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Porcine hemagglutinating encephalomyelitis (PHE) is caused by the coronavirus hemagglutinating encephalomyelitis virus
(PHE-CoV), and the recent, rapid spread of PHE-CoV in piglets from many countries emphasizes the urgent need for a PHE-
CoV vaccine. Here we use a murine model for evaluation of the induction of humoral and cellular immune responses by inacti-
vated and PHE-CoV DNA vaccines in order to define the immune correlates for protection against PHE-CoV. The inactivated
vaccine was composed of purified PHE-CoV and aluminum hydroxide gel (alum), which was chosen as an adjuvant because of its
long history of safety for human use. The PHE-CoV DNA vaccine was constructed by subcloning the S1 gene of PHE-CoV into
the pVAXI1 vector to create the recombinant plasmid pV-S1. Our results showed that the inactivated PHE-CoV vaccine (IPV)
elicited a high level of humoral immunity, resulting in good protection efficacy against PHE-CoV challenge. The IPV induced the
IgG1 subclass of serum antibodies and expression of the cytokine interleukin-4 (IL-4), suggesting that the IPV generated a pre-
dominantly Th2-type immune response. The DNA vaccine was found to mediate primarily a cellular immune response with high
levels of IgG2a and the cytokines IL-2 and gamma interferon (IFN-v). However, mice that were vaccinated twice with the DNA
vaccine and boosted with the IPV could mount a sufficient neutralizing antibody response against live PHE-CoV, with little vari-
ation in IgG1 and IgG2a levels, and showed high levels of IL-2 and IL-4. This response may activate both B and T cells to mount a
specific humoral and cellular immune response that could, in turn, elicit a phagocyte-mediated defense against PHE-CoV infec-

tions to achieve viral clearance.

orcine hemagglutinating encephalomyelitis (PHE) is an acute,

highly contagious disease in piglets that is caused by the coro-
navirus hemagglutinating encephalomyelitis virus (PHE-CoV),
which is a member of the Coronaviridae family (6). PHE-CoV
infects mainly piglets under the age of 3 weeks and causes vomit-
ing, exhaustion, and obvious neurological symptoms. The mor-
tality rate ranges from 20 to 100% (11). In 1962, the pathogen was
isolated for the first time in vivo from breastfeeding pigs suffering
from encephalomyelitis in Canada (12). In 1969, an antigenically
identical virus was isolated in England from suckling pigs showing
anorexia, depression, and vomiting but no clear signs of enceph-
alomyelitis (10). Animals that did not die had stunted growth, and
thus, the condition was called “vomiting and wasting disease”
(VWD). Mengeling and Cutlip (22) were later able to reproduce
both forms of the disease experimentally using the same field iso-
lates. PHE has been reported in all of the major pig-producing
countries of Europe, Asia, and North America, where it appears to
be endemic with no clinical outbreaks (5, 22). PHE-CoV was first
reported in China in 1986; eventually, it occurred both on the
mainland and in Taiwan Province (6).

Studies of the chemical composition of PHE-CoV (4, 23) have
revealed that it is an RNA virus with five polypeptides, four of
which—the nucleocapsid (N), membrane (M), spike (S), and
hemagglutinin-esterase (HE) proteins—are glycosylated. The
coronavirus S glycoprotein is a major determinant of neuroviru-
lence (16, 34) and is responsible for viral attachment to the cellular
receptor and for fusion of the viral and cellular membranes, re-
sulting in virus entry. The S glycoprotein can also induce neutral-
izing antibodies in vivo or in vitro, as well as cell-mediated immu-
nity (1). Many viral antigens (19), including S1 from transgenic
plants, have been demonstrated to be effective at inducing muco-
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sal and serum immune responses in animals. The natural host of
PHE-CoV is the pig, but the virus has been adapted experimen-
tally for replication in mice and Wistar rats (36). The virus is
neurotropic in mice, but susceptibility was found to be influenced
by age and the route of inoculation (37). Under experimental
conditions, the disease has been reproduced in most instances
following oronasal exposure of nonimmune pigs to PHE-CoV
during the first few weeks of life (2). Clinical signs may vary, how-
ever. In a study in which the virulence of several PHE-CoV field
isolates was compared, symptom severity was related to differ-
ences in host susceptibility and the apparent virulence of each
isolate (22). In contrast, older pigs and neonatal pigs that had
received antibodies in colostrum were usually clinically unaffected
when they were exposed to PHE-CoV under otherwise similar
conditions (2). Thus, neonatal pigs are usually protected by pas-
sively acquired colostral antibodies, and they subsequently de-
velop an age-related resistance to the potential clinical effects of
the virus.

