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Highlights Impact and Implications

� Rat hepatitis E virus (HEV-C1) is an emerging

divergent cause of human hepatitis E.

� HEV-A4 p239 and HEV-C1 p241 ORF2 truncated
peptides form virus-like particles (VLPs).

� An enzymatic immunoassay (EIA) for HEV-C1 was
designed with these VLPs.

� The EIA differentiates HEV-C1 and other hepatitis E
variant serum antibody profiles.

� The validated EIA was used for the first HEV-C1
seroprevalence estimate in humans.
https://doi.org/10.1016/j.jhepr.2023.100793
Rat hepatitis E virus has recently been discovered to
infect humans, but antibody tests for this infection are
lacking, making it difficult to gauge how common this
infection is. We developed an antibody test algorithm
that can identify individuals with past rat hepatitis E
virus exposure. We used this algorithm to estimate rat
hepatitis E exposure rates in humans in Hong Kong
and found that approximately 1% of all tested people
had been exposed to this virus previously.
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Background & Aims: Rat hepatitis E virus (Rocahepevirus ratti; HEV-C1) is an emerging cause of hepatitis E that is divergent
from conventional human-infecting HEV variants (Paslahepevirus balayani; HEV-A). Validated serological assays for HEV-C1
are lacking. We aimed to develop a parallel enzymatic immunoassay (EIA) system that identifies individuals with HEV-C1
exposure. We also aimed to conduct the first HEV-C1 seroprevalence study in humans using this validated EIA system.
Methods: Expressed HEV-A (HEV-A4 p239) and HEV-C1 (HEV-C1 p241) peptides were characterised. Blood samples were
simultaneously tested in HEV-A4 p239 and HEV-C1 p241 IgG EIAs. An optical density (OD) cut-off-based interpretation al-
gorithm for identifying samples seropositive for HEV-A or HEV-C1 was validated using RT-PCR-positive infection sera. This
algorithm was used to measure HEV-C1 seroprevalence in 599 solid organ transplant recipients and 599 age-matched
immunocompetent individuals.
Results: Both peptides formed virus-like particles. When run in HEV-A4 p239 and HEV-C1 p241 EIAs, HEV-A and HEV-C1 RT-
PCR-positive samples formed distinct clusters with minimal overlap in a two-dimensional plot of optical density values. The
final EIA interpretation algorithm showed high agreement with RT-PCR results (Cohen’s j = 0.959) and was able to differ-
entiate HEV-A and HEV-C1 infection sera with an accuracy of 94.2% (95% CI: 85.8–98.4%). HEV-C1 IgG seroprevalence was 7/
599 (1.2%) among solid organ transplant recipients and 4/599 (0.7%) among immunocompetent individuals. Five of 11 (45.5%)
of these patients had history of transient hepatitis of unknown cause.
Conclusions: HEV-C1 exposure was identified in 11/1198 (0.92%) individuals in Hong Kong indicating endemic exposure. This
is the first estimate of HEV-C1 seroprevalence in humans. The parallel IgG EIA algorithm is a valuable tool for investigating
epidemiology and risk factors for HEV-C1 infection.
Impact and Implications: Rat hepatitis E virus has recently been discovered to infect humans, but antibody tests for this
infection are lacking, making it difficult to gauge how common this infection is. We developed an antibody test algorithm that
can identify individuals with past rat hepatitis E virus exposure. We used this algorithm to estimate rat hepatitis E exposure
rates in humans in Hong Kong and found that approximately 1% of all tested people had been exposed to this virus previously.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Hepatitis E virus (HEV) is an important cause of viral hepatitis.
‘HEV’ is an umbrella term for a large group of RNA viruses in the
family Hepeviridae. Most members of this family belong to the
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subfamily Orthohepevirinae and circulate in terrestrial animals.
Orthohepevirinae comprises four genera of which Paslahepvirus
(species balayani; HEV-A) is the most relevant to human health.1

Of the eight genotypes currently recognised within HEV-A, three
cause the bulk of human hepatitis E.2 HEV-A genotype 1 circu-
lates in humans and spreads by faeco-oral transmission whereas
HEV-A genotypes 3 and 4 circulate in swine and infect humans
consuming undercooked pork.3

The other genera within Orthohepevirinae (Avihepevirus, Rocahe-
pevirus, and Chirohepevirus) were previously considered to have
limited zoonotic potential. However, we discovered that Rocahepe-
virus species rattigenotype1 (HEV-C1, knownas rat hepatitis E virus)
can infect humans.4 HEV-C1 is an ubiquitous pathogen of street rats
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that is highly divergent to HEV-A.5 Through population-wide sur-
veillance of patients with hepatitis using reverse-transcription PCR
(RT-PCR), we have identified 16 HEV-C1-infected persons in Hong
Kong, accounting for 8–15% of virologically confirmed hepatitis E
cases in the city from 2017 to 2020.6,7 HEV-C1 infection cases have
also been documented in Spain (autochthonous infections) and
Canada (in a returning traveller from central Africa), suggesting a
global presence of this zoonosis.8,9 However, other studies in Europe
could not identify any HEV-C1 RT-PCR-positive patients in small
patient cohorts.10–12 The true global prevalence of human HEV-C1
infection is uncertain.

