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ABSTRACT Serological markers are important for the diagnosis of hepatitis E virus
(HEV) infection. This study aims to compare the diagnostic performance of the anti-
HEV IgM and the HEV antigen (Ag) assays and establish a multifactorial model to
improve the diagnosis of current HEV infection when HEV RNA detection is not avail-
able. A total of 809 serum samples, including 325 anti-HEV IgM-positive and 484
anti-HEV IgM-negative samples, were tested for HEV RNA. The anti-HEV IgM assay
had very high sensitivity (99.4%) but moderate accuracy (79.2%) and specificity
(74.3%). By retrospective follow-up of 58 patients with sequential samples (n=143)
tested for anti-HEV antibodies, we found anti-HEV IgM remained positive for more
than 10 months in some HEV-infected patients, when HEV RNA was already unde-
tectable; thus, decision solely based on anti-HEV IgM may lead to misdiagnosis. In
contrast, the HEV Ag assay had very high specificity (100%). However, the detection
efficiency of HEV Ag greatly diminished when the HEV RNA level was low or the
anti-HEV IgG level was high. By logistic regression, a model integrating anti-HEV IgM,
alanine aminotransferase, and HEV Ag was proposed, and the cutoff value was deter-
mined based on the testing results of the 143 sequential samples. The model was
further evaluated with 67 randomly selected IgM-positive samples from single-visit
patients. Overall, the model outperformed the anti-HEV IgM or the HEV Ag assay in
the diagnosis of current HEV infection (sensitivity/specificity/accuracy, 89.5%/95.2%/
91.9%). The area under the receiver operating characteristics curve of the model was
greater than 0.97.
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epatitis E virus (HEV) infection is a public health concern and recognized as the

most common cause of acute viral hepatitis worldwide. It is estimated that 20 mil-
lion HEV infections occur annually, with more than 3 million symptomatic cases and
~60,000 deaths (1). It can cause not only endemic hepatitis in developing countries
with poor sanitation and limited medical resources but also sporadic hepatitis in devel-
oped countries due to contact with HEV-contaminated meat (2) or blood transfusion
(3). The prognosis of HEV infection is generally good. However, it is a concern in
patients with underlying chronic liver disease (4) and women in their second or third
trimester of pregnancy (5). More recently, it was reported that chronic HEV infections
have become a significant problem in immunocompromised patients (6).

HEV is a positive-stranded RNA virus (7). It has extensive genetic diversity.
Genotypes 1 and 2 can infect only humans, while genotypes 3 and 4 can infect both
humans and swine, which makes it hard to eliminate due to the existence of the ani-
mal reservoir (8).

February 2021 Volume 59 Issue2 e02321-20 Journal of Clinical Microbiology

Citation Lu J, Huang Y, Wang P, Li Q, Li Z,
Jiang J, Guo Q, Gui H, Xie Q. 2021. Dynamics of
hepatitis E virus (HEV) antibodies and
development of a multifactorial model to
improve the diagnosis of HEV infection in
resource-limited settings. J Clin Microbiol 59:
€02321-20. https://doi.org/10.1128/JCM
.02321-20.

Editor Angela M. Caliendo, Rhode Island
Hospital

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Honglian Gui,
lillian_ghl@163.com, or Qing Xie,
xiegingrjh@163.com.

Received 7 September 2020

Returned for modification 13 October 2020
Accepted 19 November 2020

Accepted manuscript posted online 25
November 2020

Published 21 January 2021

jcm.asm.org


https://orcid.org/0000-0002-6982-2294
https://doi.org/10.1128/JCM.02321-20
https://doi.org/10.1128/JCM.02321-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:lillian_ghl@163.com
mailto:xieqingrjh@163.com
https://jcm.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JCM.02321-20&domain=pdf&date_stamp=2020-11-25

Luetal.

A large proportion of hepatitis E cases go unrecognized or are frequently misdiag-
nosed as drug-induced liver injury (9, 10). Lack of knowledge and awareness of the dis-
ease among clinicians is part of the reason. Meanwhile, the accurate diagnosis of hepa-
titis E is still challenging.