Recently, the incidence of PHE among pigs in many countries
was found to be on the rise, resulting in great economic losses to
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the pig industry (33). In August 2006, some of the pig farms in
Argentina experienced outbreaks of PHE, leading to 1,226 deaths,
morbidity rates as high as 52.6%, and a mortality rate of 16.9%
(28).In 2007, PHE outbreaks occurred twice on pig farms in Jilin
Province, with incidence rates among 20-day-old piglets as high as
100% and reported mortality rates of 48% and 100% (6). Remark-
ably, this recent virus isolate showed a high degree of genetic and
antigenic homology to the 1962 reference strain PHE-CoV-67N
(32). Thus, the pig industry cannot ignore the potential hazards of
PHE, and the development of a PHE-CoV vaccine to control
PHE-CoV infection will be economically and medically signifi-
cant.

Following an established vaccine protocol is one of the best
ways to shorten the time and minimize the costs of new vaccine
development. Currently, developmental methods for inactivated
vaccines are well established, and such vaccines exhibit good im-
munogenicity, high stability, high security, ease of storage, and
other benefits (27). DNA vaccine technologies, however, are rela-
tively new and seek to use gene therapy to express protective im-
munity by inserting original genes into cells to produce antigens
through endogenous protein expression; expressed proteins are
presented to the immune system, causing long-term and sustained
antibody responses and cytotoxic T-lymphocyte (CTL)-based cell
immunity (18). In this study, the cDNA of the PHE-CoV S1 gene
was directionally subcloned into vector pVAX1 downstream of
the cytomegalovirus (CMV) promoter to create a recombinant S1
gene DNA vaccine plasmid. At the same time, PHE-CoVs were
inactivated using formaldehyde, and an appropriate amount of
alum was added to produce the inactivated PHE-CoV vaccine. To
determine the immunogenicities of the inactivated PHE-CoV and
PHE-CoV DNA vaccine candidates, we immunized mice intra-
muscularly with the candidate vaccines and assessed the efficacies
of the humoral and cellular immune responses elicited against
PHE-CoV infection in the murine model.

MATERIALS AND METHODS

Virus strain. The virus strain used in this study was PHE-CoV-67N
(GenBank accession no. AY078417). The viruses were propagated by pas-
sage in porcine kidney epithelial cells (PK-15 cells) (9), purified by sucrose
density gradient centrifugation, and stored at —80°C until use.

Preparation of the inactivated PHE-CoV vaccine. Purified PHE-CoV
was inactivated with formaldehyde as described previously (7). The inac-
tivated virus was then diluted in phosphate-buffered saline (PBS) and was
mixed with Alhydrogel diluted 9:1 according to the reference protocol in
“The Veterinary Biological Products Quality Standard in China” (http:
/[www.moa.gov.cn/zwllm/zcfg) to yield a final concentration of 250
pg/ml virus and 1.7 mg/ml alum. The inactivated PHE-CoV vaccines
(IPV) were stored at 4°C until use.

A patent application (K. Chen, F. Gao, W. He, H. Lu, D. Song, W. Gao,
C. Zhao, Z. L1, Y. Lan, and D. Zang, 8 May 2012, Chinese patent applica-
tion 201010165332.7) has been made for the inactivated PHE-CoV vac-
cines and the method of their preparation.

Preparation of the PHE-CoV DNA vaccine. The S1 gene was ampli-
fied from PHE-CoV genomic RNA and was subcloned into the pVAX1
vector (Invitrogen, Carlsbad, CA) to construct recombinant plasmid
pVAXI1-S1. PHE-CoV was purified by sucrose density gradient centrifu-
gation, and viral RNA was extracted using the TRIzol reagent (Invitrogen,
Carlsbad, CA). The S1 gene was amplified using the following oligonucle-
otide primers: forward, 5'-CGGAATTCGTGCCATCTATTAGCTCTGA
AGT-3'; reverse, 5 -TTGCGGCCGCAAGTATGCCCTGGCCTGTAAT
G-3'.

