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ARTICLE INFO ABSTRACT

Keywords: Hepatitis E virus (HEV) causes infections in humans and animals. HEV have been identified in pig farms, markets
Hepatitis E virus and swine workers, but studies with parallel observations along the poultry and pork supply chains remains
Seroprevalence

limited. This study aimed to characterize HEV infection risks in workers along the meat supply chain. Two
rounds of cross-sectional surveys were performed among swine and poultry workers in pig and poultry farms,
slaughterhouses, wholesale and retail live poultry markets, live pig markets and pork markets. Human sera from
the workers and the general population were collected and tested for HEV specific IgM/IgG antibodies by
commercial indirect-ELISA test kits. Risk factors of HEV seropositivity associated with different occupational
settings were identified using logistic regression. 47.0% (156/332) of the swine workers and 40.2% (119/296) of
the poultry workers were seropositive, compared to 26.1% (35/134) in the general population. Multivariable
analysis showed that human HEV infection risk increased along the pork supply chain, with the highest risk at pig
slaughterhouses (adjusted OR = 3.19, 95% CI = 1.49-6.88) and pork markets (adjusted OR = 2.02, 95% CI =
1.04-3.97), but no significant higher risk was observed among poultry workers. Swine occupational exposure is
associated with HEV infection, especially in workers in pig slaughterhouses and pork markets. Strengthening
control measures in these settings is important for HEV control and long term HEV elimination.

Infection risk
Meat supply chain
Poultry worker
Swine worker

1. Introduction

Hepatitis E virus (HEV) is an enteric RNA virus that proliferates in a
wide range of hosts worldwide, including human, pigs, rabbits, wild
boars, rats, red deer and birds [1,2]. HEV mostly causes self-limiting
hepatitis in human, but may also result in chronic hepatitis among
immunocompromised patients [3]. It was estimated that about twenty
million HEV infections occurred globally each year, leading to roughly

3.3 million clinical cases with more than 40 thousand related deaths [4].
In addition, HEV infection was also associated with high morbidity and
mortality in pregnant women in developing countries. HEV was trans-
mitted to human via fecal-oral and zoonotic routes, the latter of which
including consumption of raw pig meat or livers as well as exposure to
infected pigs [5,6].

HEV belongs to genus Orthohepevirus, including species Orthohepe-
virus A, Orthohepevirus B (avian HEV), Orthohepevirus C (rat-HEV),
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Orthohepevirus D (bat-HEV) [7,8]. Human Hepatitis E was also known to
be caused by Orthohepevirus A and Orthohepevirus C (rat-HEV) [9,10].
Orthohepevirus A includes 8 genotypes (HEV-1 — HEV-8) with natural
hosts including human, pigs, rabbits and camels. Genotypes HEV-1,
HEV-2, HEV-3 and HEV-4 were mainly found in human, while HEV-3,
HEV-4, HEV-5, HEV-6 were mostly found in pigs. HEV-3 and HEV-4
were considered as zoonotic genotypes with capability of transmission
from pigs to humans [11]. Avian HEVs were grouped into 5 genotypes
(genotypes 1-5) and were mainly found in birds, sharing antigenical and
genetical similarity with Orthohepevirus A [12]. In 2020, A novel geno-
type avian HEV was discovered which had a higher sequence similarity
with Orthohepevirus A, though it has not been detected in humans, there
is a potential threat as a zoonotic HEV [13].

In China, HEV seroprevalence among blood donors varies from 25%
to 34% [14]. Consumption of pig livers was identified as a risk factor of
HEV infection for the general population [15], while pig farmers and
rabbit slaughterhouse workers had higher HEV infection risks [16-18].
In Guangdong, a province in Southern China, HEV infection is common
among domestic pigs, with an average seroprevalence of 65% (ranging
from 35% to 92%) [16]. In an epidemiological investigation of 20
poultry farms, avian-HEV seropositivity in chickens exceeded 70% [19],
while two other studies found that seropositivity in farmed wild boars
and Sika deer were lower (24.5% and 5.4% respectively) [20,21].