RT-PCR is inefficient for studyingHEV-C1 prevalence because it
requires participants to be actively infected at the time of testing.
Assessing community burdenofHEV-C1 requires serological tests.
Such tests would enable population-wide HEV-C1 seroprevalence
studies and identificationof risk factors for the infection. However,
no commercially available tests are currently available for this
purpose. Indeed, we have found that HEV-A based enzymatic
immunoassays (EIAs) are often insensitive for HEV-C1 infection.13

To address this gap, we developed two peptides: HEV-A4
p239 and HEV-C1 p241 (based on HEV-A genotype 4 and HEV-
C1, respectively) and previously provided proof-of-concept that
an immunoblot system based on these peptides was capable of
detecting HEV-C1 antibodies in human sera.13 However, immu-
noblots are cumbersome, difficult to interpret and poorly suited
for large-scale high-throughput screening. In this study, we
describe a parallel immunoglobulin G (IgG) EIA system that can
simultaneously detect HEV antibodies and differentiate between
individuals with HEV-A exposure and HEV-C1 exposure. We
applied this system to solid organ transplant (SOT) recipients
and immunocompetent patient cohorts to measure HEV-C1 IgG
seroprevalence in these groups. SOT recipients were specifically
chosen for evaluation given relatively high frequency of HEV-C1
infection in this group in Hong Kong.7
Patients and methods
Study setting and patient samples
The study was conducted at the Department of Microbiology of
Queen Mary Hospital (QMH) in collaboration with Public Health
Laboratory Services Branch (PHLSB), the hepatitis reference
laboratory for Hong Kong. We used patient serum or plasma
samples archived at these two centres between January 1, 2017
and December 31, 2021. Serum or plasma samples testing posi-
tive for HEV-A (n = 59) or HEV-C1 (n = 16) by genus-specific RT-
PCR assays were retrieved for evaluation of the parallel IgG EIA
system. This archive of 16 HEV-C1 patient sera comprises sam-
ples from 80% of all patients with HEV-C1 reported globally to
date. Potential organ donor sera (n = 290) with undetectable
HEV-A/HEV-C1 RNA by RT-PCR and also testing negative for HEV
IgG by a commercial antibody assay (Wantai, Beijing, China)
were used as negative controls.13 Once the interpretation algo-
rithmwas fully validated, the parallel IgG EIA systemwas used to
measure and compare HEV-C1 seroprevalence in age-matched
immunocompromised and immunocompetent adults. The
immunocompromised cohort comprised SOT recipients sending
blood to QMH for cytomegalovirus monitoring whereas the
immunocompetent group comprised outpatients sending blood
to QMH for miscellaneous serological tests. Inclusion/exclusion
criteria for these two cohorts and matching process are
described in the supplementary methods. Sample collection for
HEV RT-PCR and serological tests was approved by the
JHEP Reports 2023
Institutional Review Board of the University of Hong Kong/Hos-
pital Authority Hong Kong West Cluster (UW 18-074).

HEV-A4 p239 and HEV-C1 p241 peptide expression and
characterisation
Cloning and expression of truncated HEV-A genotype 4 and HEV-
C1 open reading frame 2 (ORF2) peptides (termed HEV-A4 p239
and HEV-C1 p241, respectively) was performed as described
previously.13 Genotype 4 is the prevalent HEV genotype in China
and belongs to the same serotype as other HEV-A genotypes.14

HEV-A4 p239 and HEV-C1 p241 encompass major neutralising
epitopes of HEV-A and HEV-C1 ORF2, respectively, in the pro-
truding ‘P’ domain (Fig. 1A). Amino acid sequence alignments of
both peptides are presented in Fig. S1A. Peptides were charac-
terised using SDS-PAGE, transmission electron microscopy, and
liquid chromatography with tandem mass spectrometry (LC MS-
MS). Detailed protocols for peptide expression and characteri-
sation procedures are described in the supplementary material.