Reverse transcription-PCR (RT-PCR) was performed in a total reac-
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FIG 1 The S1 gene was amplified from PHE-CoV genomic RNA and was
subcloned into pVAXI to construct recombinant plasmid pVAX1-S1. The
expression product was analyzed by Western blot analysis. Lane 1, PageRuler
prestained protein ladder; lane 2, recombinant plasmid pVAX1-S1; lane 3,
plasmid pVAXI.

tion volume of 25 pl using the One-Step RT-PCR kit (TaKaRa, Dalian,
China). Reverse transcription was performed at 42°C for 1 h. PCR was
performed with an initial denaturation at 96°C for 5 min, followed by 30
cycles at 95°C for 50 s, 50°C for 50 s, and 72°C for 2 min, with a final
extension at 72°C for 10 min. The PCR products were then purified and
cloned into the pMD18-T vector to create plasmid pTS1. The gene frag-
ment was recovered from pTS1 by double-enzyme cleavage using EcoRI/
Notl and was directionally subcloned into pVAX1 downstream of the
CMV promoter to create the pV-S1 construct. The accuracy of the con-
structs was confirmed by restriction enzyme digestion and sequencing.
Plasmids were purified using the Gene JET Plasmid Miniprep kit (K0503;
MBI Fermentas) and were suspended in Tris-EDTA (TE) buffer to a final
concentration of 1 mg/ml. The recombinant strains were screened by PCR,
and the expression products were identified by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis (Fig.
1). The results demonstrated the presence of a 73-kDa protein, confirming
successful construction of the pVAX1-S1 recombinant plasmid. The PHE-
CoV DNA vaccine (pV-S1) was then stored at —80°C until use.

Mice and immunization. Female BALB/c mice, 6 to 8 weeks old, were
purchased from the Department of Laboratory Animals, General Hospital
of Shenyang Military Region. Animals were maintained under pathogen-
free conditions and were randomly divided into two groups. Group 1
consisted of mice (10 per vaccine group) that were immunized at 0, 2, and
4 weeks, sacrificed at 6 weeks, and examined for both humoral and cell-
mediated immune responses resulting from immunization with the dif-
ferent PHE-CoV vaccines. The mice were immunized intramuscularly
either (i) with 0.2 ml of inactivated PHE-CoV (IP), (ii) with 0.2 ml of IPV,
(iii) with 0.2 ml of PBS as a negative control, (iv) with 50 pg of pV-S1 (S1),
(v) with 0.2 ml of IPV at 0 weeks and with 50 g of pV-S1 at 2 and 4 weeks
(IPV + 2S1), (vi) with 50 pg of pV-SI at 0 and 2 weeks and with IPV at
week 4 (281 + IPV), or (vii) with 50 g of pVAX1. Group 2 consisted of
mice (10 per vaccine group) that were immunized as described above but
were subsequently challenged with live PHE-CoV at 6 weeks.

VN assay. The virus neutralization (VN) assay is a more reliable mea-
sure than the hemagglutination inhibition (HI) test for the detection of
PHE-CoV infection (31). The serum for the VN assay was inactivated at
56°C for 30 min and was diluted with minimum essential medium
(MEM). Twofold dilutions of heat-inactivated serum were tested for the
presence of antibodies that would neutralize the infectivity of 100 50%
tissue culture infective doses (TCID,) of PHE-CoV in PK-15 cell mono-
layers. The serum dilution that completely inhibited cytopathic effect
(CPE) in 50% of the wells was calculated as described previously (29).

Determination of the antigen-specific antibody subclasses using an
ELISA. An enzyme-linked immunosorbent assay (ELISA) was used to
determine the subclasses of serum anti-PHE-CoV antibodies at 6
weeks by using previously described methods with some modifications
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(6). Briefly, the purified PHE-CoV was diluted in carbonate buffer
(0.05 M; pH 9.6) to a final concentration of 40 pg/ml, and a volume of
100 pl/well was used to coat 96-well polystyrene microtiter plates,
which were then incubated overnight (16 to 18 h) at 4°C. The plates
were washed three times with PBS-Tween 20 (PBST), and nonspecific
binding sites were blocked with 200 wl/well of 3% (wt/vol) bovine
serum albumin (BSA) at 37°C for 2 h. The plates were washed three
times; 10 pl of serum and 90 wl of PBS (containing 1% BSA) were
added to each well; and the plates were incubated for 1.5 h at 37°C. To
detect the serum subclasses, anti-mouse 1gG1, 1gG2a, IgG2b, 1gG3,
and IgA antibodies (1:1,000; Sigma) were added to the wells, and the
plates were incubated for 1 h at 37°C. After three washes with PBST,
the plates were incubated with a peroxidase-conjugated anti-mouse
IgG antibody (1:4,000; Sigma). After four washes with PBST, 100 pl/
well of o-phenylenediamine (OPD) was added for color development,
and then the plates were incubated in the dark at 37°C. The reaction
was stopped by the addition of 2 M H,SO, solution, and the absor-
bance of each well at 490 nm was measured using an ELX800 Universal
microplate reader.

