-UTR)
followed by a poly(A) tail(1). Based on the nucleotide sequence at the VP1/2A junction,
HAV has been classified into six genotypes. Genotypes I-1II are known to infect humans
and there are two sub-genotypes, A and B, under each genotype [14]. The 5-UTR is a
highly conserved region, making it an ideal target for the identification of a virus that has
significant genetic diversity [14-16]. Although laboratory-developed assays are in use, there
is a paucity of molecular assays for diagnosing HAV infections that have been approved
for clinical use. In this study, we developed a real-time PCR (RT-PCR) assay that detects
the 5'-UTR of the HAV genome. We found that the assay can be used to detect HAV RNA
from serum and stool samples, which are often easier to collect, especially from pediatric
patients. This assay has the potential to be applied clinically to accurately detect multiple
HAV genotypes from patient samples to improve case identification and surveillance.

2. Materials and Methods
2.1. Patient Samples

De-identified stool, plasma or serum samples from hepatitis A virus (HAV) IgM
positive and negative patients were samples that were previously biobanked. Plasma
samples from patients with serological evidence of hepatitis C virus (HCV) exposure or
that were positive for hepatitis B virus (HBV) surface antigen were also tested as well as
those from patients who were RT-PCR positive for hepatitis E virus [17]. All samples were
obtained retrospectively and were included as they were ordered by the clinician for testing
for HAV or for viral hepatitis (in the case of HEV, HBV and HCV positive samples), or
were part of outbreak investigation (in the case of samples for the London and Philadelphia
outbreaks). Specimens that were IgM negative were randomly selected within the specific
time period that had sufficient volume for further testing.
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2.2. Viruses

To investigate assay specificity, a real-time PCR (RT-PCR) was also undertaken us-
ing supernatant from cells infected with herpes simplex virus 1 (HSV1), herpes simplex
virus 2 (HSV2), varicella zoster virus (VZV), cytomegalovirus (CMV), human herpesvirus 6
(HHV6), human herpesvirus 7 (HHV?) or enterovirus D68. Virus stocks of HSV1, HSV2,
VZV and CMYV, originally purchased as seeds from Diagnostic Hybrids, were grown in
the appropriate cell lines and tested for purity using both fluorescent antibodies and
lab-developed PCR before being stored at —70 °C as stocks. HS27 shell vials (Quidel,
Burlington, ON, Canada) were used for varicella and cytomegalovirus, and H and V shell
vials (Quidel, Burlington, ON, Canada) were used for HSV1 and 2 to prepare working con-
centrations of virus stocks. DNA from HHV6 and HHV7 and RNA from enterovirus D-68
was acquired from the National Microbiology Laboratory (NML) (Winnipeg, MB, Canada).

2.3. Bacterial Strains and Growth Conditions

Escherichia coli DH5o harboring the pUC57 plasmid containing the 5'-untranslated region
(5’-UTR) of HAV, HA16-1496 (GenBank ID: LC373510.1) (pUC57-5'-UTR-HAV) (GenScript,
Piscataway, NJ, USA) was grown in LB medium supplemented with 200 pg/mL of ampicillin
and grown at 37 °C with shaking. The plasmid was purified using the Monarch Plasmid
Miniprep Kit (New England BioLabs, Whitby, ON, Canada) for downstream experiments.