HEV-A4 p239 and HEV-C1 p241 parallel IgG immunoblots and
EIAs
Control material for initial checkerboard assays for optimising
the EIAs were chosen based on HEV-A4 p239 and HEV-C1 p241
immunoblot assays.13 A brief protocol for the immunoblot assays
is included in the supplementary material. These samples were
deployed in checkerboard assays to evaluate the optimal antigen
coating concentrations and sample dilutions for the HEV-A4
p239 and HEV-C1 p241 EIAs. Optimised HEV-A4 p239 and
HEV-C1 p241 EIAs were then evaluated with the panel of HEV-A
or HEV-C1 RT-PCR-positive patient blood samples. Samples were
run in parallel in both EIAs and optical density (OD) values were
measured at 450 nm and 620 nm. OD cut-offs were established
for both EIAs individually. An interpretation algorithm for
assessing both EIA results in parallel for any given sample was
evaluated for its ability to differentiate between HEV-A and HEV-
C1 RT-PCR positive sera/plasma. EIA protocols, statistical
methods to establish cut-offs, and quality control mechanisms
are described in the supplementary methods.

Commercial EIAs and reference sera
The Wantai HEV IgG assay was used because we have previously
shown that it has good sensitivity for both HEV-A and HEV-C1
infections although it is unable to differentiate between HEV-A
or HEV-C1 patient sera.13 WHO reference HEV antiserum was
procured from NIBSC (code 95/584, Potters Bar, UK). This refer-
ence serum was used to assess linearity of IgG EIA assays as
previously described.15

HEV RT-PCR assays
HEV-A and HEV-C1 real-time RT-PCR assays were performed as
described previously.4 A nested real-time HEV-C1 RT-PCR assay
with higher analytical sensitivity was performed on samples
testing positive for HEV-C1 antibodies in the seroprevalence
study.13 Primers, targets, and performance characteristics of RT-
PCR assays are described in Table S1.

Statistical analysis
The Wilcoxon matched-pairs signed rank test and Mann–
Whitney U test were used for inter-group comparisons as
appropriate. McNemar’s test was used to compare sensitivities of
the parallel IgG EIA system and Wantai IgG. Proportions were
compared with the X2 test or Fisher’s exact test as appropriate.
2vol. 5 j 100793
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Fig. 1. Characterisation of HEV-A4 p239 and HEV-C1 p241 peptides. (A) Schematic of hepatitis E virus (HEV) genome showing segment encoding HEV-A4 p239
and HEV-C1 p241 peptides. S, M, and P represent regions encoding shell, middle, and protruding domains of ORF2 respectively. (B) SDS-PAGE of HEV-A4 p239 and
HEV-C1 p241 peptide dimers (red boxes) showing complete resolution to monomers (green boxes) upon boiling. (C) Electron micrographs of HEV-A4 p239 and
HEV-C1 p241 showing virus-like particles. HEV-A, Paslahepevirus balayani; HEV-C1, Rocahepevirus ratti; ORF2, open reading frame 2.
Figures were generated using Prism (GraphPad, La Jolla, USA)
and RStudio (version 1.2.5033, RStudio Inc., Boston, MA, USA).
For the seroprevalence study sample size calculation, we esti-
mated general population HEV-C1 IgG seroprevalence at 1.5%
assuming that it is one-tenth of the known overall HEV IgG
seroprevalence of 15.5% (based on the relative proportion of
HEV-C1 and HEV-A RT-PCR confirmed cases in Hong Kong from
2017 to 2020).6,7,16

Our hypothesis was that HEV-C1 IgG seroprevalence among
SOT recipients is higher at 4.5% (because of a high proportion of
SOT recipients among HEV-C1 infection cases in Hong Kong).
Based on these parameters, a sample size of 1,016 (508 in SOT
group and 508 in immunocompetent group) could identify a 3%
difference in HEV-C1 seroprevalence between groups with a =
0.05 and power = 80%.
Results
Characterisation of HEV-A4 p239 and HEV-C1 p241 peptides
The ORF2 protein constitutes the outer capsid of HEV. HEV-A4
p239 and HEV-C1 p241 are N-terminal truncated peptide frag-
ments that incorporate P domains of HEV-A genotype 4 and
HEV-C1 ORF2, respectively (Fig. 1A). Despite being derived from
homologous regions, these two peptides only share 54.8% iden-
tity and are phylogenetically distinct reflecting the considerable
antigenic divergence of HEV-A and HEV-C1 (Fig. S1). On SDS-
PAGE, both peptides formed prominent bands at 45–50 kDa
that resolved into 28 kDa monomers upon boiling (Fig. 1B); the
characteristics of these peptides were similar to those used in
our previous study.13 LC MS-MS of SDS-PAGE enzymatic digests
of both peptides confirmed the presence of oligopeptides align-
ing with HEV-A4 p239 and HEV-C1 p241 sequences with good
JHEP Reports 2023
coverage (Fig. S2). Under electron microscopy, peptides formed
pleomorphic virus-like particles (VLPs) of 20–60 nm (Fig. 1C).

