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ABSTRACT

Porcine deltacoronavirus (PDCoV) is an emerging swine enteric coronavirus that causes
diarrhea in piglets. However, the biological characteristics of PDCoV are unclear. In this
study, the hemagglutination (HA) abilities of two PDCoV strains (CH-01 and HNZK-04) were
investigated. Our results showed that PDCoV has the ability to agglutinate rabbit erythrocytes
after virion pretreatment with trypsin or neuraminidase. Additionally, the HA assay results
showed a significant positive correlation with the infectious viral titer. Our results suggest
that assessing the HA activity of PDCoV may be a useful diagnostic method for investigating
and surveilling PDCoV infections.
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INTRODUCTION

Porcine deltacoronavirus (PDCoV), a member of the Deltacoronavirus genus, causes diarrhea

and vomiting in pigs of any age [1]. The clinical symptoms of PDCoV are similar to those of
porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV), but
the mortality rates are lower in PDCoV-affected nursing pigs [2]. PDCoV was first identified
in pigs in Hong Kong in 2012, while the first PDCoV outbreak in swine herds was reported

in the United States in 2014 [3]. Subsequently, PDCoV was detected in Canada, South Korea,
mainland China, Thailand, Laos, and Vietnam, indicating that it is widespread among the
world's pig populations; moreover, PDCoV can have devastating effects on the swine industry
[4]. However, no treatments or vaccines are available for PDCoV.

Hemagglutinin, an envelope glycoprotein of some enveloped viruses, can adsorb to
erythrocytes. In the presence of virus particles, erythrocytes clump together as a result of
the interaction between hemagglutinin and erythrocytes, leading to a lattice formation [5].
Hemagglutination (HA) assessment has been widely used for detecting and quantifying
viruses that cause red blood agglutination, such as orthomyxoviruses, paramyxoviruses,
and encephalomyocarditis virus [6]. Some viruses of the family Coronaviridae, such as
bovine coronavirus (BCoV), human coronavirus OC43 (HCoV-OC43), hemagglutinating
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encephalomyelitis virus (HEV), avian infectious bronchitis virus (IBV), and PEDV, have been
shown to possess the ability to hemagglutinate erythrocytes [7].

As PDCoV is a newly emerging swine enteropathogenic coronavirus, it is unclear whether
PDCoV has HA activity. We, therefore, investigated the hemagglutinating property of PDCoV
in the present study. The following describes our observations on the HA and HA-inhibition
(HI) characteristics of PDCoV. Our results will provide important information for the
investigation of PDCoV biological characteristics.

MATERIALS AND METHODS

Cell and virus

LLC porcine kidney (LLC-PK) cells were used to propagate PDCoV in current study. Cells
were cultured at 37°C in 5% CO, in minimum essential medium (MEM, Gibco, USA)
containing 5% fetal bovine serum (Gibco), 1% MEM-nonessential amino acids (NEAA,
Gibco), 1% Antibiotic-Antimycotic (Gibco), and 1% HEPES (Gibco). Two PDCoV strains,
HNZK-04 (GenBank: MH708124.1) and CH-01 (GenBank: KX443143.1), isolated by our
laboratory were propagated in LLC-PK cells. Briefly, an LLC-PK cell monolayer at 90%
confluence was inoculated with PDCoV for 1 h at 37°C in serum-free MEM. Cells were
then washed with phosphate-buffered saline (PBS) to remove the non-adsorbed virus and
maintenance medium (MEM containing 1% Antibiotic-Antimycotic, 1% NEAA, and 1%
HEPES) was added. After 60 h, the cells were frozen at —~80°C and thawed twice.

Erythrocyte preparation

Erythrocytes were obtained from rabbit, pig, chicken, mouse, guinea pig, and human. Whole
blood samples were collected in a centrifuge tube containing an anticoagulant agent (heparin
sodium), then immediately washed five times with PBS (pH 7.2) and centrifugation at 1,000 r/
min for 30 min. The erythrocytes were then resuspended in PBS and stored at 4°C for use in
experiments. Animal welfare and experimental procedures were performed according to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th edition).

HA and HI assays

The HA test was performed using a 96-well V-bottom microtiter plate (Solarbio, China).
Two-fold serial dilutions of PDCoV strains HNZK-04 and CH-01 in PBS were prepared, and
50 pL of the diluted virus was distributed to each well. PBS was used as a negative control. An
equal volume (50 pL) of erythrocytes (1% v/v) in PBS was added to each well. The mixtures
were incubated at either 4°C or 37°C for 1 h until erythrocytes in the negative control wells
had fully settled. The HA titer was the reciprocal of the final virus suspension dilution that
agglutinated the erythrocytes. The endpoint dilution was designated as 1 HA unit.