2.4. Primer Design, Nucleic Acid Extraction, and Real-Time PCR

Primers were designed using Geneious v9 [18] to target the 5’-UTR of HAV based on
an alignment between 25 complete genome sequences from the National Center for Biotech-
nology Information (NCBI) (database queried February 2019). The alignment was manually
screened for conserved regions, and the primers were screened using BLAST for non-
specificity. Primer sequences selected were: HAVF2-GAGATGCCTTGGATAGGGTAAC;
HAVR2-GAGACAGCCCTGACAATCAA, and primer concentrations were optimized on
the Qiagen Rotor-Gene. For RT-PCR on the Qiagen Rotor-Gene, 200 pL of serum or 140 uL of
a clarified stool preparation was extracted into 55 uL eluate using the NucliSENS easyMag
(bioMérieux, Craponne, France). Each 12.5 uL reaction mix consisted of 6.25 pL of Quanti-
tect SYBR Green RT-PCR master mix (Qiagen, Toronto Canada), 1.25 pL of 10X primer mix
(for a final concentration of 0.2 uM per reaction) (Integrated DNA Technologies, Coralville,
LA, USA), 0.125 pL Quantitect Reverse Transcriptase (Qiagen, Toronto, ON, Canada),
2.375 pL nuclease-free water (Invitrogen, Burlington, ON, Canada), and 2.5 pL of RNA
template. The amplification protocol was 20 min at 50 °C, 15 min at 95 °C followed by
40 cycles of 15s at 95 °C, 30 s at 59 °C and 20 s at 72 °C. Signal was acquired in the green
(FAM) channel during extension. Amplification was followed by a melt curve running
from 65 to 95 °C. The first derivative melt temperature was calculated by the instrument.
For RT-PCR on the BD MAX platform, nucleic acids were extracted from 100-200 uL of
serum (depending on the volume available), 1 uL of neat stool or 5 pL of 1:10 stool prepara-
tion in nuclease-free water (Invitrogen, Burlington, ON, Canada) was performed by the
instrument using the BD MAX ExK TNA2 extraction kit (Beckton Dickinson, Mississauga,
ON, Canada). For the clarified stool preparation, a small amount (pea-sized) of stool was
diluted in 1 mL of phosphate-buffered saline (PBS), homogenized by vortexing, and then
centrifuged at 10,000 x g for 10 min. The supernatant was collected and used as template for
RT-PCR. Each RT-PCR reaction consisted of 12.5 puL of Luna Universal One-Step RT-qPCR
Master Mix (New England BioLabs, Canada), 2.5 uL of 10x primer mix (Integrated DNA
Technologies), and 1.25 uL of reverse transcriptase (New England BioLabs, Canada). The
ExK TNAZ2 test strip was set up according to the manufacturer’s instructions for the BD
MAX. The instrument was set to workflow type 1 extraction and PCR amplification was
performed for 10 min at 55 °C and 10 min at 98 °C, followed by 45 cycles of 10 s at 97 °C
and 46.9 s at 60 °C. Signal was acquired in the green (FAM) channel during the annealing
and extension step. Amplification was followed by a melt curve running from 60 to 95 °C
and the first derivative melt temperature was calculated by the instrument.
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2.5. Limit of Detection of RT-PCR Assay

Pooled normal human serum (Innovative Research) was spiked with pUC57-5'-UTR-
HAV and a ten-fold dilution series from 10!! to 10° copies/mL was produced. Two
hundred microliters of each dilution as well as negative serum control samples were
extracted in triplicate using the NucliSENS easyMag (bioMérieux, Craponne, France). The
RT-PCR was performed on the Qiagen Rotor-Gene using primers HAVF1 and HAVR2 to
approximate a concentration range for determining the limit of detection starting at the
lowest concentration at which the plasmid was detected in 100% of the triplicate samples.
Based on the RT-PCR data from the ten-fold dilution series, pUC57-5'-UTR-HAV was spiked
into pooled human serum (Innovative Research, Novi, MI, USA) and a five-fold dilution
series from 10* to 80 copies/mL was produced. Ten replicates of 200 uL of each dilution and
three replicates of negative serum samples were extracted using the NucliSENS easyMag.
The RT-PCR was performed as previously described to determine the lowest concentration
at which the plasmid was detected in 100% of the ten replicates.

2.6. Genotyping and Phylogenetic Analysis

Genotyping of the outbreak samples was performed by the Centers for Disease Control
and Prevention (CDC) (Atlanta, GA, USA) or by the NML (Winnipeg, MB, Canada) in
the case of banked samples by sequencing a 349 bp fragment in the VP1/2A region of the
HAYV genome using previously described methods [6]. Sequence analysis was undertaken
with DNAStar Lasergene 11 (DNASTAR, Madison, WI, USA) and Geneious v7.0.5 (Biomat-
ters, Aukland, New Zealand). A phylogenetic tree was constructed based on maximum
likelihood algorithms [19]. Figures were generated using GraphPad Prism v6.0.