Optimisation of IgG EIA assays
We then designed IgG EIAs using HEV-A4 p239 and HEV-C1 p241
coated in microtitre plates. We have previously provided proof-
of-concept that immunoblots based on these peptides can
differentiate HEV-A and HEV-C1 patient sera although cross-
reactivity in HEV-C1 sera occurs.13 Paired HEV-A4 p239 and
HEV-C1 p241 immunoblot data for 33 patients with hepatitis E
(21 patients with HEV-A and 12 patients with HEV-C1) are
shown in Fig. S3. Immunoblots for a given sample were consid-
ered positive if a band was present in the genus-cognate
immunoblot. The sensitivity of the immunoblots against HEV
RT-PCR was 75.8% (95% CI: 57.7–88.9%) and specificity was 100%
(95% CI: 69.1–100%). HEV-C1 samples frequently cross-reacted in
HEV-A4 p239 immunoblots, but not vice versa. For optimisation
of peptide coating concentrations and serum dilution for EIAs,
we selected five HEV-A and five HEV-C1 RT-PCR-positive plasma
samples from patients. Two of the HEV-C1 that only reacted in
the cognate-peptide immunoblot, that is plasma formed bands in
the HEV-C1 p241 immunoblot but not in the HEV-A4 p239
immunoblot whereas the other three samples cross-reacted in
both immunoblots (Fig. S3B). When HEV-A4 p239 was used as
the coating antigen for EIA, cross-reactivity was observed with
three HEV-C1 plasma samples from patients corresponding to
cross-reactive samples on immunoblot (Fig. 2A). This cross-
reactivity dipped when wells were coated with 50 ng of HEV-
A4 p239. Robust OD signals for HEV-A plasma were observed
at all sample dilutions, but drop in signal strength was noted for
some samples at higher dilutions >1:200. For the HEV-C1 p241
EIA, only limited cross-reactivity was observed with HEV-A
3vol. 5 j 100793
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Fig. 2. Optimisation of IgG enzymatic immunoassays (EIAs) using HEV-A4 p239 and HEV-C1 p241. Checkerboard plots of HEV-A4 p239 (A) and HEV-C1 p241
(B) EIAs for optimising antigen coating concentrations and sample dilutions. Five HEV-C1 and five HEV-A RT-PCR-positive plasma samples were chosen for initial
EIA optimisation. Two seronegative donor samples served as negative controls. Error bars represent mean and standard deviation of optical densities at denoted
antigen coating concentrations and sample dilution. Samples were tested in triplicate. HEV-A, Paslahepevirus balayani; HEV-C1, Rocahepevirus ratti.
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plasma at dilutions of 1:100 and antigen coating >50 ng (Fig. 2B).
ODs again dropped off when wells were coated with <50 ng of
peptide. Based on these findings, we coated wells with 50 ng of
either peptide and diluted samples at 1:200.

Then, 164 sera (obtained from potential organ donors) that
were negative in Wantai IgG and both HEV RT-PCR assays were
tested in parallel in optimised HEV-A4 p239 and HEV-C1 p241
IgG EIAs to estimate background reactivity. The median OD of
JHEP Reports 2023
these samples was 0.133 in HEV-A4 p239 EIA and 0.115 in HEV-
C1 p241 EIA (Fig. S4A; Wilcoxon matched-pairs signed rank test
p <0.0001) indicating an acceptable level of noise that was
marginally, but significantly, higher in the HEV-A4 p239 EIA. The
maximum OD values for these negative control sera in HEV-A4
p239 and HEV-C1 p241 EIAs were 0.388 and 0.235, respec-
tively, and these were taken as ‘background thresholds’. Serially
diluted WHO reference HEV antisera (0.03–5 U/ml) were tested
4vol. 5 j 100793
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in triplicate using Wantai IgG and both EIAs (Fig. S4B). The HEV-
A4 p239 EIA generated ODs >0.388 (i.e. >background thresh-
oldHEV-A4 p239) for antibody levels as low as 0.03 U/ml; good
linearity was observed with R2 of 0.842. In contrast, all tested
antibody concentrations generated much lower ODs in the HEV-
C1 p241 EIA; ODs >0.235 (i.e. >background thresholdHEV-C1 p241)
were only seen at antibody concentrations >−2.5 U/ml (Fig. S4B).