Cellular immune responses of the two PHE-CoV candidate vac-
cines. A lymphocyte transformation assay was used to detect the cellular
immune responses of the immunized mice that were elicited by the dif-
ferent PHE-CoV vaccines. Single-cell suspensions of splenocytes from the
immunized mice were prepared. The mice were killed by cervical disloca-
tion; the spleens were harvested and disrupted; and the splenocytes were
added to 10 ml of RPMI 1640 (Gibco, Invitrogen Corporation) and were
centrifuged at 1,000 X g for 10 min. The cells were suspended in RPMI
1640 supplemented with 10% fetal calf serum (FCS) at a concentration of
2.5 X 10° cells/ml. Cell suspensions (100 wl) were added to cell culture
plates (American, Costar) and were treated with concanavalin A (ConA;
2.5 pg/ml) and inactivated PHE-CoV (final concentration, 1 pg/ml); 100
wl of RPMI 1640 was used as a control. Assays were repeated 3 times for
each serum. Plates were incubated at 37°C under 5% CO, for 48 h. Then
10 pl of 3-(4,5-dimethyl-2-thazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT; 5 mg/ml) was added to each well, and the plates were incu-
bated for another 4 h. Finally, 100 pl of dimethyl sulfoxide (DMSO) was
added to each well, and the plates were incubated in the dark at room
temperature for 10 min before the optical density at 570 nm (ODs,,) was
measured using an ELX800 Universal microplate reader.

Regional T-cell responses to the two PHE-CoV candidate vaccines.
Splenocyte suspensions were prepared as described above. Cells were di-
luted with PBS to a concentration of 1 X 107/ml, and then 100- .l aliquots
was added to fluorescein isothiocyanate (FITC)-conjugated anti-mouse
CD3™, phycoerythrin (PE)/Cy5-conjugated anti-mouse CD8*, and PE-
conjugated anti-mouse CD4™ antibodies (BioLegend, San Diego, CA).
Cell mixtures were incubated on ice for 30 min, washed twice with PBS
(0.01 M; pH 7.4), centrifuged at 1,000 X gfor 10 min, and then suspended
in 600 .l of PBS, followed by detection using flow cytometry.

Enzyme-linked immunosorbent spot (ELISPOT) assay. Three mice
per treatment were sacrificed; the spleens were collected; single-cell sus-
pensions stimulated with inactivated PHE-CoV were prepared; and levels
of the cytokines interleukin-2 (IL-2), IL-4, tumor necrosis factor alpha
(TNF-a), and gamma interferon (IFN-y) were detected by using an
ELISA kit (R&D) according to the manufacturer’s instructions. Cell cul-
ture supernatants were diluted 1:50 in microtiter plates. Then 50 pl of a
biotin-labeled antibody was added, and the plates were incubated at 37°C
for 90 min. A wash solution (300 wl/well) was added for 1 min, and the
plates were washed 4 times. An avidin-horseradish peroxidase (HRP)-
labeled antibody (100 pl/well) was added, and the plates were first incu-
bated at 37°C for 30 min and then washed 4 times. Finally, 100 pl/well of
the color reagent tetramethyl benzidine (TMB) was added, and the plates
were incubated in the dark for 10 min, after which the reaction was
stopped by the addition of the stop solution, and the absorbance of each
well at 450 nm was measured using an ELX800 Universal microplate
reader.
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FIG 2 Neutralizing antibody responses to different PHE-CoV vaccines. Blood
was obtained from the tail veins of group 1 mice at 2, 4, and 6 weeks, and the
sera were used to detect VN antibodies; titers are expressed as log,N and were
calculated using the method of Reed and Muench. The VN titers determined at
6 weeks postimmunization indicate no significant differences among the S1,
IPV + 2S1, and 2S1 + IPV groups (P > 0.05). However, among the immune
vaccine groups, the VN titers were significantly higher in the IPV group than in
the other groups (IP, S1, IPV + 2S1, and 2S1 + IPV) (**, P < 0.01).

Statistical analysis. All data are presented as means for the immunized
mice in each group = standard deviations (SD). SPSS, version 13.0 for
Windows, was used for statistical analysis. Differences in humoral or cel-
lular immune responses between groups were analyzed using one-way
analysis of variance. The least-significant-difference t test was used for
between-group comparisons. P values of <0.05 and <0.01 were consid-
ered statistically significant.