After HEV infection, anti-HEV IgM antibody is induced after an incubation period
ranging from 15 to 60days, and it disappears early in the convalescent period. Anti-
HEV IgG may remain detectable for many years (11). Acute hepatitis E is commonly
diagnosed by detecting anti-HEV IgM and/or rising IgG levels in the serum (12). In
some immunosuppressed patients with chronic HEV infection, anti-HEV antibodies
remained negative (13). Therefore, molecular diagnosis of HEV RNA is highly recom-
mended (14). Viral RNA can be detected in the serum and/or feces during the incuba-
tion period or early acute phase of disease by reverse transcription-PCR (RT-PCR). It
provides a specific and highly sensitive approach to the diagnosis of HEV infection.
Because RT-PCR is relatively expensive and technically challenging, the assay is not eas-
ily accessible, especially in developing countries where HEV is hyperendemic.
Detection of HEV antigen (Ag) has been suggested as a convenient and cost-efficient
alternative to RT-PCR, since HEV Ag production may parallel that of HEV RNA. It was
reported that the method of HEV Ag detection had good concordance with HEV RNA
detection and could serve as a useful tool in early diagnosis of infection (15-18).

The current study is dedicated to comparing the diagnostic performance of the
Wantai anti-HEV IgM assay and the HEV Ag assay with the HEV RNA detection assay as
a reference. We first evaluated the anti-HEV IgM assay and found it had high sensitivity
(99.4%) but poor specificity (74.3%). By retrospective follow-up of samples collected
serially from HEV-infected patients, we found the positivity of anti-HEV IgM may last
for a long period, which contributed to the low positive predictive value (PPV) of this
assay (48.6%). Meanwhile, the diagnostic accuracy of the HEV Ag assay was evaluated,
and factors affecting its detection efficiency were explored. Finally, we used regression
modeling techniques and receiver operating characteristics (ROC) curve analysis to
propose a multifactorial model, which was shown to outperform the anti-HEV IgM or
the HEV Ag assay in the diagnosis of current HEV infection when HEV RNA detection is
not available.

MATERIALS AND METHODS

Study design. This noninterventional study was conducted in accordance with the ethical guide-
lines of the Declaration of Helsinki 1975 and approved by the Human Ethics Committee of Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine. Informed consent was waived, since the
research involved no more than minimal risk to the subjects. All medical information was coded and
kept confidential as required.

Serum samples from subjects who presented with symptoms of hepatitis or came for disease screen-
ing purposes were sent to the laboratory for routine testing of anti-HEV antibodies. From August 2018
to December 2019, ~8,700 samples were tested for anti-HEV antibodies and 565 samples were positive
for anti-HEV IgM. A total of 809 samples were subsequently tested for HEV RNA based on sample avail-
ability, including 325 anti-HEV IgM-positive samples and 484 anti-HEV IgM-negative samples. Most (479/
484) of the anti-HEV IgM-negative samples were included because their alanine aminotransferase (ALT)
levels were above the upper limit of normal (ULN; 64 1U/ml). The other 5 anti-HEV IgM-negative samples
with ALT levels within the normal range were included because they were the follow-up samples of
anti-HEV IgM-positive subjects. Available leftover specimens were collected and stored at —20°C until
analyzed. Subjects with HEV RNA detected in serum were defined as current HEV infection. Diagnostic
performance evaluation of different assays was based on comparison with HEV RNA.

To explore the duration of the anti-HEV antibody response, we retrospectively identified patients
with sequential specimens from the entire set of 809 samples. A total of 143 samples, collected from 58
patients with multiple testing, were available. The kinetics of anti-HEV antibodies and the diagnosis per-
formance of the HEV Ag assay were studied with these serial samples. When we noticed the flaws of the
anti-HEV IgM and the HEV Ag assay in the diagnosis of current HEV infection, a model combining anti-
HEV IgM, HEV Ag, and ALT was developed. Another set of 67 IgM-positive single-visit samples with avail-
able record of ALT level and enough volume (>0.5ml) for HEV testing then were randomly selected
from the entire set, and the performance characteristics of the model were tested. Since the results of
these 143 sequential samples are the basis of the proposed model, they are defined as the training set.
The other 67 single-visit samples are defined as the test set.