IgG EIA of samples from patients with hepatitis E
We tested HEV-A and HEV-C1 RT-PCR-positive patient plasma/
serum samples in both EIAs. Patients with HEV-C1 tended to be
older with higher likelihood of immunosuppression than HEV-A
patients (Table 1), which reflects the patient population pre-
senting to clinical attention with HEV-C1 infection.7 All patients
with hepatitis E had active hepatitis at the time of blood
collection. Patients with immunosuppressive conditions pre-
sented with chronic hepatitis (alanine aminotransferase typically
<500 U/L), whereas other patients presented with typical acute
hepatitis syndrome (ALT >500 U/L). Characteristics of
JHEP Reports 2023
immunosuppressed patients are described in Table S2. We also
tested another 126 Wantai HEV IgG and HEV RT-PCR-negative
organ donor sera. HEV-A4 p239 EIA ODs of all patients with
HEV-A were higher than their corresponding HEV-C1 p241 ODs
(Fig. 3A; p <0.0001 by Wilcoxon matched-pairs signed rank test).
Although median HEV-C1 p241 EIA ODs of HEV-C1 patients were
much higher than those of HEV-A patients (Fig. S5; p <0.0001 by
Mann–Whitney U test), many patients with HEV-C1 also showed
robust responses in HEV-A4 p239 EIAs (Fig. 3A). This was ex-
pected because several patients with active HEV-C1 infection
would inevitably have been exposed to HEV-A in the past given
that HEV-A exposure is common in Hong Kong with increasing
age.16 Past HEV-A exposure would not confer immunity to sub-
sequent HEV-C1 infection, but would result in antibody re-
sponses to both variants.13

To measure intra-assay variance, four HEV-A, four HEV-C1,
and four seronegative donor samples were tested in triplicate
in both EIA assays. The intra-assay coefficients of variance of
HEV-A4 p239 and HEV-C1 p241 EIA ODs were 7.25% and 8.66%,
5vol. 5 j 100793



Table 1. Characteristics of patients whose samples were used for the
evaluation of enzymatic immunoassays.

HEV-A (n = 59)*
Median age in years (interquartile range) 59 (51–66)
Male:female (number of patients) 40:19
Immunosuppressive conditions (n, %) 11 (18.6)

Organ transplant 9
Haematological malignancy 2

Infecting genotype (n, %)
HEV-A genotype 1 1 (1.7)
HEV-A genotype 3 6 (10.2)
HEV-A genotype 4 47 (79.7)
HEV-A; genotype unknown† 5 (8.4)

HEV-C1 patients (n = 16)*
Median age in years (interquartile range) 72 (60.5–79)
Male:female (number of patients) 13:3
Immunosuppressive conditions (n, %) 8 (50)

Organ transplant 6
Haematological malignancy 1
Advanced HIV infection 1

HEV-A, Paslahepevirus balayani; HEV-C1, Rocahepevirus ratti; HIV, human immuno-
deficiency virus.
* Four HEV-A and two HEV-C1 samples were excluded from final evaluation panel
because optical densities were < background thresholds.
† HEV-A RT-PCR positive, sequencing not possible because of low viral load.
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respectively. To measure inter-assay variance, two HEV-C1
samples and two HEV-A samples were each tested in triplicate
in genus-specific EIAs in four separate runs over 3 days. The
inter-assay coefficient of variance of ODs were 9.8% and 9.0% for
the two HEV-A samples. The inter-assay coefficient of variance of
ODs were 8.7% and 12.2% for the two HEV-C1 samples.

A subset of samples (23 patients with HEV-A and 12 patients
with HEV-C1) with sufficient volume remaining were addition-
ally tested in paired HEV-A4 p239 and HEV-C1 p241 IgA EIAs.
The results closely matched those of the IgG EIAs with the ma-
jority of HEV-A patients having weak HEV-C1 p241 reactive IgA
responses (Fig. S5). Many patients with HEV-C1 also cross-
reacted with the IgA EIA just like the IgG responses. Results
were congruent with the IgG EIA results.

When examined together, HEV-A, HEV-C1, and seronegative
donor samples ODs formed well-demarcated clusters on a two-
dimensional plot with limited overlap (Fig. 3B) confirming that
serological profiles of patients actively infected with HEV-A and
HEV-C1 are distinguishable from each other and from negative
controls when both EIA results are considered together. Patients
with HEV-C1 formed two clusters depending on the strength of
their HEV-A4 p239 response.