RESULTS

Neutralizing-antibody responses to different PHE-CoV vac-
cines. Blood samples were obtained from the tail veins of the
group 1 mice at 2, 4, and 6 weeks, and the sera were collected by
centrifugation. The sera were then used for VN detection (Fig. 2).
In contrast to the PBS and pVAX1 controls, the group 1 mice
vaccinated with different PHE-CoV vaccines demonstrated de-
tectable serum neutralizing antibody titers at 2 weeks. The VN
titer was highest, at 2°, after three immunizations with IPV, and
the addition of alum to the IPV preparation increased the serum
neutralizing antibody levels significantly over those with other
immunization protocols (P < 0.05). Mice immunized with pV-S1
or IPV + 2S1 showed similar serum neutralizing antibody titers
(P> 0.05), but the titers for 251 + IPV were higher than those for
SI and IPV + 2S1. No serum neutralizing antibody responses
could be detected within the 6-week period in mice immunized
with either the PBS or the pVAX1 control.

Subclasses of serum antibodies elicited after immunization
with different PHE-CoV vaccines. The subclasses of serum anti-
PHE-CoV antibodies in individual sera collected at 6 weeks were
detected by ELISA using anti-mouse IgGl, IgG2a, IgG2b, IgG3,
and IgA secondary antibodies (Fig. 3). Interestingly, the level of
anti-PHE-CoV IgG2a in mice immunized with IPV was compa-
rable to that in mice immunized with the virion alone, whereas the
level of anti-PHE-CoV IgG1 was higher in mice immunized with
IPV than in mice immunized with IP without alum (P < 0.05). In
contrast, the levels of IgG2a were significantly higher in the pV-S1
and IPV + 2S1 groups, but the 2S1 + IPV group showed little
variation in the high levels of IgG1 and IgG2a detected. Notably,
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FIG 3 Subclasses of serum antibodies following immunization with different
PHE-CoV vaccines. PHE-CoV-specific IgG titers (means = SD for 10 mice)
were detected using ELISA and secondary antibodies (anti-mouse 1gGl,
IgG2a, IgG2b, IgG3, and IgA) on individual serum samples at 6 weeks. The
levels of anti-PHE-CoV IgG2a and IgG1 in mice immunized with any of the
five vaccines (IP, IPV, S1,2S1 + IPV, or IPV + 2S1) were significantly different
from those in the control groups (PBS and pVAX1) (**, P < 0.01).

the levels of IgG2b, IgG3, and IgA antibodies were low in the sera
of mice immunized with the different PHE-CoV vaccines.

Protective efficacies of PHE-CoV vaccines against challenge
with PHE-CoV. To assess the efficacies of different PHE-CoV
vaccines, group 2 mice were immunized and were subsequently
challenged with live PHE-CoV at 6 weeks. From the vaccination
period to the time of PHE-CoV challenge, the mice appeared nor-
mal in activity and appetite and showed no signs of adverse reac-
tion to any of the vaccines at the administration site. Brain samples
were collected from mice that were deeply anesthetized and killed
1 week after challenge. The collected tissues were weighed and
homogenized in 10 volumes of PBS, and then the tissue suspen-
sions were centrifuged at 7,000 rpm for 10 min. The supernatants
were used for RNA extraction and RT-PCR (9), and the results are
shown in Table 1. Viral RNA was undetectable in the brain homog-
enates of animals vaccinated with IPV or 251 + IPV, indicating that
these two vaccines could effectively reduce infection and death
rates for mice. Interestingly, PHE-CoV RNA was still detectable in
the brain homogenates of mice vaccinated with S1 or IPV + 281,
even though the protective effect was the same as that with IPV.
For both the PBS and pVAX1 control groups, PHE-CoV RNA was
detectable in the brain homogenates of the vaccinated mice, which
died 4 days after intranasal challenge with live PHE-CoV.