3. Results
3.1. Analytical Specificity of Primers

The HAVF1 and HAVR?2 primers that were selected for the real-time PCR (RT-PCR)
assay were designed based on an alignment between 25 complete hepatitis A virus (HAV)
genome sequences from stool and serum isolates from different geographical regions
(Table 1). Cell culture supernatant from cell lines infected with herpes simplex virus 1
(HSV1), herpes simplex virus 2 (HSV2), varicella zoster virus (VZV) or cytomegalovirus
(CMV) also resulted in cross-reactivity with the HAV primers. Similarly, we also tested the
HAV primers with DNA from human herpesvirus 6 (HHV6), human herpesvirus 7 (HHV?)
and RNA from enterovirus D68. PCR amplification was observed with HHV7; however,
the cycle threshold (Ct) value was 35.7, likely indicating a false positive.

3.2. Limit of Detection

To determine the limit of detection (LoD) for the detection of HAV by RT-PCR, we
spiked pooled normal human serum (NHS) with known concentrations of a plasmid con-
taining the 5'-untranslated region (5'-UTR) of HAV (pUC57-5'-UTR-HAV). We determined
that the LoD of the RT-PCR assay was 4.3 x 10? copies/mL.

3.3. Detection of HAV from Banked Patient Serum Samples

To evaluate the sensitivity and specificity of the RT-PCR assay on the Qiagen Rotor-
Gene and the BD MAX using clinical specimens, we used banked serum samples from
HAV IgM-positive (n = 77) and negative individuals (n = 44). Within the samples that were
HAV IgM negative (n = 44) we included samples that were either positive for hepatitis
B virus (HBV) surface antigen (n = 7), hepatitis C virus (HCV) antibody-positive (n = 3),
or HEV RNA-positive (n = 10). We did not observe cross-reactivity with HEV RNA-
positive samples.

The sensitivity of the assay was 94.8% (95% CI: 87.2-98.6) and the specificity was
100% (95% CI: 82.4-100) on the Rotor-Gene (Table 2). However, when the samples were
tested on the BD MAX, the assay showed 87% (95% CI: 73.7-95.1) sensitivity and 94.7%
(95% CI: 74-99.9) specificity (Table 2). In addition, the positive predictive value (PPV) and
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negative predictive value (NPV) were 100% and 91.7%, respectively, on the Rotor-Gene.
Genotyping of HAV from these samples indicated that HAV belonging to genotypes IA, IB
and IIIA were tested (Table 3). These findings demonstrate that multiple HAV genotypes
can be detected from serum specimens using RT-PCR.

Table 1. Hepatitis A genome sequences from NCBI.

GenBank ID Source Geographical Region
HV192266.1 Simian Kenya
K02990.1 Human stool USA
AB793726.1 Human serum Japan
AB793725.1 Human serum Japan
L.C049342.1 Human serum Mongolia
LC049339.1 Human serum Mongolia
LC049337.1 Human serum Mongolia
LC049341.1 Human serum Mongolia
LC049338.1 Human serum Mongolia
AB839695.1 Human serum Indonesia
AB839693.1 Human serum Indonesia
AB839697.1 Human serum Indonesia
AB839696.1 Human serum Indonesia
AB839694.1 Human serum Indonesia
AB839692.1 Human serum Indonesia
AF485328.1 Unknown China
LC373510.1 Human serum Japan
LC191189.1 Human serum Japan
AB623053.1 Human serum Japan
L.C049340.1 Human serum Mongolia
MG546668.1 Human serum Iran
KX228694.1 Sewage Egypt
M20273.1 Unknown Unknown
AB258387.1 Human serum Japan
JQ655151.1 Human stool Korea

Table 2. Sensitivity and specificity of RT-PCR assay using serum and fecal samples. Confidence
intervals were not calculated on groups with <10 samples.