Laboratory methods. HEV antibodies were detected in 50 ul of serum samples using the chemilu-
minescence microparticle immunoassay (CMIA), developed by Wantai BioPharm (Beijing, China). It uses
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a recombinant antigen corresponding to 394 to 606 amino acid residues of the HEV capsid protein (19).
The test was performed and interpreted in accordance with the manufacturer's instructions. The results
were expressed as cutoff index (COI). A COl of =1 and a COI of <1 were defined as a positive result and
a negative result, respectively. The CMIA was approved for the diagnostic testing of anti-HEV antibodies
by the National Medical Products Administration (NMPA) of China.

HEV Ag was measured with the Wantai HEV Ag enzyme-linked immunosorbent assay (ELISA) kit
according to the manufacturer's instructions. In this system, goat polyclonal anticapsid antibodies are
used for antigen capture, and enzyme-linked monoclonal antibodies against the capsid protein are used
for detection. Briefly, 100 ul of serum sample was added to each well of the microplate, which was pre-
coated with anti-HEV capsid polyclonal antibodies. The microplate was sealed and incubated at 37°C for
60 min. After washing the wells with washing buffer five times, a second horseradish peroxidase-conju-
gated monoclonal anti-HEV capsid antibody was added, followed by further incubation at 37°C for
30 min and washing five times with the washing solution again. Subsequently, 100 ! of tetramethylben-
zidine substrate solution was added and incubated for 15min at 37°C. The reaction was stopped by
addition of the stop solution, and the absorbance was immediately measured using dual-wavelength
detection (450 and 630 nm) with a microplate reader (Multiskan FC microplate reader; Thermo Fisher
Scientific). The cutoff value was 0.12 plus the mean absorbance of three negative controls, as recom-
mended by the manufacturer. The absorbance ratio of each specimen to the cutoff value (S/CO) was
used to indicate HEV Ag status, with positivity defined as a ratio of =1.0. The HEV Ag ELISA kit is
intended for research use only.

The level of HEV RNA in clinical samples was determined by a laboratory-developed test (LDT) of RT-
PCR. HEV RNA was extracted from 140 ul of serum samples using a TIANamp virus RNA kit (Tiangen,
Beijing, China) according to the manufacturer's instructions, and 50 ul of RNA solution was eluted for
each sample. The one-step RT-PCR was performed with a HiScript Il one-step quantitative RT-PCR probe
kit (Vazyme, Nanjing, China). Each reaction mixture included 8 ul of extracted RNA, 10 ul of 2x one-step
Q probe mix, 1 ul of one-step probe enzyme mix, 0.1 uM fluorescence probe, and 0.2 M each primer.
RT-PCR conditions included an RT step of 50°C for 15 min, a predenature step of 95°C for 30, followed
by 45 cycles of 95°C for 10s and 60°C for 30s. The sequences of the primers and the probe were
described and validated previously (20-22). The forward and reverse primers were 5'-GGT GGT TTC TGG
GGT GAC-3" and 5'-AGG GGT TGG TTG GAT GAA-3’, respectively, and the probe was 5'-FAM-TGA TTC
TCA GCC CTT CGC-TAMRA-3'. The amplification was carried out on a ViiA 7 real-time PCR system
(Thermo Fisher Scientific) according to the manufacturer’s instructions. HEV RNA was in vitro transcribed
from pGEM-7Zf(-)-TW6196E (23) by T7 RNA polymerase to obtain a positive strand as the RNA standard
for quantitative RT-PCR (23). The RNA standard was titrated by measuring the optical density at 260 nm
with a spectrophotometer. A standard curve was generated from serial dilutions of the standard. The
threshold cycle values were plotted as a function of the input HEV RNA viral copy numbers. The LDT was
validated against the commercial promoter HEV RNA detection kit (ACON, Hangzhou, China), which was
approved for the diagnostic testing of HEV RNA by the NMPA of China to provide a qualitative dichoto-
mous (positive/negative) result. The linearity (see Table S1 in the supplemental material), limit of detec-
tion (Table S2), and agreement across specimens (Table S3) were compared between the LDT and the
promoter assay.

Samples with positive anti-HEV IgM were tested for HEV RNA individually, and samples with negative
anti-HEV IgM were pooled (4 to 5 specimens were mixed into 1 specimen) and tested for HEV RNA.
When positive HEV RNA was detected from a pooled sample testing, the subsequent testing of the indi-
vidual samples from the pool was required.