Samples from four patients with HEV-A and two patients with
HEV-C1 generated ODs lower than respective background thresh-
olds in both EIAs (Fig. 3B) suggesting that they had not mounted a
Table 2. Interpretation algorithm for HEV-A4 p239 and HEV-C1 p241 IgG enz

Serum/plasma sample run in parallel in H

HEV-A4 p239 EIA result
(positive if OD >−0.437)

HEV-C1 p241 EIA result
(positive if OD >−0.864)

Interp

Negative Negative Serone
Positive Negative Exposu
Negative Positive Exposu
Positive Positive Assess

If >−2.94
If <2.94

EIA, enzymatic immunoassay; HEV-A, Paslahepevirus balayani; HEV-C1, Rocahepevirus r
* A/C ratio = ODHEV-A4 p239/ODHEV-C1 p241.
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humoral response as a result of immunosuppression. These six
sampleswereexcludedas theycouldnot contribute to evaluationof
cut-offs for differentiating HEV-A and HEV-C1 infection sera. This
left behind 55 HEV-A samples and 14 HEV-C1 samples for subse-
quent cut-off calculations (hereafter termed ‘evaluationpanel’).We
used this panel to design an interpretation algorithm that could
differentiate HEV-A and HEV-C1 infection sera/plasma based on
their combined results in both EIAs.
Establishing cut-offs for IgG EIAs
We first established interpretation cut-offs for the HEV-A4 p239
EIA as follows. The evaluation panel was split into HEV-A RT-PCR
positive (n = 55) and non-HEV-A samples (n = 140, comprising 14
HEV-C1 and 126 organ donor samples). An ODHEV-A4 p239 cut-off
of 0.437 gave the highest Youden index on the receiver operating
characteristic (ROC) curve (Fig. 3C). This cut-off gave a sensitivity
of 100% (95% CI: 93.5–100%) and specificity of 92.1% (95% CI:
86.4–96%) in differentiating HEV-A and non-HEV-A samples
(Table S3). The process was repeated for the HEV-C1 p241 EIA,
splitting the evaluation panel into HEV-C1 RT-PCR-positive (n =
14) and non-HEV-C1 samples (n = 181 comprising 55 HEV-A and
126 organ donor samples). An ODHEV-C1 p241 cut-off of 0.864 gave
a sensitivity of 92.9% (95% CI: 66.1–99.8%) and specificity of 97.8%
(95% CI: 94.4–99.4%) in differentiating HEV-C1 and non-HEV-C1
samples (Fig. 3C and Table S4). We note that this is a very
stringent cut-off for samples diluted 1:200, but this confers the
advantage of high specificity in convalescent samples. To differ-
entiate HEV-A and HEV-C1 samples, we assessed the ODHEV-A4

p239/ODHEV-C1 p241 ratio (‘A/C ratio’) to differentiate HEV-A (n =
55) and HEV-C1 (n = 14) RT-PCR-positive samples. An A/C ratio of
2.947 (i.e. A/C ratio >−2.947 assigned as HEV-A and A/C ratio
<2.947 assigned as HEV-C) was able to differentiate HEV-A and
HEV-C1 samples with an accuracy of 95.7% (95% CI: 87.8–99.1%)
(Fig. 3C, Fig. S6 and Table S5).

Using the above cut-offs, we designed an interpretation algo-
rithm when a sample is run in parallel in both EIAs (Table 2). As
shown in the table, interpretation is straightforward when both
EIAs are negative or either EIA is positive. When samples test
positive in both EIAs (which was the case for most HEV-C1 pa-
tients, but only a minority of HEV-A patients), past exposure to
both HEV genera is the likely explanation, but A/C cut-off indicates
the HEV genus to which the patient is definitely exposed based on
our evaluation against a RT-PCR gold standard. The performance
of the entire algorithm correlated excellently with the RT-PCR
gold standard (Table S6; Cohen’s j = 0.959). Performance pa-
rameters for various binary analyses using this interpretation al-
gorithm are presented in Table S7. The overall accuracy of the
algorithm in differentiating HEV-A and HEV-C1 samples was
ymatic immunoassays.

EV-A4 p239 and HEV-C1 p241 IgG EIAs

retation

gative for hepatitis E
re to HEV-A
re to HEV-C1
A/C ratio*:
7, consistent with exposure to HEV-A. Additional HEV-C1 exposure possible.
7, consistent with exposure to HEV-C1. Additional HEV-A exposure possible.

atti; OD, optical density.

6vol. 5 j 100793



Table 3. Demographic characteristics and parallel IgG EIA results of SOT and immunocompetent patient cohorts.

SOT recipients (n = 599) Immunocompetent (n = 599)

Median age (interquartile range) 57 (48–63) 57 (47–63)
Sex (male:female) 364:235 360:239
Parallel IgG EIA results (n, %)

Both EIAs negative 545 (91.0) 542 (90.5)
HEV-A4 p239 EIA alone positive 47 (7.8) 53 (8.8)
HEV-C1 p241 EIA alone positive 2 (0.3) 0 (0.0)
Both EIAs positive; A/C ratio consistent with HEV-C1 exposure 5 (0.8) 4 (0.7)

EIA, enzymatic immunoassay; HEV-A, Paslahepevirus balayani; HEV-C1, Rocahepevirus ratti; SOT, solid organ transplant.
94.2% (95% CI: 85.8–98.4%). Using McNemar’s test, we found that
our algorithm performed similarly to the Wantai IgG assay in the
evaluation panel (p = 0.371). However, we hypothesised that the
sensitivity of our parallel IgG EIA system would be lower in
convalescent patients because of their waning antibody levels,
stringent cut-offs, and relatively high serum dilution of 1:200. We
accepted this trade-off to limit false positives.

