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A B S T R A C T

Exposure of piglets less than 2 weeks of age to virulent transmissible gastroenteritis virus (TGEV) gives
rise to mortality as high as 100%, and adult pigs recovering from its infection often become TGEV car-
riers. These facts suggest an evasion of the immune system by virulent TGEV. In this study, we showed
that a virulent TGEV SHXB strain could infect porcine immature monocyte-derived dendritic cells (Mo-
DCs), and down-regulate cell surface markers (SLA-II-DR, CD1a and CD80/86). Moreover, SHXB-infected
immature Mo-DCs showed low expression of IL-12 and IFN-γ, and also lost the ability to stimulate T cell
proliferation. Finally, SHXB inhibited the activation of nuclear factor kappa B (NF-κB) in these cells. Instead,
UV-inactivated SHXB (UV-SHXB) had the opposite effects in immature Mo-DCs. In conclusion, the vir-
ulent SHXB could severely impair immature Mo-DCs, which might be involved in the pathogenesis of
virulent TGEV in vivo.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Transmissible gastroenteritis virus (TGEV), a member of
Coronaviridae, order Nidovirales (Masters, 2006), causes a highly con-
tagious enteric infection in pigs (Pritchard et al., 1999). The exposure
of piglets less than 2 weeks of age to virulent TGEV gives rise to
mortality as high as 100% within 5 to 7 days, and adult pigs recov-
ering from virulent TGEV infection often become TGEV carriers
(McGoldrick et al., 1999; Zhang et al., 2007). These clinical
features strongly suggest evasion of the immune system by
virulent TGEV.

Dendritic cells (DCs), the most powerful antigen-presenting cells,
are critical players in intestinal immune defence. Immature DCs, with
the powerful ability to capture antigens and the poor ability of pre-
senting antigens, were widely distributed in the entire intestinal
mucosa with prominent localisation in the sub-epithelial areas,
forming an extensive network monitoring the invasion of patho-
gens (Haverson et al., 2000). On encountering antigens, these cells
capture invading pathogen, and then migrate to T cell-rich areas of
lymphoid organs, gradually maturing during migration. Mature DCs
stimulate T cell activation and differentiation for initiating immune
responses through the expression of major histocompatibility
complex, co-stimulatory molecules and the production of cytokines,
such as IFN-γ and IL-12 (Spörri and Reis e Sousa, 2005). Recently,

reports have shown that infection of DCs with herpes simplex virus
type 1 results in defective maturation, hampering the activation of
naïve T cells (Boliar and Chambers, 2010). In addition, the measles
virus impedes DC-derived IL-12 production, and fails to stimulate
naïve T cell activation (Servet-Delprat et al., 2003). Thus, although
DCs are important contributors to antiviral immunity, virus infec-
tion can impair the immune function of DCs, potentially leading to
persistent infections or anergy of the immune system. TGEV mainly
infects and replicates in the porcine enterocytes and may encoun-
ter sub-epithelial DCs. However, whether virulent TGEV can also
impair the function of porcine DCs resulting in the severe damage
of piglets is still not completely understood.

In most cells, nuclear factor kappa B (NF-κB) is involved in a
number of cellular processes, including immune regulation, in-
flammatory response and anti-apoptosis effects (Rahman and
McFadden, 2011). Some viruses have evolved strategies to inter-
fere with NF-κB activation in order to evade the immune response
and increase their replication and viral progeny production, for
example, Epstein–Barr virus, hepatitis C virus, human cytomega-
lovirus and herpes simplex viruses (Blattman et al., 2014; Choi et al.,
2006; Taylor and Bresnahan, 2006; Valentine et al., 2010). In ad-
dition, Maria Rescigno and colleagues found that inhibition of
NF-κB activation could block the maturation of DCs through down-
regulation of major histocompatibility complex and co-stimulatory
molecules (Rescigno et al., 1998). However, the role of virulent TGEV
in NF-κB activation in infected DCs has not yet been reported.

To date, scarce information is available concerning the interac-
tion between porcine conventional DCs and virulent TGEV and
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UV-inactivated SHXB (UV-SHXB). In this study, the interaction of
the virulent TGEV SHXB strain and UV-SHXB with porcine imma-
ture Mo-DCs was investigated. We showed that SHXB could infect
the immature Mo-DCs, inhibit the maturation of immature Mo-
DCs by down-regulating the expression of major histocompatibility
complex and co-stimulatory molecules on them, also limit the pro-
duction of IL-12, IFN-γ and IL-10, and finally suppress the activation
of NF-κB in immature Mo-DCs. However, contrasting results were
reported in UV-SHXB treated immature Mo-DCs.