Cellular immune responses to different PHE-CoV vaccines.
To examine whether the vaccinated mice mounted a T-cell re-
sponse against PHE-CoV, MTT chronometry and lymphocyte
proliferation assays were used. Splenocytes from immune mice
were stimulated with PHE-CoV (specific antigen) and ConA
(nonspecific antigen). Representative results of the proliferation
study are shown in Fig. 4. Compared with the background OD
(0.183 = 0.005) and the OD of the positive control (0.508 *
0.003), mice immunized with inactivated PHE-CoV plus alum
(IPV group) mounted a stronger proliferation response than mice
immunized with inactivated PHE-CoV only (IP group) (P <
0.05), indicating that the addition of alum enhances the cellular
immune response. However, the OD value for the IPV + 2S1
group was slightly higher than that for the 2S1 + IPV group (P >
0.05), and there were no obvious differences between the OD val-
ues of the 2S1 + IPV group and the S1 group (P > 0.05).
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Subsets of specific memory T-cell responses. Activated CD4™
and CD8™ T lymphocytes are among the most crucial of the anti-
viral effectors. To characterize the T-cell response further, we used
flow cytometry to examine the CD4" and CD8* splenocytes col-
lected from immunized mice. The percentages of CD4 " cells in
mice immunized with IPV (inactivated PHE-CoV plus alum), IP
(inactivated PHE-CoV alone), S1 (pVAX1-S1), 251 + IPV (plas-
mid pVAX1-S1 and inactivated PHE-CoV plus alum), or IPV +
251 (inactivated PHE-CoV plus alum and plasmid pVAX1-S1)
increased significantly over those in mice immunized with either
the PBS or the pVAX1 control (P < 0.05); the percentages of
CD8™ cells, however, were not obviously different for the different
immunization groups (P > 0.05) (Fig. 5A). The percentage of
activated CD4™ cells in the IPV group was slightly higher than that
in the IP group (P > 0.05), indicating that the alum enhanced
specific memory T-cell responses. The percentage of activated
CD4" cellsin the 2S1 + IPV group was slightly higher than that in
the IPV + 251 group (P> 0.05). The ratios of CD4 ™ to CD8™ cells
(Fig. 5B) in mice immunized with the vaccines were higher than
those in the control groups. These results indicate that the differ-
ent immunization protocols were capable of inducing an active
T-cell immune response in mice.

Antigen-specific T-cell cytokine responses. To assess the pro-
duction of cytokines elicited by the two PHE-CoV vaccine candi-
dates, the frequencies of cells producing IL-2, IL-4, TNF-q, and
IFN-+ at the single-cell level were determined using an ELISPOT
assay. As shown in Fig. 6, both IPV and S1 could induce the pro-
duction of all four of the cytokines tested in mice, while the con-
trol groups exhibited only low numbers of nonspecific spots.
However, the IPV group produced mainly IL-4, at levels higher
than those for the IP group. The 2S1 + IPV group showed higher
levels of IL-2 and IFN-vy than the other groups and had a high level
of IL-4. The levels of TNF-a showed little difference between
groups except for the control group, and the IPV + 2S1 group had
higher TNF-a levels than the 2S1 + IPV group. IPV + 2S1 may
produce Thl- and Th2-dominated immune responses and may
elicit a phagocyte-mediated defense against PHE-CoV infections
that is involved in the clearance of the virus.

DISCUSSION

Pigs are the only species known to be naturally susceptible to
PHE-CoV infection. Most of the infections in this species are sub-
clinical, and the overall economic impact of the disease is low.
Serological surveys have revealed that infection of swine with
PHE-CoV is very common and is probably a worldwide occur-
rence. In fattening pigs, 31% of the sera tested in Canada (2), 46%
in Northern Ireland (20), 49% in England (5), 52 to 82% in Japan

TABLE 1 Protective efficacies of different immunizations against
challenge with PHE-CoV

Vaccine or No. (%) of samples positive No. of Protection
control for virus by RT-PCR live mice rate (%)
1P 6 (60) 4 40

1PV 0 (0) 10 100

PBS 10 (100) 0 0

S1 2(20) 10 100

IPV + 2S1 1(10) 10 100
2S1+1PV 0 (0) 10 100
pVAX1 10 (100) 0 0
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FIG 4 To examine whether vaccinated mice mounted a T-cell response against PHE-CoV, MTT chronometry and lymphocyte proliferation tests were used.
Immunized mice were stimulated with PHE-CoV and ConA, and the ODs,,, of splenocyte proliferation was determined. Compared with the background OD
(0.183 % 0.005) and the OD of the positive control (0.508 = 0.003). The OD values of the five vaccine groups (IP group, IPV group, S1 group, 2S1+IPV group,
and IPV + 251 group) showed significant differences (**, P < 0.01). Mice immunized with inactivated PHE-CoV plus alum (the IPV group) induced a stronger
proliferation response than mice immunized with inactivated PHE-CoV only (the IP group) (¥, P < 0.05). However, the OD value of the 2S1 + IPV group
increased slightly compared with that of the IPV + 251 group (P > 0.05), and the OD values showed no obvious differences between the IPV + 2S1 group and

the S1 group (P > 0.05).