To investigate whether trypsin and neuraminidase could affect the ability of PDCoV

to agglutinate erythrocytes, both PDCoV strains were separately treated with different
concentrations of trypsin (5, 10, 25, 50, 100 pg/mL) (Sigma, USA) or neuraminidase (50

and 100 mU/mL) (Sigma) at 37°C for 30 min. The trypsin was then inactivated with 2 pg/mL
aprotinin (Sigma). Neuraminidase-treated PDCoVs were purified by layering onto a 20%

to 60% (wt/wt) sucrose gradient (in PBS) and centrifuged for 4 h at 150,000 xg. Afterward,
the HA test was conducted as described above. Meanwhile, rabbit erythrocytes were
incubated separately with trypsin (100 pg/mL) or neuraminidase (5 U/mL) at 37°C for 30 min.
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Subsequently, the erythrocytes were washed with PBS and used in HA tests conducted with
the trypsin (5 pg/mL) pre-treated PDCoV.

The HI test was also performed using a 96-well microtiter plate. Four swine PDCoV-positive
serum samples were examined. Swine PDCoV-negative serum was used as the control. Serum
was inactivated at 56°C for 30 min and then serially two-fold diluted with PBS. An aliquot

of each dilution (25 pL) was mixed with the same volume of 4 HA units of 5 png/mL trypsin-
treated purified PDCoV. After that, 25 uL of rabbit erythrocytes (1% v/v) in PBS were added
and the mixture incubated for 1 h at 37°C. The HI titer was expressed as the reciprocal of the
highest dilution of the serum that completely inhibited HA.

Tissue culture infectious dose 50 (TCID;,) assay

The correlation between HA activity and the infectious PDCoV titer was also investigated.
LLC-PK cell monolayers were inoculated with PDCoV CH-01 strain at a multiplicity of infection
0f'0.05 at 37°C for 1 h, after which, maintenance medium was added. Cell culture supernatants
were taken at 6, 12, 24, and 36 h post-inoculation (hpi), and were titrated by TCIDs, and HA tests.

For determination of the TCIDs, PDCoV titer, the following protocol was used: LLC-PK cells
were seeded into 96-well plates. Monolayers at 90% to 100% confluence were washed twice
with PBS. Virus stocks were 10-fold serial diluted, and 100 pL of the diluted virus was added
to the washed cells in eight replicates. Cytopathic effect were observed using an inverted
microscope over a period of 3 to 5 days. The TCIDs, was calculated by applying the Reed and
Muench method.

RESULTS

Ability of PDCoV to agglutinate erythrocytes

To determine the HA ability of PDCoV, erythrocytes from different species (rabbit, pig,
chicken, mouse, guinea pig, and human) were used in this experiment. The PDCoV strains
HNZK-04 and CH-01 did not induce appreciable HA activity against erythrocytes from pig,
chicken, mouse, guinea pig, or rabbit. Different types of human erythrocytes (types A, B, AB,
and O) were also not affected by the hemagglutinating property of PDCoV.

Evaluation of the role of trypsin and neuraminidase in the HA activity of PDCoV
To investigate the influence of trypsin and neuraminidase on the HA activity of PDCoV, the
two PDCoV strains HNZK-04 and CH-01 were pre-treated with trypsin or neuraminidase. The
results showed that neither of the trypsin- or neuraminidase-treated PDCoV strains exhibited
HA activity against erythrocytes from pig, chicken, mouse, guinea pig, or human. However,
both trypsin-treated PDCoV strains agglutinated rabbit erythrocytes (Fig. 1A). Similar results
were observed for the neuraminidase-treated PDCoV strains (Fig. 1B). The HA titer of PDCoV
CH-01 was 1:32 and that of PDCoV HNZK-04 was 1:16 (Fig. 1C). At 37°C, the two PDCoV
strains agglutinated rabbit erythrocytes with the same HA titers as those observed at 4°C.

To determine the influence of trypsin and neuraminidase on the attachment of PDCoV

to rabbit erythrocytes, the erythrocytes were pre-treated separately with trypsin or
neuraminidase. The HA test was then used to assess agglutination when using trypsin
pre-treated PDCoV. As shown in Fig. 1C, rabbit erythrocytes were not agglutinated, which
indicates that trypsin or neuraminidase can prevent the agglutination of rabbit erythrocytes.
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Fig. 1. PDCoV agglutinates rabbit erythrocytes. (A) PDCoV were treated with various concentrations of trypsin
and then mixed with rabbit erythrocytes for HA assay. (B) PDCoV were treated with different concentrations of
neuraminidase and then mixed with erythrocytes at 37°C for 30 min for HA assay. (C) Rabbit erythrocytes were
incubated with trypsin and neuraminidase prior to HA testing. Non-treated virus was used as the mock virus.
PDCoV, porcine deltacoronavirus; HA, hemagglutination.