2. Materials and methods

2.1. Virus stock

TGEV (SHXB, wild-virulent strain, verified by the animal attack
virus test) was provided by the Jiangsu Academy of Agricultural Sci-
ences (JAAS). The virus was propagated in Swine Testicle (ST) cells
and purified using a sucrose gradient, as described previously
(Krempl and Herrler, 2001). The viral 50% cell tissue infectious dose
(TCID50) of the purified SHXB strain was calculated using the Reed
and Muench method (Haggett and Gunawardena, 1964). The pu-
rified virus was irradiated using UV light for 4 h at an optimal cross-
linking value (0.120 J/cm2). The inactivated SHXB (UV-SHXB) was
then determined in ST cells by using an anti-TGEV polyclonal an-
tiserum conjugated to fluorescein isothiocyanate (FITC) (VMRD, USA).

2.2. Generation of Mo-DCs

Porcine Mo-DCs were generated as previously reported (Facci
et al., 2010). Briefly, porcine peripheral blood mononuclear cells
(PBMC) were separated from the blood of six pigs which were neg-
ative for TGEV (2 months old, derived from a combination of the
Yorkshire, Landrace, and Large White breeds, raised at an experi-
mental animal breeding centre at JAAS, and the negativity of piglets
for TGEV was demonstrated using the RT-PCR (data not shown)) by
density centrifugation using Histopaque (1.077 g/L) (Sigma, USA).
PBMCs were washed three times in RPMI 1640 medium (Gibco, USA),
and resuspended in complete RPMI 1640 medium with 10% FBS
(MULTIcell, Canada). PBMC were then placed in six-well plates and
incubated overnight at 37 °C in 5% CO2. The non-adherent cells were
removed, leaving the adherent monocytes. The monocytes were cul-
tured in complete RPMI 1640 medium containing 20 ng/mL of pIL-4
(BioSource, USA) and 20 ng/mL of pGM-CSF (Invitrogen, USA) at 37 °C
in 5% CO2. Cells were incubated for 5 days to allow differentiation
into immature Mo-DCs; complete RPMI 1640 medium was re-
placed with cytokine-containing medium on day 3. Immature Mo-
DCs were harvested on day 5 and resuspended in RPMI 1640
medium.

2.3. SHXB and UV-SHXB infection of immature Mo-DCs

In our preliminary experiment, we chose four concentrations
(TCID50 = 0.1, 1, 10 and 100) of TGEV SHXB strain interactions with
dendritic cells, the best effect of TGEV infected immature Mo-DCs
is the concentration of TCID50 = 10. Thus, the immature Mo-DCs were
inoculated with TGEV SHXB strain and UV-SHXB at a concentra-
tion of 10TCID50 cell−1. SHXB was adsorbed for 1 h at 37 °C. In order
to eliminate the non-absorbed virus, cells were washed five times
at 200 × g for 5 min at 37 °C, and resuspended in fresh RPMI 1640
medium containing pIL-4 and pGM-CSF. In addition, immature Mo-
DCs were treated with lipopolysaccharide (LPS, 1 μg/mL, Sigma) for
positive control, and the mock immature Mo-DCs were used as the
negative control. All Mo-DCs were seeded onto six-well plates (5 × 105

cells per well) and cultured for the required incubation period.

2.4. Virus titration assay

SHXB- and UV-SHXB-infected immature Mo-DCs were seeded
onto six-well plates (5 × 105 cells per well) and cultured for 2, 9, 24,
48 h. The virus was collected by freezing and thawing the plates three
times, and determined by the tissue culture infectious dose 50
(TCID50) in ST cells.