(14),and 0 to 89% in the United States (21) were positive, depend-
ing on the region surveyed. Conversely, Neuvonen et al. (24)
found that 40 Finnish elite breeding pig herds were free of
seropositive animals. Furthermore, most pigs receive protective
antibodies in colostrum; however, piglets without PHE-CoV
antibodies, especially specific-pathogen-free (SPF) pigs (30) from
breeding farms in several countries, including China, are at greater
risk of PHE-CoV infection. Moreover, with the recessive spread of
PHE-CoV, the viral genes may mutate to reinforce virulence, and
this is another potential threat of PHE-CoV. Animals infected
with PHE-CoV appear wasted and stunted, which affects their
performance and the quality of their meat. Thus, the potential
hazard of this disease for the pig industry cannot be ignored. Cur-
rently, there are no reports of a PHE-CoV vaccine in China or
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elsewhere, although several countries use “subclinical infection”
as a means of prevention. In “subclinical infection,” 1-month-
antepartum sows are exposed, either by contact with sick pigs, by
spray, or by intramuscular injection, to weak strains of PHE-CoV
so that the sow can protect the piglet through colostrum antibod-
ies (12, 22). However, this method of inducing immunity is dan-
gerous, since PHE-CoV variants with different levels of virulence
could undergo genetic recombination to increase the overall vir-
ulence of the virus. Therefore, the development of safe, high-per-
formance vaccines for the prevention and treatment of PHE-CoV
has important practical significance.

Here we describe the construction of inactivated and PHE-
CoV DNA candidate vaccines and their use in different immuni-
zation protocols in a murine model. The immunization protocols

C
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FIG 5 The CD4" and CD8" splenocytes collected from immunized mice were analyzed using flow cytometry. (A) The percentages of CD4 " cells in mice
immunized with IPV, IP, S1, 281 + IPV, or IPV + 2S1 were all significantly higher than those for mice immunized with the PBS or pVAX1 control (¥, P < 0.05).
(B) The CD4"/CD8™ cell ratios were higher in mice immunized with vaccines than in the control groups.
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FIG 6 To assess the production of cytokines elicited by the two PHE-CoV vaccine candidates, the frequencies of cells producing IL-2, IL-4, TNF-a, and IFN-y
at the single-cell level were determined using an ELISA kit. The levels of all of the cytokines (IL-2, IL-4, TNF-a, and IFN-y) produced by the immunized mice
show significant differences between the five vaccine groups (IP, IPV, S1, 2S1 + IPV, and IPV + 2S1) and the control groups (PBS and pVAX1) (**, P < 0.01).
The IPV group produced mainly IL-4 and did so at a higher level than the S1 group (**, P < 0.01). However, the levels of IL-2 and IFN-y were not obviously

different for the IPV and S1 groups (P > 0.05).

were used to evaluate the ability of the vaccines to induce serum
neutralizing antibodies and cellular immune responses in order to
define correlates of immunity for protection against PHE-CoV.
We found that vaccination with IPV induced levels of serum neu-
tralizing antibodies much higher than those for other vaccination
groups and that the levels of neutralizing antibodies (VN titers as
high as 2°) increased with the time of immunization and after
three immunizations of the mice. Thus, the addition of alum to
the IPV preparation was found to increase the serum VN activity
significantly. The aluminum hydroxide adjuvant is still the only
adjuvant approved by the FDA for use in human vaccines; its
mechanism of action appears to be a storage effect (8). Notably,
pV-S1 could induce VN antibodies, and boosters were found to
increase the level of antigen presentation in vivo. The combined
use of IPV with the DNA vaccine induced even higher levels of
serum neutralizing antibodies, but the VN titer in the 251 + I[PV
group was higher than that in the IPV + 2S1 group. Thus, the
addition of alum to inactivated PHE-CoV or the combination
with S1 immunization increased the time over which the immune
animals could effectively stimulate a humoral immune response.
Previous studies have shown that the protective effect of DNA
vaccines is not dependent on higher doses but that immune boost-
ers designed to improve the antigen expression level could induce
a high level of antibody response and fully effective immune pro-
tection (18). In this study, the S1 gene of PHE-CoV was subcloned
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into the pVAXI1 vector, the only eukaryotic expression vector ap-
proved for human use by the FDA, to construct the recombinant
plasmid pV-S1, which was used as the PHE-CoV DNA vaccine.
Mice were given three intramuscular injections of IPV or S1 alone
or combined immunizations with IPV + 2S1 or 2S1 + IPV; these
immunizations resulted in the induction of serum neutralizing
antibodies and a protection efficacy of 100% against PHE-CoV
challenge, but the mice did not receive full biological protection,
because PHE-CoV could still be detected by RT-PCR in the S1 and
IPV + 2S1 groups. The results of subclass serum antibody analysis
showed that IPV mediated a primarily IgG1l immune response,
whereas S1 mediated an IgG2a response, which suggests that the
IPV may induce a predominantly Th2-type immune response,
since alum is known to selectively stimulate an IgG1-dominant,
type 2 immune response (15).