Serum Samples (n = 121) Qiagen Rotor-Gene BD-MAX
94.8 87
% Sensitivity (95% CI: 87.2-98.6) (95% CI: 73.7-95.1)
100.0 94.7
% Specificity (95% CI: 92.0-100.0) (95% CI: 74.0-99.9)
Fecal samples (1 = 8) Qiagen Rotor-Gene BD-MAX
50 100
% Sensitivity n=2/4) n=4/4)
100 100
% Specificity (n=4/4) (n=4/4)

3.4. Detection of HAV from Stool Samples

In addition to testing serum samples from patients, we also wanted to determine
whether our diagnostic assay can detect HAV from stool samples, as this would have sig-
nificant utility in pediatric populations where sample collection is easier than venipuncture.
We tested stool samples from HAV IgM-positive (n = 4) and HAV IgM-negative (n = 4)
individuals and found that the sensitivity was 50% and the specificity was 100% on the
Rotor-Gene. In addition, we determined that the PPV was 100% and the NPV was 66.7%
(Table 2). In contrast, when the same samples were tested on the BD MAX, the sensitivity
and specificity as well as the PPV and NPV were 100% (Table 2). Together, these data
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suggest that the sensitivity and specificity of the HAV RT-PCR assay differ depending on
the clinical platform that is used when testing stool samples.

Table 3. Hepatitis A genotype of IgM-positive serum samples.

Sample Genotype Sample Genotype
1 1A 39 1B
2 1B 40 1A
3 1A 41 1A
4 1A 42 1B
5 3A 43 3A
6 1B 44 3A
7 1A 45 1B
8 3A 46 1A
9 1B 47 1A

10 1B 48 1A
11 3A 49 1A
12 3A 50 1A
13 3A 51 1A
14 1A 52 1A
15 3A 53 1A
16 3A 54 1A
17 1B 55 1A
18 1B 56 1A
19 3A 57 1A
20 1A 58 1A
21 1A 59 1A
22 1B 60 1A
23 1B 61 1A
24 1A 62 1A
25 1B 63 1A
26 3A 64 1A
27 1A 65 1A
28 1B 66 1B
29 3A 67 1B
30 1B 68 1B
31 3A 69 1B
32 1A 70 3A
33 1A 71 3A
34 3A 72 3A
35 1B 73 3A
36 1A 74 3A
37 3A 75 3A
38 1A

3.5. Clinical Evaluation of Outbreak Samples

The clinical performance of our assay was further evaluated using HAV IgM-positive
(n = 25) and IgM-negative (n = 20) serum samples that were collected from the Philadelphia,
Pennsylvania outbreak in 2019 (Figure 1). Testing of the samples on the Rotor-Gene and
the BD MAX showed 80% sensitivity and 100% specificity on both platforms. We found
that the PPV and NPV were 100% and 80%, respectively. Additionally, we also tested five
samples from the 2018 outbreak in Ontario, Canada, and found that our RT-PCR assay
correctly identified all the samples on both the Rotor-Gene and the BD MAX.
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Figure 1. Analysis of outbreak samples. A fragment in the VP1-P2B of the HAV genome was
sequenced for genotyping and a phylogenetic tree was constructed using maximum likelihood
algorithms. Red circles represent sequenced isolates that were part of an outbreak identified in
Philadelphia. White circles represent reference sequences.

4. Discussion

Since 2017, over 30 states in the United States of America (USA) have reported hepatitis
A virus (HAV) outbreaks to the Centers for Disease Control and Prevention (CDC) and case
counts have totaled more than 27,000 [20]. Large outbreaks such as the one in San Diego
County in 2017 highlight the importance of promptly identifying cases to provide appro-
priate care to patients [6,21]. Currently, the gold standard for diagnosing HAV infections
relies on the presence of anti-HAV IgM antibodies. However, serological testing has low
predictive value and is not always suitable for detecting recent infections [11]. Molecular
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assays can be used to supplement or confirm serology results, as it has been reported that
viral RNA can be detected 17 days prior to and 79 days after the peak of liver enzyme
levels in patients with hepatitis [19]. Here, we designed a real-time PCR (RT-PCR) assay
that targets the 5'-untranslated region (5'-UTR) of HAV and is compatible with multiple
platforms including the Qiagen Rotor-Gene and the BD MAX. Additionally, our assay
did not cross-react with other common hepatitis viruses which could present with similar
symptoms as would be seen in an acute HAV infection. Moreover, our assay is capable
of detecting HAV genotypes IA, IB and IIIA from patient samples, which are the most
common strains circulating in North America [3]. In 2018-19, the Canadian National Mi-
crobiology Laboratory identified the four most common genotypes in Canada. Genotypes
la and 3a were the most prevalent (55.7% and 28.6%, respectively), but multi-jurisdictional
“outbreaks” have been observed with 1a, 1b and 3a during this time. Transmission net-
works/outbreaks have been observed due to contaminated food, but also occur among
men who have sex with men and are also associated with homelessness and injection drug
use. For the Philadelphia outbreak samples, the HAV genotype was not known for all
samples, which made it difficult to determine whether potential differences in the HAV
genomes accounted for discrepancies in our results.