To investigate the trend in convalescence, we retrieved
convalescent samples from 14 individuals in our evaluation panel
(eight patients with HEV-A and six patients with HEV-C1).
Convalescent samples were obtained at a median of 12 months
post-diagnosis (interquartile range: 6–31.5 months). All conva-
lescent samples were HEV RT-PCR negative. Paired EIA results of
convalescent sera were assessed using the algorithm in Table 2.
The final assignations of 12/14 (85.7%) samples were concordant
between acute and convalescent sera. Genus-specific EIA OD
values generally declined in convalescence (Fig. S7 and supple-
mentary material), but OD values of most patients with HEV-A
and HEV-C1 remained above the cut-off of genus-cognate EIAs.
One HEV-A and one HEV-C1 RT-PCR-positive sample turned
seronegative after 6 years and 6 months, respectively. Samples
from two patients with hepatitis E that were seronegative during
the acute phase (because of immunosuppression) also remained
seronegative in late convalescence. However, we note that many
individuals in this analysis were immunocompromised, which
might affect the generalisability of results to the general
population.

Seroprevalence in immunocompromised and
immunocompetent cohorts
We observed that HEV-C1 infections presenting for clinical
attention in Hong Kong disproportionately occurred in immu-
nocompromised patients.7 Therefore, we tested samples from
599 immunocompromised SOT recipients and 599 age-matched
Table 4. Characteristics of individuals with parallel IgG EIA results indicating

Patient Age Sex Ethnicity Underlying condit

1 30 M Chinese Renal transplant
2 59 M Chinese Renal transplant
3 50 M South Asian Liver transplant
4 70 M Chinese Heart transplant
5 75 M Chinese Liver transplant
6 40 F Chinese Liver transplant
7 73 M Chinese Heart transplant
8 62 M Chinese Diabetes, HBV carr
9 70 F Chinese Diabetes, HBV carr
10 74 M Chinese Hypertension
11 61 M Chinese HBV carrier

EIA, enzymatic immunoassay; HBV, hepatitis B virus; HEV-C1, Rocahepevirus ratti; N/A,
* A/C ratio = ODHEV-A4 p239/ODHEV-C1 p241 only applied when samples are positive in bo
† Transient alanine aminotransferase elevation when HBV was suppressed with enteca
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immunocompetent controls using the parallel IgG EIA system.
Results were analysed as per Table 2. Patient characteristics and
screening results are presented in Table 3. Overall, 54/599 (9.0%)
SOT recipients and 57/599 (9.5%) of the immunocompetent in-
dividuals were seropositive in either or both EIAs (p = 0.765). The
EIA pattern was consistent with HEV-A exposure in 47/599 (7.8%)
SOT recipients and 53/599 (8.8%) immunocompetent individuals
(p = 0.531). The EIA pattern was consistent with HEV-C1 expo-
sure in 7/599 (1.2%) SOT recipients and 4/599 (0.7%) immuno-
competent individuals (p = 0.547). We performed HEV-C1 p241
immunoblot for eight individuals who were seropositive with
sufficient residual plasma available, of which six were SOT re-
cipients and two were immunocompetent. All samples produced
discernible bands in the HEV-C1 p241 immunoblot with six
samples cross-reacting in both immunoblots (Fig. S8).

Characteristics of patients who were HEV-C1 seropositive are
described in Table 4. Most were middle aged or elderly. Mild tran-
sientbiochemicalhepatitiswasobservedin5/11(45.5%) individuals.
However, not all had regular blood samples taken, so subclinical
hepatitis in the remaining six individuals cannot be excluded. HEV-
C1 seropositive samples with sufficient sample volume remaining
(9/11) were tested by nested HEV-C1 RT-PCR. All patients tested
negative on HEV-C1 RT-PCR excluding active infection.
Discussion
HEV-C1 is an emerging cause of hepatitis E with extensive but
incomplete antigenic divergence from HEV-A.13 Accurate sero-
logical assays are required to investigate prevalence of HEV-C1
infection in humans. HEV-A4 p239 and HEV-C1 p241 peptides
are good candidates for serodiagnostic EIAs because they include
most immunogenic epitopes of the native viral capsid.17 We
confirmed that both HEV-A4 p239 and HEV-C1 p241 form VLPs.
HEV-C1 exposure.

ions HEV-C1 p241 OD value A/C ratio* Documented
unexplained
hepatitis

1.531 N/A No
2.225 N/A No
1.338 1.433 No
2.711 1.063 Yes
0.967 0.478 Yes
1.928 1.585 No
1.290 1.290 Yes

ier 0.988 1.278 No
ier 1.719 1.426 Yes†

1.500 1.183 Yes
0.925 0.692 No

not applicable; OD, optical density.
th EIAs.
vir.
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This feature is likely to improve conformational antigen pre-
sentation in the solid phase of EIAs.