Many studies have reported high prevalence of anti-HEV antibodies
in swine slaughterhouse workers and farmers, suggesting occupational
risk of HEV infection [22,23]. However, few studies examined occupa-
tional infection risk in different settings along the pork and poultry
supply chains systematically. A systematic review compared HEV sero-
prevalence worldwide among swine-related workers in different set-
tings, however large heterogeneity was observed except for swine
veterinarian only [24]. This precluded profiling of HEV risks in different
settings among swine and poultry workers who have likely not trained
with self-protective measures. In this study, we filled this gap by
investigating HEV infections among occupational workers along both
the pork and poultry meat supply chains. Our aim was to characterize
occupational risks of HEV infection in settings with exposure to swine
(pig farms, live pig markets, pig slaughterhouses and pork market) and
poultry (poultry farms, slaughterhouses, retail and wholesale LPMs),
compared to the general populations.

Swine workers (n=259)
e Pig farms (n=66)
e Live pig markets (n=65)
e Pig slaughterhouses (n=64)
e Pork markets (n=64)
Poultry workers (n=217)
e Poultry farms (n=52)
e Wholesale LPMs (n=125)
e Poultry slaughterhouses (n=4)
e Retail LPMs (n=11)
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2. Materials and methods
2.1. Study design

The study was carried out during October 2015 to July 2016 in
Guangzhou city in Southern China with 2 rounds of serosurveys (Fig. 1).
Poultry workers and general population subjects with no occupational
and backyard poultry and pig exposure were recruited as reported
previously [13]. Swine workers from 8 pig farms, 1 live pig market
(including 12 trading stalls and 12 transportation vehicles), 2 pig
slaughterhouses and 6 pork markets (including 2 trading stalls per retail
stall) were recruited in person during study visits. Pig offal are popular
food in China and were hence separately processed and handled in the
pig slaughterhouses and pork markets. The inclusion criteria were: 1)
had been working or living in settings with swine exposure (swine farm,
live pig market, pig slaughterhouse or pork market) for more than 10
weeks, and exposed to pigs for more than 5 h a week; 2) age > 16 years.
We excluded subjects who are: 1) Immunocompromised or suffering
from acute respiratory tract infection and in pregnancy; and 2) suffering
from immunosuppressive or immunodeficiency disease (including HIV
infection) or receiving immunosuppressive therapy. 3-5 mL blood
sample was collected from each participant. During the visits, we also
carried out face-to-face interviews by trained personnel to collect in-
formation on demographics, exposure history to pigs, and other related
information (see Supplementary Appendix 2 for the questionnaire).

The protocol of blood sampling and face-to-face interview were
approved by the ethics committee of School of Public Health, Sun Yat-
Sen University (No. 2014-018). Written informed consent was ob-
tained prior to blood sample collection and interviews.

2.2. Laboratory analysis

Commercially available HEV ELISA testing kits were used for the
detection of HEV specific IgM (with specificity 98.40% and sensitivity
97.10%) and IgG (with specificity 99.90% and sensitivity 99.08%) an-
tibodies (Wantai BioPharm, Beijing, China). All experimental operations
and laboratory procedures were carried out as instructed by the manu-
facturer. The results of the ELISA tests were present as ratios (s/co), and
the interpretations were made in accordance with the instructions.

2.3. Statistical analysis

Survey data were managed using EpiData 3.1 software (http://ep
idata.dk/). Data were entered twice independently, and logical check

Swine workers (n=73)
e Pig farms (n=13)
e Live pig markets (n=36)
e Pig slaughterhouses (n=10)
e Pork markets (n=14)
Poultry workers (n=79)
e Poultry farms (n=25)
® Wholesame LPMs (n=43)
e Retail LPMs (n=11)

General population (n=134)

Fig. 1. Timeline of sample collection from poultry and swine workers, and the general population, 2015-16.
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were performed using structured query language to ensure accuracy.
Survey and laboratory data were subsequently merged into a master
dataset, linked by individual study participant numbers. HEV serological
results were first studied as dichotomous outcomes using two-sided Chi-
square tests or the Fisher's exact test. Multivariable logistic regression
analyses were performed to identify risk factors associated with previous
HEV infection, accounting for confounders such as age. The analysis
included data from the general population, using age as a proxy of
natural HEV infection from human, to allow estimation of the additional
HEV infection risks from swine and poultry. Data analyses were per-
formed using SPSS software version 20.0 (IBM, Chicago, USA) and R
version 4.0.4 (R Development Core Team).

3. Results

Serum samples were collected from 332 swine workers, 296 poultry
workers and 134 subjects from the general population, with HEV sero-
positivity of 47.0% (95% confidence interval [CI] 41.6-52.4%), 40.2%
(95% CI 34.6-45.8%) and 26.1% (95% CI 18.7-33.6%) respectively
(Tables 1 & 2). There were significantly higher HEV seropositivity in
swine and poultry workers, compared to the general population (OR =
2.5, 95% CI 1.6-3.9 and 1.9, 95% CI 1.2-3.0 respectively), however the
difference between swine and poultry workers was not significant (p-
value = 0.091). (Table 2).