Previously, a set of RT-PCR assays were developed that used sub-type-specific primer
and probe sets for detecting each HAV sub-genotype [22]. Although the assay was able
to accurately identify the six different HAV sub-types from patient samples, single-plex
assays can increase the turnaround time and ease of application in a clinical setting. By
contrast, the California Department of Public Health developed an improved multiplex
RT-PCR assay for sub-genomic identification of HAV genotypes IA, IB and IIIA, and the
sensitivity and specificity were greater than 97% [23,24]. This study and others have also
designed assays using FRET-based probes such as TagMan or molecular beacon to target
the VP1 capsid region or the 5'-UTR. Consistent with the design of our assay, targeting the
well-conserved 5'-UTR is a common approach for molecular detection of HAV because the
virus is genetically diverse [1,24]. The development of a consensus assay that can detect
multiple HAV genotypes is cost-effective and allows for rapid diagnosis of infections, and
a first important step will be determining an internationally agreed-upon set of primers
and probes, likely targeting the 5'-UTR [25].

Interestingly, we found that the detection of HAV in serum and stool specimens on
the Qiagen Rotor-Gene and BD MAX varied depending on the platform that we used.
Performance differences are likely attributable to the use of different nucleic acid extraction
platforms (NucliSENS easyMag vs. BD MAX), and further optimization of techniques by
labs planning to carry out manual extractions may yield more consistent results. In the
case of the outbreak samples, it is also possible that discrepancies in our RT-PCR data may
be due to patients seroconverting but no longer being viremic. Based on our results, it is
unlikely that the primers were cross-reactive with other hepatitis viruses as we did not
observe amplification from serum samples that were positive for hepatitis B surface antigen
or hepatitis C antibodies.

There are several limitations to our study that will be addressed in the future to further
validate the RT-PCR assay. First, we had access to a limited number of stool samples for
testing, and the genotypes of the viruses identified were not known. Although our data
demonstrate proof of principle that the assay can be used for surveillance testing of stools
(e.g., screening in outbreak settings, determining when individuals stop shedding), the
paucity of samples makes it challenging to reliably determine sensitivity and specificity.
Access to stool samples for HAV is relatively challenging in our region due to low preva-
lence, and the fact that stools are not routinely collected for diagnosis of HAV; nonetheless,
additional evaluation is necessary.

Additionally, although the serum samples tested were from multiple geographical
regions, we were only able to test isolates from genotypes IA, IB and IIIA. Future work will
include investigating the efficacy of the RT-PCR assay for detecting other HAV genotypes
and sub-genotypes. In addition, it would be informative to determine the limit of detection
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(LDT) of HAV in stool samples, which would complement the LDT analyses we performed
in serum. Performing validation of the LDT as a quantitative assay may also be useful for
monitoring viremia in patients. A study of 770 Korean patients with acute HAV infection
suggested that viral load was an indicator of disease severity, as individuals with severe
acute hepatitis had a >1-log higher viral load on average compared with moderate cases [26].
Further investigation to determine the specific viral load (e.g., >10° copies/mL) associated
with poor prognosis or greater transmission could be useful in improving clinical care and
outbreak responses.