To test the effect of the anti-HEV IgG on the detection of HEV Ag, serum samples that were either
positive or negative for anti-HEV IgG but negative for both anti-HEV IgM and HEV RNA were collected
and pooled separately as dilution sera to a final volume of ~5ml each. Two serum samples collected
from HEV RNA-positive patients (A and B) were 10-fold serially diluted with these pooled anti-HEV IgG-
positive or IgG-negative sera to generate 1/10, 1/100, and 1/1,000 dilutions. The original samples and
the serially diluted samples were then subjected to HEV Ag detection by ELISA or HEV RNA detection by
RT-PCR in duplicates.

Statistical analysis. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc,
Cary, NC) and MedCalc statistical software version 19.3 (MedCalc Software, Ostend, Belgium). Graphs
were generated using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA).

Categorical variables were described as proportion (percent), and continuous variables were
described as means + standard errors of the means (SEM) or median (range). Comparisons between two
groups were performed using t test, Mann-Whitney U test for continuous variables, and chi-square test
for categorical variables as appropriate. Correlation analyses were performed with the Spearman's
method. A two-tailed P value of <0.05 was considered statistically significant.

Diagnostic performance was determined with ROC curve analyses, followed by calculation of 95%
confidence intervals (Cl) using the binomial exact method. Area under the ROC curve (AUROC) of differ-
ent diagnostic methods was compared using the method of DeLong et al. (24). Detailed diagnostic val-
ues were evaluated by calculating the sensitivity, specificity, PPV, negative predictive value (NPV), and
accuracy. The optimum cutoff value for diagnosis is selected by maximizing the sum of sensitivity and
specificity.

Model estimation was done with the LOGISTIC procedure of SAS. Data of the 143 sequential samples
were used to build a model, whereas data of the 67 single-visit patients were used to test the model.
Variables of age, gender, ALT/ULN, anti-HEV IgM, anti-HEV IgG, and HEV Ag were included in the logistic
regression analysis. Logarithmic transformation of anti-HEV IgM, 1gG, and HEV Ag levels and square root
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TABLE 1 Diagnostic performance of anti-HEV IgM, HEV Ag, and logistic regression models for current HEV infection®

Journal of Clinical Microbiology

Assay/model Sample set Cutoff Sensitivity (%)  Specificity (%) Accuracy (%) PPV (%) NPV (%) AUROC, 95% Cl
Anti-HEV IgM Entire set (n=809) =1 99.4 743 79.2 48.6 99.8 0.96, 0.95-0.98
HEV Ag Training set =1 64.8 100.0 82.5 100.0 74.2 0.88,0.81-0.94
Test set 58.7 100.0 71.6 100.0 52.5 0.87,0.78-0.95
[lgM+Ag+ALT] Training set >7.741 91.2 95.2 93.1 95.4 90.8 0.98, 0.96-1.00
Test set 87.0 95.2 89.6 97.6 76.9 0.97,0.94-1.00
[lgM+ALT] simplified  Training set >3.921 94.1 85.5 90.0 87.7 93.0 0.96, 0.94-0.99
Test set 84.8 85.7 85.1 929 72.0 0.95,0.90-1.01

aPPV, positive predictive value; NPV, negative predictive value; AUROC, area under the receiver operating characteristics curve; Cl, confidence interval; Ag, antigen; ALT,

alanine aminotransferase.

transformation of ALT/ULN levels were applied to improve the normality of the distribution. Variables
that were significantly different between subjects with and without HEV RNA detected by univariate
analysis (P = 0.05) were included in the stepwise multiple logistic regression analysis to identify inde-
pendent variables associated with current HEV infection. Variables with a P value of <0.05 by multivari-
ate analysis were kept, and the estimate coefficient output by SAS was used to construct a model. The
goodness of fit of the model was assessed using the Akaike information criterion (AIC), and the discrimi-
nation ability was assessed by AUROC.