Among the HEV-seropositive samples, 16 out of 275 (5.8%) and 1 out
of 35 (2.9%) were IgM positivity among occupational workers and the
general population respectively (supplementary appendix 1). The pro-
portions of recent HEV infections were similar (p-value = 0.704).

In our serosurveys among swine workers, slaughterhouse workers
had the highest HEV seropositivity (60.8%, 95% CI 49.7-71.9%). In the
multivariable analysis, anti-HEV I1gG/IgM seropositivity was associated
with age (adjusted OR [aOR] = 1.04, 95% CI = 1.02-1.06) but not with
duration of pig exposure (aOR = 1.01, 95% CI = 0.98-1.05), with
significantly higher risks in pig slaughterhouse workers (aOR = 3.19,
95% CI = 1.49-6.88) and pork markets (aOR = 2.02, 95% CI =
1.04-3.97) (Table 3). No significant sex difference was observed (p-
value = 0.163).

Among poultry workers, slaughterhouse workers had the highest

Table 1
Characteristics of the swine and poultry workers and the general population who
have participated in the serological surveys.

Characteristics N %

Swine workers

Age, y, median (range) 332 42 (16-66)
Gender
Male 243 73.2
Female 89 26.8
Type of workplace
Pig farms 79 23.8
Live pig markets 101 30.4
Pig slaughterhouses 74 223
Pork markets 78 23.5
Poultry workers
Age, y, median (range) 296 44 (16-73)
Gender
Male 207 69.9
Female 89 30.1
Type of workplace
Poultry farms 77 26.0
Wholesale LPMs 168 56.8
Poultry slaughterhouses 4 1.4
Retail LPMs 47 15.9
General population
Age, y, median (range) 134 37 (17-66)
Gender
Male 92 68.7
Female 42 31.3

Abbreviations: CI, confidence interval; LPMs: live poultry markets.
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Table 2
HEV seroprevalence in the study populations.
Population N Seropositive, (%) (95% CI) OR (95%
n CD
General 134 35 (26.1) (18.7-33.6)  Reference
populations
Occupational
workers
Swine workers 332 156 (47.0) (41.6-52.4) 25
’ : ’ (1.6-3.9)
Poultry 1.9
workers 296 119 (40.2) (34.6-45.8) (1.2-3.0)

Abbreviations: CI, confidence interval; OR: odds ratio.

HEV seropositivity (75.0%, 95% CI 32.6-100.0%) (Table 4). In the
multivariable analysis, while HEV seropositivity was significantly
associated with age (aOR = 1.04, 95% CI = 1.02-1.06), the risk did not
increase significantly over duration of exposure (p-value = 0.664) or by
workplace (p-value = 0.343). Irrespective of workplace, HEV seroposi-
tivity among poultry works was not significantly higher (aOR = 1.52,
95% CI = 0.88-2.65) than that of the general population. No significant
sex difference was observed (p-value = 0.466, Table 4). In both swine
and poultry workers, there were weak correlations between age and
duration of exposure (Pearson correlation coefficients = 0.27 and 0.14,
respectively).

4. Discussion

There is a low awareness of zoonotic HEV transmission, though HEV
is recognized as a good sentinel pathogen to evaluate transmission risk
of other zoonotic pathogens at the animal-human interface [25-27].
Human can be infected naturally with genotypes HEV-1, HEV-2, HEV-3,
HEV-4 [28], while pig was one of the most common natural reservoirs of
HEV genotypes HEV-3, HEV-4 [8]. These genotypes have been identified
in pig farms, markets and swine workers, but studies with parallel ob-
servations along the poultry and pork supply chains are limited. In our
study, we collected samples along the meat supply chain, from pig
farms, live pig markets, slaughterhouses to pork markets, and from
poultry farms, slaughterhouses to wholesale and retail LPMs, to char-
acterize virus dissemination in these settings. Our study also included
controls from the general population which allowed us to highlight
additional HEV risk associated with animal exposure.

The seroprevalence of HEV-specific IgG/IgM among the general
population were around 20-30% in China [14,29-31]. In this study, the
HEV specific IgG/IgM in the general population without occupational
animal exposure was 26.1%, similar to the above studies and also a
previous serosurvey in blood donors with seroprevalence of 25.8% in
Guangzhou [31].