At present, detection of IgM in patient serum is the predominant method for acute
case identification and has good clinical utility (https://www.who.int/news-room/fact-
sheets/detail /hepatitis-a, accessed on 1 January 2022). However, serology has limitations
including the potential for false negatives, possibly as a result of low antibody titers as well
as the persistence of antibodies for months after an acute infection, potentially limiting the
ability to perform outbreak investigation [27]. Viral RNA has been detected 14 days prior
to acute serological markers, and thus molecular testing has the potential for detection
of asymptomatic cases and can improve contact tracing [19]. Additionally, the potential
to test stool samples may be of value for surveillance studies in low- and middle-income
countries. Potentially, a hybrid approach that utilizes serology and molecular testing could
be applied in patients where acute infection is suspected. In this scenario, serological
screening could be performed first, and seronegative patients could be subsequently tested
by RT-PCR to reduce the potential for cases being missed. Additionally, this method could
help reduce false-positive cases in patients who do not present with acute hepatitis and
may be an alternative to avidity testing [28]. From a clinical standpoint, this could help
reduce transmission, as well as identify individuals who may benefit from post-exposure
prophylaxis. However, labs will need to evaluate specimen workflow, cost and local
prevalence in order to determine the feasibility of this approach.

5. Conclusions

In summary, we have developed a real-time PCR (RT-PCR) assay that targets the
5'-untranslated region (5'-UTR) of hepatitis A virus (HAV) and can detect multiple HAV
genotypes from serum or stool specimens. The assay has been optimized for use on the
Qiagen Rotor-Gene and BD MAX, which are platforms that are common to many clinical
microbiology laboratories. Given the increase in frequency of HAV outbreaks in non-
endemic countries, our assay shows promise for improving case identification, which can
assist in an overall public health response.

Author Contributions: Conceptualization, R.A K. and M.S.; Supervision, R.A K. and M.S.; Method-
ology, RAK, C.R. and M.R.-G; Validation, R A K., CR.,, M.R.-G,,N.YE.C, ].B,, ].D., L.G,, N.M. and
S.R; Formal analysis and investigation, A.C., M.B., C.O., CR,, M.R-G,, L.G,, S.R,, NM,, N.YE.C. and
R.A K.; Writing—original draft preparation R.A.K., M.B., M.R.-G., N.Y.E.C. and M.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicatble.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Vaughan, G.; Rossi, LM.G.; Forbi, ].C.; de Paula, V.; Purdy, M.A,; Xia, G.; Khudyakov, Y.E. Hepatitis A virus: Host interactions,
molecular epidemiology and evolution. Infect. Genet. Evol. 2014, 21, 227-243. [CrossRef]

2. Tong, MJ,; el-Farra, N.S.; Grew, ML.I. Clinical manifestations of hepatitis A: Recent experience in a community teaching hospital.
J. Infect. Dis. 1995, 171 (Suppl. 1), S15-518. [CrossRef] [PubMed]


https://www.who.int/news-room/fact-sheets/detail/hepatitis-a
https://www.who.int/news-room/fact-sheets/detail/hepatitis-a
http://doi.org/10.1016/j.meegid.2013.10.023
http://doi.org/10.1093/infdis/171.Supplement_1.S15
http://www.ncbi.nlm.nih.gov/pubmed/7876641

Viruses 2022, 14, 159 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Foster, M.A.; Hofmeister, M.G.; Kupronis, B.A ; Lin, Y.; Xia, G.L.; Yin, S.; Teshale, E. Increase in Hepatitis A Virus Infections—
United States, 2013-2018. MMWR Morb. Mortal. Wkly. Rep. 2019, 68, 413-415. [CrossRef]

Jacobsen, K.H. Globalization and the Changing Epidemiology of Hepatitis A Virus. Cold Spring Harb. Perspect. Med. 2018,
8, a031716. [CrossRef] [PubMed]

Franco, E.; Meleleo, C.; Serino, L.; Sorbara, D.; Zaratti, L. Hepatitis A: Epidemiology and prevention in developing countries.
World |. Hepatol. 2012, 4, 68-73. [CrossRef]

Foster, M.; Ramachandran, S.; Myatt, K.; Donovan, D.; Bohm, S.; Fiedler, ].; Barbeau, B.; Collins, J.; Thoroughman, D.; McDonald,
E.; et al. Hepatitis A Virus Outbreaks Associated with Drug Use and Homelessness - California, Kentucky, Michigan, and Utah,
2017. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 1208-1210. [CrossRef] [PubMed]

Keystone, ].S.; Hershey, ] H. The underestimated risk of hepatitis A and hepatitis B: Benefits of an accelerated vaccination schedule.
Int. J. Infect. Dis. 2008, 12, 3-11. [CrossRef] [PubMed]

Bauch, C.T.; Anonychuk, A.M.; Pham, B.Z.; Gilca, V.; Duval, B.; Krahn, M.D. Cost-utility of universal hepatitis A vaccination in
Canada. Vaccine 2007, 25, 8536-8548. [CrossRef] [PubMed]

Public Health Ontario. Infectious Disease Trends in Ontario. 2020. Available online: https://www.publichealthontario.ca/-/
media/documents/i/2019/idto-technical-notes.pdf?la=en (accessed on 4 September 2020).