Inhibition of HA by PDCoV-specific antisera

PDCoV-positive and -negative sera were subjected to HI testing. Sera were serially two-fold
diluted and then mixed with the same volume of 4 HA units of PDCoV. The results showed
that the PDCoV-positive sera inhibited the hemagglutination activity of PDCoV, and the HI
titers of PDCoV-positive sera were range from 5 log, to 8 log,.

Relation of HA activity and infectious titer of PDCoV

Next, we compared the levels of HA activity and viral infectivity of PDCoV. As shown in Fig. 2,
the HA titer of PDCoV strain CH-01 in the culture supernatant was initially detected at 6 hpi
followed by a titer increase from 1:4 at 12 hpi to 1:32 at 24 hpi. The curve of viral infectivity
was similar to that observed in the results of the HA test. The TCIDs, 0f 1.33 Ig TCIDs,/0.1 mL
at 6 hpi gradually increased and reached a maximum infectivity titer of 8.2 Ig TCIDs,/0.1 mL
at 24 hpi. Subsequently, the viral titer declined to 7.8 1g TCIDs,/0.1 mL at 36 hpi.

DISCUSSION

PDCoV has been detected in many countries and has caused great economic losses in the
swine industry worldwide. The biological characteristics of PDCoV are still being studied,
and, in this study, the HA activity of PDCoV was investigated in two different PDCoV strains
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Fig. 2. Virus titers determined by TCIDs, and HA assays. LLC porcine kidney cells were infected with PDCoV, and
the culture supernatant was sampled at 6, 12, 24, and 36 hpi. HA titers (bars, left Y-axis) and infectious titers
(graphs, right Y-axis) were determined for the CH-01 PDCoV strain.

TCIDs, tissue culture infectious dose 50; HA, hemagglutination; PDCoV, porcine deltacoronavirus.

(HNZK-04 and CH-01) against erythrocytes from different origins. Both PDCoV strains were
able to agglutinate rabbit erythrocytes after the virus treated with trypsin or neuraminidase,
but they did not agglutinate the other types of erythrocytes tested. The ability of PDCoV to
agglutinate rabbit erythrocytes might be useful in the development of a diagnostic method to
detect PDCoV.

Several coronaviruses have been shown to have a hemagglutinating property [8]. However,
the HA activity of different viruses depends on their properties. BCoV, HEV, and HCoV-OC43
contain a hemagglutinin-esterase glycoprotein (HE) that can bind 9-O-acetylated neuraminic
acid residues and an acetylesterase activity that can cleave acetyl groups from 9-O-acetylated
neuraminic acid [9]. However, whole-genome sequences of TGEV, IBV, PEDV, and PDCoV
show the absence of HE proteins. It was reported that TGEV could agglutinate erythrocytes

of chicken, guinea pig, or bovine origin [6,10], and PEDV has the ability to agglutinate rabbit
erythrocytes. Our erythrocyte origin results are similar to the target erythrocytes agglutinated
by PEDV. PDCoV showed no HA activity against erythrocytes from pig, chicken, mouse,
guinea pig, or different types of human erythrocytes (types A, B, AB, and O); however, it could
agglutinate rabbit erythrocytes when PDCoV was pre-treated with trypsin or neuraminidase.

Similarly, IBV [11] and PEDV showed no HA activity in the absence of trypsin or
neuraminidase treatment, and trypsin-treated TGEV [6,12] also showed HA activity. These
observations suggest that trypsin or neuraminidase can successfully elicit HA activity and
agglutinate erythrocytes. IBV, TGEV and PEDV agglutinate erythrocytes by using a 2,3-linked
sialic acid on the cell surface as a binding site [10,13]. Our results showed that pretreatment
of erythrocytes with trypsin or neuraminidase made the cells resistant to agglutination by
PDCoV, indicating that sialic acid was a crucial component of the erythrocyte receptors for
viral binding. Thus, we speculate that PDCoV has a sialic acid-binding activity that enables
the virus to agglutinate erythrocytes. Further studies are needed to verify this suggestion.

The growth curve of PDCoV was correlated with the observed HA titers. This result indicates

that the HA activity of PDCoV is associated with virus production. Inhibition of virus-specific
HA can be used to measure antibody responses to virus infection. In the current study,
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clinical swine serum (verified to be PDCoV-positive by ELISA) was detected by HI testing. Our
investigation showed that PDCoV-positive serum could inhibit the agglutinating ability of the
virus, suggesting that sera from such swine have been exposed to or infected with PDCoV.

In summary, our results showed that PDCoV has the ability to agglutinate rabbit
erythrocytes, but the HA activity was only observed after virion pretreatment with trypsin

or neuraminidase. In addition, the HA activity could be blocked when the erythrocytes were
treated with trypsin or neuraminidase. This phenomenon was similar to those reported for
TGEV, PEDV, and IBV. Our research provides new information on the investigation of PDCoV
biological characteristics. Further studies are needed to understand the mechanism of
PDCoV HA activity.
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