RESULTS

Performance of the anti-HEV IgM assay in the diagnosis of current HEV
infection. A total of 809 samples were tested for HEV RNA. Among them, 158 out of
the 325 anti-HEV IgM-positive samples and 1 out of the 484 anti-HEV IgM-negative
samples had HEV RNA detected. The performance of the anti-HEV IgM assay in diag-
nosing current HEV infection was summarized in Table 1. The sensitivity and the NPV
was quite good (~99%), followed by accuracy (~79%) and specificity (~74%). The
main flaw of the anti-HEV IgM assay was its low PPV, only ~49%, suggesting that half
of the cases with positive anti-HEV IgM are not current HEV infection. The only case
who was negative for anti-HEV IgM but positive for HEV RNA had another sequential
sample collected 1 day later. He was found to have anti-HEV IgM seroconversion and a
rising level of anti-HEV IgG at the later time point. HEV RNA was detected in both sam-
ples, and acute HEV infection was confirmed.

Kinetics of HEV antibodies. To understand why the anti-HEV IgM assay gives low
PPV, we performed a retrospective follow-up study: 58 subjects who had serial sera col-
lected and positive anti-HEV IgM specimen(s) at least once were identified from the
entire set of 809 samples. Among them, 14 subjects (1 to 14) remained negative for
HEV RNA throughout the observation period, while the other 44 patients (15 to 58)
were confirmed as acute HEV infection by detecting positive HEV RNA in the first or fol-
lowing samples collected initially. A total of 143 samples were collected from these 58
subjects, with, on average, 2.5 samples per subject and a median follow-up of
3 months. Twenty-five of the 44 patients with acute HEV infection cleared the virus (19,
21, 23, 24, 26, 27, 33, 34, 36, 39, and 44 to 58), while the other 19 patients had follow-
up duration of less than 3 months and remained positive for HEV RNA at the last visit.
Patients 15 to 44 had a midterm follow-up period within 3 months, while patients 45
to 58 had long-term follow-up lasting from 90 days to 414 days. The anti-HEV IgM and
IgG levels were plotted against the follow-up days (Fig. 1). For the patients who
remained negative for HEV RNA (1 to 14), the levels of their anti-HEV IgM were rela-
tively low, and most of them showed neither large increases nor large decreases (Fig.
1A and B). These 14 patients were probably in the convalescent period from recent
infection or had nonspecific cross-reactive antibodies to HEV due to unknown reasons.
In contrast, for the patients with acute HEV infection (15 to 58), the levels of anti-HEV
IgM increased rapidly at the beginning but decreased slowly during the convalescent
period, which remained positive for as long as 0.5 to 1year (Fig. 1C and E). For exam-
ple, patients 51 and 58 remained positive for 6 months, patients 54 and 55 were posi-
tive for 8 months, and 57 remained positive for more than 1year. The levels of anti-
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FIG 1 Dynamics of HEV antibodies during the progression of illness. The levels of anti-HEV IgM (A, C, and E) and IgG
(B, D, and F) are plotted against the follow-up days and shown with colored points and connecting lines for each
patient. Subjects 1 to 14 were HEV RNA negative throughout the study period, and all others had HEV RNA detected

at least once during the study period.

HEV IgG of these 44 patients increased gradually and remained positive throughout
the period of observation (Fig. 1D and F). The unexpected long period of anti-HEV IgM
positivity interfered with the diagnosis of current HEV infection and explained the low
PPV of this assay.

Performance of the HEV Ag assay in the diagnosis of current HEV infection. HEV
Ag has been reported as a useful serological marker for diagnosing HEV infection. Next,
we used the 143 sequential samples from the antibody kinetics study to study the
diagnostic efficacy of the HEV Ag assay. Of the 143 samples, 72 samples were negative
for both HEV RNA and HEV Ag. Only 46 out of the 71 HEV RNA-positive samples were
positive for HEV Ag. The sensitivity of the HEV Ag assay was 64.8%. Both the specificity
and the PPV were 100%. The accuracy was ~83%, and the NPV was ~74% (Table 1).