2.5. Quantification of SHXB strain M gene mRNA by real-time
quantitative RT-PCR

Total RNA was extracted from approximately 5 × 105 of SHXB
infected- and UV-SHXB treated-immature Mo-DCs harvested at 12,
24, 48 h p.i. with a commercial kit (TaKaRa, Japan). Then, RT-PCR
was performed using an RT-PCR kit (TaKaRa) according to the ma-
nufacturer’s instructions. To determine the gene expression profiles,
individual samples were diluted 1:10 and 2 μL was amplified in a
20 μL reaction containing 10 μL of SYBR Premix™ Ex Taq (TaKaRa),
0.4 μL of ROX dye II and 0.4 μM of each of the forward and reverse
gene-specific primers using an ABI 7500 instrument (Applied
Biosystems, USA). The TGEV M gene was the target gene
(GenBank accession no. AF302262.1), and the primers were: FP:
gtgcttcctctcgaaggtgt, RP: cccatccagtcgcactactt. Porcine GAPDH
gene was used as the internal parameter (GenBank acces-
sion no. NM_001206359.1). The primers used for this were: FP:
tcatcatctctgccccttct, RP: gtcatgagtccctccacgat. The data were analysed
using the ABI PRISM 7500 software tool (Applied Biosystems). Quan-
tification of the target gene was determined by relative standard
curves. TGEV M gene and Porcine GAPDH plasmids produced a
double-standard curve; the Porcine GAPDH quantity at each sam-
pling time was taken as the standard to determine the target genes
quantity.

2.6. Detection of phenotype alteration of SHXB- and UV-SHXB-
infected immature Mo-DCs by flow cytometric analysis

Mock, SHXB-infected, UV-SHXB-treated and LPS-treated imma-
ture Mo-DCs (1 × 105 cells) were respectively transferred to 1.5 mL
centrifuge tubes at 24 h p.i., then washed with 0.01 M PBS twice,
and incubated for 30 min at 4 °C with appropriate dilutions of the
following primary antibodies: FITC-conjugated mouse anti-swine
monoclonal antibody to swine histocompatibility leukocyte Ag II-
DR (SLA-II-DR, Clone number: 2E9/13) (LifeSpan BioSciences, USA),
FITC-conjugated mouse anti-human monoclonal antibody to the co-
stimulatory molecules cluster of differentiation 80/86 (CD80/86,
fusion protein Human CTLA-4, Clone number:B7-1/B7-2, Ancell Cor-
poration, USA, ), FITC-conjugated mouse anti-porcine monoclonal
antibody to cluster of differentiation 1a (CD1a, Clone number: 76-
7-4) (Abcam, Hong Kong), and PE-conjugated mouse anti-porcine
monoclonal antibody to Swine Workshop Cluster 3a (SWC3a, Clone
number: 74-22-15) (Abcam). Then, cells were washed twice with
0.01 M PBS. Finally, the cells were suspended in 200 μL PBS, 1 × 104

cells were analysed by flow cytometry (BD FACSVerse, BD, USA) and
the results from flow cytometry were evaluated using the percent-
age of positive cells. Meanwhile, the isotype-matched mouse
antibody (Abcam) was added as an isotype control.

2.7. Apoptosis assay

To quantify the apoptosis of immature Mo-DCs infected with the
SHXB and UV-SHXB at 24 h p.i, the dual parameter analysis of
Annexin V-FITC (Invitrogen) and Propidium iodide (Sigma) were per-
formed. All samples (1 × 105 cells per sample) were labelled with
both Annexin V-FITC (2 mg/mL) and PI (50 mg/mL) for 15 min. After
washing three times with 0.01 M PBS, these cells were analysed by
flow cytometry (BD FACSVerse, BD).
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2.8. Viability of cells assay

Mock, SHXB-infected, UV-SHXB-treated and LPS-treated imma-
ture Mo-DCs were seeded onto 96-well plates with 100 μL per-well
(1 × 106 cells) and cultured for 24 h. After incubation with 25 μL of MTT
(1 mg/mL, Sigma) for 4 h at 37 °C, the reaction was stopped by adding
an equal volume of lysis buffer (50% DMSO and 20% SDS, pH 7.4). The
absorbance was read at 570 nm. Viability of cells was shown as the
stimulatory index (SI) calculated according to the following equation:
SI = (ODinfected well − ODbank control)/ (ODnegative well − ODbank well).

2.9. ELISA

The supernatants from mock, SHXB-infected, UV-SHXB-
treated and LPS-treated immature Mo-DCs (1 × 106 cells) were
taken at 24 h p.i., and levels of IL-12, IFN-γ and IL-10 were quan-
tified using commercial the enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems, USA), according to the manufacturer’s
recommendations.