Occupational risk of HEV infection was mainly reported at pig farms,
but there were inconsistent results on how pig exposure may impact
occupational risk of HEV. European countries such as Portugal, United
Kingdom and Sweden found that pig exposure was not a significant
occupational risk factor for HEV infections [32], while other studies
found that animal exposures were associated with occupational workers
infected with HEV [17,24,33]. There was large heterogeneity by loca-
tion and occupation which hindered comparison of risk by settings [24].
Our study systematically collected samples along the pork and poultry
supply chain which allowed identification of sites with elevated risk of
HEV transmission. Highest risk of HEV seropositivity was identified in
pig slaughterhouses (aOR = 3.19) and pork markets (aOR = 2.02), after
accounting for important confounders such as age as a proxy of natural
HEV exposure in the general population. Interestingly, a meta-analysis
also identified similarly higher risk of HEV seropositivity among swine
workers (prevalence ratio = 1.52) compared to the general population,
however our study highlighted additional risk for swine workers in
slaughterhouse and pork markets [24]. Possible reasons included that
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Table 3
Seroprevalence and risk of HEV infections among swine workers along the pork supply chains.
Variable N Seropositive, n (%) (95% CI) aOR* (95% CI) p value
Sex 0.163
Female 89 36 (40.4) (30.0-50.6) Reference
Male 243 120 (49.4) (43.1-55.7) 1.37 (0.88-2.14)
Age group (y)
<35 91 27 (29.7) (20.7-39.4)
35-44 112 54 (48.2) (39.3-57.4)
45-54 101 58 (57.4) (47.1-67.3)
>55 28 17 (60.7) (42.9-78.6)
Age” (y) 1.04 (1.02-1.06) <0.001
Type of workplace* 0.027
General populations 134 35 (26.1) (18.7-33.6) Reference
Pig farms 79 36 (45.6) (34.6-56.6) 1.86 (0.96-3.61)
Live pig markets 101 40 (39.6) (30.1-49.1) 1.38 (0.72-2.64)
Pig slaughterhouses 74 45 (60.8) (49.7-71.9) 3.19 (1.49-6.88)
Pork markets 78 35 (44.9) (33.8-55.9) 2.02 (1.04-3.97)
Period of duration of exposure to pigs (y)
No occupational exposure 134 35 (26.1) (18.7-33.6)
<3 72 25 (34.7) (23.7-45.7)
39 166 78 (47.0) (39.4-54.6)
>10 94 53 (56.4) (46.4-66.4)
Duration of exposure to pigs” (y) 1.01 (0.98-1.05) 0.489

Abbreviations: CI, confidence interval; aOR: adjusted odd ratio.
" including the general population (n = 134).

# non-linear relation was tested in a general additive model. Age effect and duration of exposure were found to be linear (both effective degrees of freedom = 1).

Table 4
Seroprevalence and risk of HEV infections among poultry workers along the poultry supply chains.
Variable N Seropositive, n (%) (95% CI) aOR* (95% CI) p value
Sex 0.466
Female 89 36 (40.4) (30.3-50.6) Reference
Male 207 83 (40.1) (33.4-46.8) 1.18 (0.76-1.86)
Age group (y)
<35 78 17 (21.8) (13.4-31.0)
35-44 82 32(39.0) (28.2-50.0)
45-54 118 61 (51.7) (43.1-60.9)
>55 18 9 (50.0) (26.3-73.7)
Age” (y) 1.04 (1.02-1.06) <0.001
Type of workplace* 0.343
General populations 134 35 (26.1) (18.7-33.6) Reference
Poultry farms 77 32 (41.6) (29.9-53.2) 1.36 (0.68-2.70)
Wholesale LPMs 168 65 (38.7) (31.5-46.4) 1.54 (0.85-2.80)
Poultry slaughterhouses 4 3(75.0) (25.0-100.0) 7.09 (0.80-152.55)
Retail LPMs 47 19 (40.4) (27.7-55.3) 1.59 (0.73-3.40)
Period of duration of exposure to poultry (y)
No occupational exposure 134 35(26.1) (18.1-33.6)
<3 96 43 (44.8) (34.8-54.7)
3-9 126 40 (31.7) (23.6-39.9)
>10 74 36 (48.6) (37.3-60.0)
Duration of exposure to poultry” (y) 1.01 (0.97-1.05) 0.664

Abbreviations: CI, confidence interval; LPMs: live poultry markets; aOR: adjusted odds ratio.