To understand why some samples showed discordant HEV RNA and HEV Ag results,
we categorized the samples according to their HEV RNA levels. HEV Ag levels increased
with HEV RNA levels (Fig. 2A). The discordance was mainly found in the HEV RNA low
viral load groups (Fig. 2B). Among the 71 HEV RNA-positive samples, HEV Ag was
detected in 3/16 (18.75%) samples in the HEV RNA range below 10° copies/ml, 12/22
(54.5%) samples in the range of 10° to 10° copies/ml, 21/23 (91.3%) samples in the
range of 106 to 107 copies/ml, and 10/10 (100%) samples in the range above 107 cop-
ies/ml.
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Factors affecting the detection of HEV Ag. To explore other factors that may
affect the detection efficiency of HEV Ag, we determined the correlation between the
levels of HEV Ag and HEV RNA, anti-HEV IgG, IgM, or ALT/ULN in the 71 HEV RNA-posi-
tive samples (Fig. 3). The Spearman’s correlation coefficient (r) was 0.7792 between
HEV Ag and HEV RNA (P < 0.0001), 0.6932 between HEV Ag and ALT/ULN (P < 0.0001),
—0.6563 between HEV Ag and anti-HEV IgG (P < 0.0001), and —0.1636 between HEV
Ag and anti-HEV IgM (P =0.1729), respectively. Thus, both HEV RNA level and ALT/ULN
had strong positive linear association with HEV Ag level, while anti-HEV IgG level
showed a moderate to strong negative linear relationship to HEV Ag level and anti-
HEV IgM level had no obvious linear relationship to HEV Ag level.

With that said, we hypothesized that the presence of anti-HEV IgG interferes with
the detection of HEV Ag. To test this idea, we serially diluted two HEV RNA-positive se-
rum samples (A and B) with either anti-HEV IgG-positive or IgG-negative serum (Table
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FIG 3 Correlation between levels of HEV Ag and HEV RNA (A), ALT/ULN (B), anti-HEV IgG (C) or anti-
HEV IgM (D) in 71 HEV RNA-positive sera. P values were calculated using the Spearman’s correlation

method.

February 2021 Volume 59 Issue2 e02321-20

Journal of Clinical Microbiology

jcmasm.org 6


https://jcm.asm.org

HEV Ab Dynamics and Diagnostic Model of HEV Infection

Sample A Sample B
8- =8 19G ti
3 ° negative
E £ a e g. )
2 74 K 71 m |gG_positive
o [3 [}
9]
3 6 . 2 6
g g L
= 5 i = 54
< <
P4 =z
3 - 4
4 ® 44
& &
3 r . . T3 . : :
S o o S o N
Q S N N Q S
N «\" \\,@ N \\\ \\,\Q
dilution dilution
C Sample A D Sample B
25+ 25 .
o o 1gG_negative
20 __ 204 O IgG_positive
3 8
& 151 & 151 ©
g 2
10 10
@ @
E- I
5 & 5
o
0 {3 {3 0 0 oy £ &
Q N Q o N
N N Q N
N N \\,\Q \ NN \\'@
dilution dilution

FIG 4 HEV RNA (A and B) or HEV Ag (C and D) detection in samples diluted serially with anti-HEV
lgG-positive or anti-HEV IgG-negative serum. The mean value from 2 experiments is shown.

S3). The original samples and the diluted samples were then subjected to HEV Ag
detection by ELISA or HEV RNA detection by RT-PCR (Fig. 4). The HEV RNA levels in se-
rial dilutions by either positive or negative anti-HEV IgG serum were comparable (Fig.
4A and B). However, the HEV Ag level was much higher in dilutions with negative anti-
HEV 1gG serum (Fig. 4C and D), suggesting that the presence of anti-HEV IgG interfered
with the detection of HEV Ag.

Improved diagnostic accuracy of a model combining anti-HEV IgM, HEV Ag and
ALT/ULN. Considering the high seropositivity of anti-HEV IgG in areas where HEV is
endemic, we reason that the HEV Ag assay alone is not good enough to diagnose cur-
rent HEV infection, since it will cause misdiagnosis when the HEV RNA level is low or
the anti-HEV IgG level is high. Thus, we decided to establish a model combining the
key factors that differentiate current HEV infection from past infection or other liver
diseases. Multivariate analyses showed that the levels of HEV Ag, anti-HEV IgM, and
ALT/ULN were significantly independent variables associated with current HEV infec-
tion (Table S4). By stepwise multiple logistic regression analysis, a model for predicting
current HEV infection was proposed. The model combining the 3 key factors in param-

eter estimates of 3.08 (IgAg), 5.14 (IglgM), and 2.64 (@ /%), respectively, was identified
with the highest AUROC (referred to as [IgM+Ag+ALT]). The model was shown as

logit (p) = 2.64 x \/%4—3.08 x 1g(Ag)+ 5.14 x lg(IgM)