Castrodale, L.; Fiore, A.; Schmidt, T. Detection of immunoglobulin M antibody to hepatitis A virus in Alaska residents without
other evidence of hepatitis. Clin. Infect. Dis. 2005, 41, e86—e88. [CrossRef]

Hyun, J.J.; Seo, Y.S.; An, H,; Yim, S.Y.; Seo, M.H.; Kim, H.S.; Kim, C.D.; Kim, ]J.H.; Keum, B.; Kim, Y.S; et al. Optimal time for
repeating the IgM anti-hepatitis A virus antibody test in acute hepatitis A patients with a negative initial test. Korean J. Hepatol.
2012, 18, 56-62. [CrossRef]

Chou, K.X.; Williams-Hill, D.M. Improved TagMan real-time assays for detecting hepatitis A virus. J. Virol. Methods 2018, 254,
46-50. [CrossRef] [PubMed]

De Paula, V.S,; Villar, L.M.; Morais, L.M.; Lewis-Ximenez, L.L.; Niel, C.; Gaspar, A.M. Detection of hepatitis A virus RNA in
serum during the window period of infection. J. Clin. Virol. 2004, 29, 254-259. [CrossRef]

Pérez-Sautu, U.; Costafreda, M.L; Lite, J.; Sala, R.; Barrabeig, I.; Bosch, A.; Pint6, R.M. Molecular epidemiology of hepatitis A
virus infections in Catalonia, Spain, 2005-2009: Circulation of newly emerging strains. . Clin. Virol. 2011, 52, 98-102. [CrossRef]
Cohen, J.I; Ticehurst, J.R.; Purcell, R.H.; Buckler-White, A.; Baroudy, B.M. Complete nucleotide sequence of wild-type hepatitis A
virus: Comparison with different strains of hepatitis A virus and other picornaviruses. J. Virol. 1987, 61, 50-59. [CrossRef]
Nainan, O.V; Xia, G.; Vaughan, G.; Margolis, H.S. Diagnosis of hepatitis a virus infection: A molecular approach. Clin. Microbiol.
Rev. 2006, 19, 63-79. [CrossRef] [PubMed]

Jothikumar, N.; Cromeans, T.L.; Robertson, B.H.; Meng, X.J.; Hill, V.R. A broadly reactive one-step real-time RT-PCR assay for
rapid and sensitive detection of hepatitis E virus. J. Virol. Methods 2006, 131, 65-71. [CrossRef]

Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647-1649. [CrossRef] [PubMed]

Bower, W.A_; Nainan, O.V.; Han, X.; Margolis, H.S. Duration of viremia in hepatitis A virus infection. J. Infect. Dis. 2000, 182,
12-17. [CrossRef]

Centers for Disease Control and Prevention. Widespread Person-to-Person Outbreaks of Hepatitis A across the United States.
2020. Available online: https://www.cdc.gov /hepatitis /outbreaks /2017March-HepatitisA.htm (accessed on 4 September 2020).
Peak, C.M.; Stous, S.S.; Healy, ].M.; Hofmeister, M.G.; Lin, Y.; Ramachandran, S.; McDonald, E.C. Homelessness and Hepatitis
A—San Diego County, 2016-2018. Clin. Infect. Dis. 2019, 71, 14-21. [CrossRef]

Coudray-Meunier, C.; Fraisse, A.; Mokhtari, C.; Martin-Latil, S.; Roque-Afonso, A.M.; Perelle, S. Hepatitis A virus subgenotyping
based on RT-qPCR assays. BMC Microbiol. 2014, 14, 296. [CrossRef]