In addition to humoral immune responses, we also demon-
strated the induction of T-cell immune responses in our study.
The splenocytes of immune mice were stimulated with PHE-CoV
and ConA. The spleen lymphocytes proliferated conspicuously in
the S1 and IPV groups, but the proliferation rate was lower than
those for the combined immunization groups (the IPV + 251 and
2581 + IPV groups), indicating that IPV and S1 could systemati-
cally induce a sufficient cellular immune response following com-
bined immunization to good effect. T lymphocytes are generally
divided into cytotoxic T (Tc) cells, suppressor T (Ts) cells, de-

cviasm.org 1107

1sanb Ag GTOZ ‘QT YdJ4e\ uo /1o wse’Ing//:dny wol) papeojumod


http://cvi.asm.org
http://cvi.asm.org/

Chen et al.

layed-type hypersensitivity T (Tp,) cells, and helper/inducer T
(Th) cells. The distribution of CD4™ on the Th cell surface can
increase the number of memory cells, which respond rapidly upon
reexposure to pathogens and thus play a vital role in protection
against viral challenge (3). CD8" is distributed on the surfaces of
Ts and Tc cells; following activation, naive antigen-specific CD8 ™"
T cells are able to proliferate quickly and differentiate into potent
effector cells capable of rapid cytokine production and the cyto-
Iytic killing of target cells (13). We used flow cytometry to deter-
mine the subsets of specific memory T-cell responses found in the
immunized mice in our study. The percentages of activated CD3 ™"
CD4™ cells were significantly increased among all immunization
groups except the control groups, whereas the 2S1 + IPV group
had the highest ratios of CD3* CD4" to CD3* CD8™ cells among
all immunization groups. Thus, combined immunization with
2S1 + IPV was successful in inducing cellular immunity, although
either IPV or S1 alone could also elicit high regional levels of
CD4" and CD8™ cells in spleen lymphocytes.

Cytokines are generally micromolecular polypeptides that are
secreted by the immune cells and that play an important role in the
regulation of cell function with respect to cell growth and differ-
entiation, the transmission of information between cells, and the
immunological competency of cells involved in specific immune
responses (25). Accordingly, the expression of different cytokines
divides the T cells into Th1 and Th2 cell subsets. The major cyto-
kines associated with the Th1 cell subsets are IL-2, TNF-a, IFN-v,
and others; the main role of these cytokines is to enhance Tc cel-
lular cytotoxicity and cell-mediated immune responses (35). Th2
cell subsets can secrete IL-4, IL-5, and IL-10; the main role of these
cytokines is to promote antibody production and mediate hu-
moral immune responses (17). We determined the frequencies of
cells producing IL-2, IL-4, TNF-a, and IFN-vy at the single-cell
level by using an ELISPOT assay. The IPV group induced mainly
IL-4 and did so at a higher level than the IP group, indicating that
the IPV may tend to select T-cell subsets with a Th2 phenotype. S1
immunization and the combined immunizations, 2S1 + IPV and
IPV + 2S1, induced mainly IL-2, TNF-«, and IFN-vy, suggesting
that S1 selects for a strong Th1-biased cellular immune response
and that pV-S1 may play an important role in stimulating Th1-
dominated immune responses. Interestingly, the 2S1 + IPV group
induced high levels of IL-2 and IL-4, which may produce Th1- and
Th2-dominated immune responses that may, in turn, elicit a
phagocyte-mediated defense against PHE-CoV infections that is
important to viral clearance.

Currently, DNA vaccines are less able than traditional inacti-
vated vaccines to overcome the effects of maternal antibodies so as
to induce immune responses (38). Thus, after the birth of young
animals, when the maternal antibody levels decrease enough to
prevent resistance to viral infection, immunization with DNA
vaccines may be an effective preventive measure. Furthermore,
both humoral and cellular immune responses are known to con-
tribute to protection against coronavirus infection (26), though T
cells may also play a role in exacerbating the pathology of some
animal coronavirus infections (35).

In summary, we report the first side-by-side description of two
PHE-CoV vaccines evaluated for their abilities to induce immu-
nogenicity. Our data indicate that IPV were more effective than
DNA vaccines at inducing humoral immune responses and pro-
tection against PHE-CoV. However, mice that were vaccinated
twice with DNA vaccines and were then boosted with IPV could
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activate both B and T cells to induce specific humoral and cellular
immune responses with good efficacy against challenge with live
PHE-CoV. Thus, combined immunization with DNA and inacti-
vated vaccines could serve as a candidate protocol for the preven-
tion of PHE-CoV. Such direct comparisons of PHE-CoV vaccines
in animal models will not only determine which vaccine strategies
are more effective but also shorten the time required for the best
vaccine candidates to progress into the pig-testing phase.
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