In the above-mentioned 143 sequential samples, 3 samples in the HEV RNA-positive
group and 10 samples in the HEV RNA-negative group did not have records of ALT lev-
els, so they were not included. A weighted sum score of 7.741 of the parameter esti-
mates was associated with the highest sum of sensitivity and specificity and deter-
mined as the cutoff value. Sixty-two out of the 68 HEV RNA-positive samples had
values above the cutoff, and 59 out of the 62 HEV RNA-negative samples had values
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FIG 5 ROC curves for diagnosis of current HEV infection with the HEV Ag assay, the [IgM+Ag+ALT] model, or the
simplified [lgM+ALT] model in the training set (A) and the test set (B). The reference line indicates when false-positive

results are produced at the same rate as true-positive results.

below the cutoff. The diagnostic performance of the model was visualized by ROC
curve (Fig. 5A) and summarized in Table 1. It achieved a sensitivity of 91.2% and a spec-
ificity of 95.2% with AUROC of 0.98. Both the PPV and the NPV were above 90%.

The diagnostic performance of the HEV Ag assay and the model was repeatedly
evaluated in the 67 randomly selected anti-HEV IgM-positive samples. Results con-
firmed that the diagnostic performance of the model (AUROC and 95% Cl, 0.97, 0.94 to
1.00) was better than that of HEV Ag (AUROC and 95% Cl, 0.87, 0.78 to 0.95) (Table 1
and Fig. 5B).

If the HEV Ag assay is not available, a simplified model combining only anti-HEV
IgM and ALT/ULN level was proposed and shown as follows. Parameters were scaled
down and rounded for the ease of clinical application.

. ALT
logit (p) = UIN +2 x 1g(IgM)

A weighted sum score of 3.921 of the parameter estimates was determined as the
cutoff value. It achieved a sensitivity of 94.1% and a specificity of 85.5% with an
AUROC of 0.96 in the training set. The sensitivity, specificity, and AUROC was 84.8%,
85.7%, and 0.95 in the test set, respectively (Fig. 5B and Table 1).

DISCUSSION

In this study, we evaluated the diagnostic performance of HEV serological markers
for current HEV infection. Our findings show that anti-HEV IgM and HEV Ag are on the
opposite ends in the diagnosis of HEV infection. A positive anti-HEV IgM result does
not necessarily mean there is current HEV infection, while a negative anti-HEV IgM
result basically excludes the possibility of HEV infection, except for very rare cases
when patients seek medical care during the window period before anti-HEV IgM
appears or patients are immunosuppressed and unable to produce anti-HEV IgM. In
contrast, a positive result of HEV Ag confirms current HEV infection, while a negative
result of HEV Ag does not guarantee there is no HEV infection, especially when the
patient has a low viral RNA level or high anti-HEV IgG level.

The concordance between HEV Ag and HEV RNA is 118/143 (82.5%) in the training
set and 48/67 (71.6%) in the test set. The HEV Ag assay gave correct diagnosis on all
HEV RNA-negative samples but only correctly diagnosed 46/71 (64.5%) HEV RNA-posi-
tive samples in the training set and 27/46 (58.7%) in the test set.