Probert, W.S.; Gonzalez, C.; Espinosa, A.; Hacker, ].K. Molecular Genotyping of Hepatitis A Virus, California, USA, 2017-2018.
Emerg. Infect. Dis. 2019, 25, 1594-1596. [CrossRef] [PubMed]

Probert, W.S.; Hacker, ].K. New Subgenotyping and Consensus Real-Time Reverse Transcription-PCR Assays for Hepatitis A
Outbreak Surveillance. J. Clin. Microbiol. 2019, 57, €00500-19. [CrossRef]

Sanchez, G.; Bosch, A.; Pinto, R.M. Hepatitis A virus detection in food: Current and future prospects. Lett. Appl. Microbiol. 2007,
45, 1-5. [CrossRef]

Lee, HW.; Chang, D.-Y,; Moon, H.J.; Chang, H.Y.; Shin, E.-C.; Lee, ].S.; Kim, K.-A.; Kim, H.J. Clinical Factors and Viral Load
Influencing Severity of Acute Hepatitis, A. PLoS ONE 2015, 10, e0130728. [CrossRef] [PubMed]

Ponde, R.A.A. The serological markers of acute infection with hepatitis A, B, C, D, E and G viruses revisited. Arch. Virol. 2017,
162, 3587-3602. [CrossRef]

Roque-Afonso, A.M.; Mackiewicz, V.; Dussaix, E. Detection of immunoglobulin M antibody to hepatitis A virus in patients
without acute hepatitis A: The usefulness of specific immunoglobulin G avidity. Clin. Infect. Dis. 2006, 42, 887-888. [CrossRef]
[PubMed]


http://doi.org/10.15585/mmwr.mm6818a2
http://doi.org/10.1101/cshperspect.a031716
http://www.ncbi.nlm.nih.gov/pubmed/29500305
http://doi.org/10.4254/wjh.v4.i3.68
http://doi.org/10.15585/mmwr.mm6743a3
http://www.ncbi.nlm.nih.gov/pubmed/30383739
http://doi.org/10.1016/j.ijid.2007.04.012
http://www.ncbi.nlm.nih.gov/pubmed/17643334
http://doi.org/10.1016/j.vaccine.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17996339
https://www.publichealthontario.ca/-/media/documents/i/2019/idto-technical-notes.pdf?la=en
https://www.publichealthontario.ca/-/media/documents/i/2019/idto-technical-notes.pdf?la=en
http://doi.org/10.1086/497073
http://doi.org/10.3350/kjhep.2012.18.1.56
http://doi.org/10.1016/j.jviromet.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29409997
http://doi.org/10.1016/S1386-6532(03)00165-3
http://doi.org/10.1016/j.jcv.2011.06.011
http://doi.org/10.1128/jvi.61.1.50-59.1987
http://doi.org/10.1128/CMR.19.1.63-79.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418523
http://doi.org/10.1016/j.jviromet.2005.07.004
http://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://doi.org/10.1086/315701
https://www.cdc.gov/hepatitis/outbreaks/2017March-HepatitisA.htm
http://doi.org/10.1093/cid/ciz788
http://doi.org/10.1186/s12866-014-0296-1
http://doi.org/10.3201/eid2508.181489
http://www.ncbi.nlm.nih.gov/pubmed/31310213
http://doi.org/10.1128/JCM.00500-19
http://doi.org/10.1111/j.1472-765X.2007.02140.x
http://doi.org/10.1371/journal.pone.0130728
http://www.ncbi.nlm.nih.gov/pubmed/26090677
http://doi.org/10.1007/s00705-017-3538-3
http://doi.org/10.1086/500260
http://www.ncbi.nlm.nih.gov/pubmed/16477569

	Introduction 
	Materials and Methods 
	Patient Samples 
	Viruses 
	Bacterial Strains and Growth Conditions 
	Primer Design, Nucleic Acid Extraction, and Real-Time PCR 
	Limit of Detection of RT-PCR Assay 
	Genotyping and Phylogenetic Analysis 

	Results 
	Analytical Specificity of Primers 
	Limit of Detection 
	Detection of HAV from Banked Patient Serum Samples 
	Detection of HAV from Stool Samples 
	Clinical Evaluation of Outbreak Samples 

	Discussion 
	Conclusions 
	References