Using these twopeptides in aparallel IgGEIA format,wedescribe
the first fully validated parallel assay algorithm capable of detecting
antibodies against HEV and classifying individuals into HEV-A or
HEV-C1 mono-exposed or dual-exposed states. Two earlier studies
attempted to detect HEV-C1 antibodies in human sera using EIAs,
but these assays were not validated as there were no confirmed
humanHEV-C1 cases at the time of these studies.18,19 In contrast,we
used an evaluation panel comprising blood samples from the ma-
jority of HEV-C1 patients documented to date. This enabled estab-
lishment of cut-offs that increased confidence in results when the
assay system was applied to test samples from patients with un-
known HEV-C1 exposure. Sample dilutions of 1:200, stringent cut-
offs, and a validated interpretation algorithm enhanced specificity
of the assay. HEV IgA assays have been previously described andwe
demonstrated that our assay system can also be used to detect and
differentiate HEV IgA signatures in samples.20

Our parallel IgG EIA algorithm can be deployed conveniently
for large-scale seroprevalence studies to map distribution of HEV-
C1 infection in humans. This will uncover risk factors for HEV-C1
infection, which are currently poorly understood. We have pre-
viously observed that half of all HEV-C1 infections in Hong Kong, a
city using population-wide HEV-C1 RT-PCR surveillance, occurred
in patients who were immunocompromised.7 This could either be
a result of higher infection incidence in patients who were
immunocompromised (because of a lower infectious dose) or a
higher chance of presenting to medical attention as a result of
more frequent blood taking and closer follow-up. Therefore, we
measured and compared HEV-A and HEV-C1 seroprevalence rates
in SOT recipients and individuals who were immunocompetent
matched for age. The overall measured HEV-C1 seroprevalence of
11/1198 (0.9%) was close to our a priori estimate of 1.5% based on
the proportion of HEV-C1 to HEV-A RT-PCR-positive cases in Hong
Kong. Similar to HEV-A, it is likely that most HEV-C1 infections in
humans are asymptomatic.3 Despite their immunosuppressed
JHEP Reports 2023
state, HEV-C1 IgG seropositivity tended to be higher among SOT
recipients than individuals who were immunocompetent,
although this did not reach statistical significance. We conclude
that the disproportionate burden of HEV-C1 infections in patients
who were immunocompromised is mostly because biochemical
hepatitis is more likely to be detected and investigated in this
population, especially because infections in SOT recipients often
become chronic.6,7

This study has the following limitations. Our evaluation panel
only included 14 HEV-C1 RT-PCR-positive samples. However, this
already represents the world’s largest repository of HEV-C1
infection sera. Identification of further human HEV-C1 cases
will enable us and others to hone assay performance. We eval-
uated our assay against an RT-PCR gold standard. It is very likely
that some patients in the evaluation panel were exposed to both
HEV-A and HEV-C1. Concomitant evaluation against a live virus
neutralisation assay would have been ideal, but is difficult given
the strain-dependent yield of HEV in cell lines.21 Although a
monoclonal antibody neutralisation assay for HEV-C1 has been
described in PLC/PRF/5 cells, our experience is that HEV-C1
grows poorly in this cell line.22,23 Furthermore, even a neutrali-
sation assay would ultimately require comparison against a RT-
PCR gold standard. The sensitivity of our parallel IgG EIA in
non-viraemic post-acute samples is likely to be low because of
high sample dilution. Furthermore, the cut-off of our HEV-C1 EIA
was set quite high. These were intentional choices; we hoped to
limit false positives as much as possible when applying the EIA
system for HEV-C1 serological surveillance. A final limitation was
that we did not develop IgM EIAs. Although this is technically
feasible, our primary aim was to create an assay for population
seroprevalence studies rather than acute illness diagnosis.

In conclusion, we anticipate that this parallel IgG EIA system
for detecting and differentiating HEV-A and HEV-C1 IgG anti-
bodies is a valuable tool for gauging prevalence of HEV-C1 infec-
tion in humans. We present the first confident estimate of HEV-C1
seroprevalence in the human population using this assay.
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