It is understandable to have less HEV Ag detected at low levels of HEV RNA, since
the HEV Ag assay was reported to be less sensitive than RT-PCR (17, 25, 26). The low ef-
ficiency of HEV Ag detection at the presence of anti-HEV IgG is somewhat unexpected.
By revisiting the literature, we found the phenomenon was described previously. Zhao
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et al. used an in-house-developed HEV Ag detection assay and found that the sensitiv-
ity of the HEV Ag assay was inversely proportional to the concentration of anti-HEV
antibodies in serum (17). In our speculation, epitope competition might lead to the
reduced detection efficiency of HEV Ag in the presence of anti-HEV IgG. The anti-HEV
IgG antibodies in serum may compete with the anti-capsid polyclonal antibodies used
in the ELISA kit to bind with the capsid protein. An analysis of serial samples from HEV-
infected monkeys showed that HEV Ag could be detected prior to the appearance of
anti-HEV antibodies, almost simultaneously with the fecal RNA, but HEV Ag disap-
peared 2 to 3weeks earlier than the RNA, when anti-HEV IgG levels increased (15).
Trémeaux et al. showed the HEV Ag assay gave more frequently positive results in
immunocompromised patients at the acute phase (26). Behrendt et al. found signifi-
cantly higher levels of HEV Ag in chronically infected individuals than acutely infected
patients (25). These results have several things in common. The easier detection of HEV
Ag in either immunocompromised patients at the acute phase or chronic patients
probably benefits from the lower level of anti-HEV IgG in these subjects. Another inter-
esting result was shown by Geng et al. (27). They found that HEV Ag was detected
more frequently in urine than HEV RNA, and the ratio of HEV Ag to HEV RNA in the
urine was significantly higher than in sera and feces. It is possible that since less anti-
HEV IgG is secreted into urine than sera (since IgGs are normally too large to pass
through the tubules of kidney), it is easier to obtain HEV Ag detection results. These
findings indicate that the accuracy of the HEV Ag assay will be affected especially in
regions where HEV is endemic and where the anti-HEV IgG seroprevalence is high (28,
29). It is necessary to improve the HEV Ag detection assay in the future to make it less
susceptible to concomitant substances in the serum.

The exact duration of anti-HEV antibody response remains uncertain. Dawson et al.
reported IgM antibodies disappeared in specimen collected 3.5years later, and IgG
antibodies continued to be detected 4.5years after the acute-phase infection (11).
Myint et al. showed that in acute hepatitis E patients, anti-HEV IgM can persist for an
average of 5 months (30). Riveiro-Barciela et al. reported an unexpectedly long persist-
ence of anti-HEV IgM: 4 out of 5 (80%) subjects were positive for anti-HEV IgM with the
Wantai assay during the second year after acute hepatitis E, and 2 out of 12 (17%)
patients were still positive by the Wantai assay after 3 years (31). In our retrospective
follow-up analysis, most patients with confirmed HEV infection experienced a rapid
increase of anti-HEV IgM shortly after the acute phase and a slow decrease of anti-HEV
IgM thereafter. Four patients were positive for anti-HEV IgM during the 3- to 6-month
follow-up (45 to 48), 6 were positive during the 6- to 12-month follow-up (50, 51, 53,
54, 55, and 58), and 1 was positive after a year (57). One patient turned negative after
~5months, one turned negative after ~8 months, and another one turned negative
after 13 months. Generally, patients with higher levels of anti-HEV IgM had longer dura-
tions of being positive. We currently do not know why the levels of anti-HEV IgM varied
among the patients. It may be related to the immune status of the patient per se but
not to the previous exposure to HEV, since the patients who had relatively low levels
of anti-HEV IgM at presentation were all positive for anti-HEV 1gG (22, 23, 32, and 34).

The study has several limitations. First, HEV RNA and HEV Ag were analyzed retro-
spectively. RNA may degrade in stored sera over time, and the detection accuracy may
be impaired. Second, the follow-up duration was not evenly distributed. For some
patients, the intervals between sequential samples were too short to describe the
long-term trend. For other patients, their samples were collected from 2 time points,
and we can only make a rough estimation of their anti-HEV IgM seroconversion. Third,
further modification or validation may be necessary before the multifactorial model
can be applied to testing results from other products, considering the sensitivity and
specificity difference between them (32). It also may not be readily applied to immuno-
suppressed patients. Fourth, the model is still complicated. To ease the application in
clinical settings, an algorithm is proposed. When an immunocompetent person has
elevated levels of liver enzymes and is suspected of HEV infection, anti-HEV IgM should
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be tested first, since it has very high sensitivity. When the anti-HEV IgM testing gives a
positive result, HEV Ag testing is recommended. Positive results of HEV Ag can confirm
HEV infection. If the HEV Ag assay gives a negative result, diagnosis based on the
[lgM+Ag+ALT] model is needed. If the HEV Ag assay is not available, the simplified
[lgM+ALT] model could correctly diagnose ~88% of the cases at a cutoff value greater
than 3.921.
In conclusion, we explored the merits and demerits of the anti-HEV IgM and HEV Ag
assay and developed a model with satisfactory performance in the diagnosis of current
HEV infection when HEV RNA detection is not available. It is a useful tool in clinical de-
cision making, especially in developing countries where HEV is endemic.
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