including the general population (n = 134).
#

non-linear relation was tested in a general additive model. Age effect was found to be nearly linear (effective degree of freedom = 1.68 which is close to 1) and the

effect of duration of exposure was not statistically significant (p = 0.405). A linear term was used in the final model for better interpretability and to avoid identi-

fiability problem between type of work place and duration of exposure.

the main sites of HEV proliferation were in livers and feces, followed by
other organs such as kidney and heart [34]. Pig offal including liver are
consumed in China and in Asia, hence swine slaughterhouse and pork
market workers had an even higher exposure comparing to other swine
workers, and HEV RNA seropositivity rates reached up to 64.7% in
Guangdong [16]. This indicated risk-based preventive measures are
needed with the most stringent measures applicable to slaughterhouses
and pork markets.

In contrast, we found that poultry workers did not have a signifi-
cantly higher risk of HEV seropositivity than the general population
taking into account confounding factor of age, though three out of four
poultry slaughterhouse workers were HEV seropositive. Currently, no
study has confirmed that avian HEV is zoonotic, though a novel avian

HEV was reported in 2020 which had higher sequence identities and
shared some specific amino acid sites with Orthohepevirus A HEV strains,
hence we could not rule out the possibility of cross-species transmission.
[13,19,35,36]. Our results did not identify significant risk of HEV
infection among poultry workers after accounting for age, indicating
low spillover risk of avian HEV to human. In the future, studies should
analyze the evolution and genome of avian HEV and monitor potential
avian HEV spillover events.

The ongoing SARS-CoV-2 pandemic illustrated that the human-
animal-environment interfaces would be the forefront to defense
against emerging and zoonotic pathogens [37,38]. Occupational
workers with frequent animal exposure had a higher risk of zoonotic
pathogen spillover [17,39]. There has been increasing awareness on the
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interactions between human health, animal health and the environment,
and a One Health approach allows better monitoring of potential zoo-
notic pathogens [40]. Currently, there is no routine HEV surveillance in
the hospitals in China, but only monitoring of patients with liver disease.
Active surveillance at the human-animal-environment interface has the
potential to improve substantially the detection capacity to emerging
zoonotic infections.

Our results showed that after accounting for age, longer exposure to
pigs was not associated with a higher risk of HEV infections. This sug-
gested prior training on the use of personal preventive measures is likely
crucial, and these measures should be incorporated in the daily work
routine to maintain long-term compliance.

A safe and highly efficacious vaccine for hepatitis E has been licensed
by in China for nearly a decade [41]. However, HEV vaccination was not
promoted among occupational workers as a public health intervention,
probably due to the self-limiting nature of HEV infection. The zoonotic
risk of HEV should not be neglected for achieving the World Health
Organization target of viral hepatitis elimination by 2030 [42,43].

Our study had some limitations. First, we did not carry out HEV
pathogen detection for the study participants and hence could not
differentiate the species and genotype of Orthohepatitis which infected
swine and poultry workers. Human infections with avian HEV (Ortho-
hepatitis B) were not reported, but it is prudent to monitor potential
animal-to-human transmission of Orthohepatitis A at the animal-human
interface. In our analysis, we adjusted for the age effect as a proxy of
exposure to HEV transmission in human, to estimate the additional
animal-to-human transmission risk of HEV. Second, HEV seroprevalence
of in poultry workers may be underestimated. There is an approximately
40% amino-acid sequence similarity between human/swine HEV and
avian HEV (supplementary appendix 3), indicating some serum cross-
reactivity. Third, the sample size was limited to detect differences in
HEV infection across all specific settings, though we identified pig
slaughterhouses as the setting for highest risk of zoonotic HEV trans-
mission, among several other settings with elevated risks. Fourth, we did
not collect data on HEV vaccination status of the study subjects. Because
HEV vaccine is not covered in the Expanded Program on Immunization,
and only about 50,000 HEV vaccines were issued per year by National
Institutes for Food and Drug Control in China (https://bio.nifdc.org.cn/
pqf/search.do). This translated to a < 0.05% HEV vaccine uptake in
China and hence HEV vaccination status should have limited impact on
our results and conclusions.

Overall, our findings revealed that Chinese swine workers have
increased risk to Hepatitis E virus infection compared to the general
population, with highest risks at pig slaughterhouses and pork markets.
HEV vaccination to workers with frequent exposure to swine would
reduce cross-species HEV transmission in China and probably in Asia
with similar pork and offal consumption.
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