2.10. Mixed leukocyte reaction (MLR)

T cell proliferation stimulated by immature Mo-DCs treated with
SHXB and UV-SHXB was evaluated by flow cytometry using the flu-
orescent dye carboxyfluorescein succinimidyl ester (CFSE) (Sigma).
Allogeneic T lymphocytes were isolated from outbred pigs as de-
scribed above, and were purified and enriched by filtration through
nylon wool columns (Burne et al., 2001). Purified T lymphocytes
(1 × 107 cells) were stained with 0.1 μM CFSE in RPMI 1640 medium
for 15 min at 37 °C in the dark. Meanwhile, immature Mo-DCs were
infected with SHXB (at a concentration of 10 TCID50 cell−1), UV-
SHXB (at a concentration of 10 TCID50 cell−1), or LPS (1 μg) for 24 h
in six-well plates; CFSE-labelled T cells then were co-cultured with
mock, SHXB-infected, UV-SHXB-treated and LPS-treated imma-
ture Mo-DCs at DC/T ratios of 1:1, 1:10, and 1:100. Co-cultures were
incubated at 37 °C at 5% CO2 for 5 days. Finally, the cells were har-
vested and the fluorescent intensity of the CFSE was determined
by flow cytometric analysis.

2.11. Western blot analysis

All group cells were lysed in a buffer containing 50 mM Tris–
HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 1 mM
phenylmethylsulphonylfluoride, and 10 μg/mL aprotinin. The ex-
traction and isolation of nuclear and cytoplasmic protein was
performed (Wang et al., 2009) using the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime, Jiangsu, China). The protein con-
centration was determined by the Bradford assay kit (BioRad
Laboratories, Hercules, CA). For this, 25 μg of total protein was sepa-
rated by SDS-polyacrylamide gel and then transferred to a 0.4 μm
PVDF membrane. After blocking with 5% non-fat milk at room tem-
perature for 2 h, the membranes were incubated with rabbit-anti-
human NF-κB p65 antibody (human NF-κB had a 90% homology with
porcine NF-κB, Santa Cruz Biotechnology, USA, 1:400), rabbit-anti-
human IκB-α antibody (human IκB-α had a 97% homology with
porcine IκB-α, Santa Cruz Biotechnology, 1:400) and mouse anti-
human β-actin (human β-actin had a 99% homology with porcine
β-actin, Abcam) for overnight at 4 °C; anti-rabbit and anti-mouse
secondary antibodies conjugated to horseradish peroxidase were
used at 1:5000 (Santa Cruz Biotechnology). Cross-reactivity was
visualised using ECL western blotting detection reagents and then
analysed through scanning densitometry by a Tanon Image
System.

2.12. Statistical analysis

The statistical analysis was performed using the Statistical Product
and Services Solutions (SPSS, Chicago, IL, USA) package). One-way
analysis of variance (ANOVA) was used for the group compari-
sons, and P value of less than 0.05 (P < 0.05) was considered
statistically significant.

3. Results

3.1. Determination of Mo-DC morphology

Immature Mo-DCs generated from porcine monocytes by incu-
bation with RPMI 1640 medium with pGM-CSF and pIL-4 for 5 days
became semi-suspended or suspended, with a round appearance
and dendritic processes, and often formed clusters at 5 days (Fig. 1A,
arrow). Those stimulated by LPS for 24 h had typical DC-like mor-
phology, including a significant size and irregular shape, presenting
either as single cells or in clusters on the cell surface at 6 days
(Fig. 1B, arrow).

3.2. Infection of immature Mo-DCs by SHXB

First, we aimed to determine whether the TGEV SHXB strain was
able to productively infect immature Mo-DCs. Our results showed
that the viral titre of SHXB strain in the immature Mo-DCs persis-
tently increased over time, and reached a peak of 103TCID50 at 24 h
p.i., before gradually decreasing at 48 h p.i. (Fig. 1C). However, no
viral titre was detected in the UV-SHXB-treated immature Mo-
DCs. This result is consistent with the results showing the expression
of SHXB and UV-SHXB M genes in immature Mo-DCs with time
(Fig. 1D). The results indicated that the SHXB strain was able to infect
immature Mo-DCs at a lower level, while UV-SHXB was not.

3.3. Phenotypic changes of immature Mo-DCs infected with SHXB
and UV-SHXB

To investigate the effect of virulent SHXB strain and UV-SHXB
infection on the maturation and activation of immature Mo-DCs,
the expression of SWC3a, CD1a, CD80/86, and SLA-II-DR mol-
ecules on the cells after viral infection for 24 h was examined by
flow cytometry. The results showed that the expression of
SWC3a+CD1a+, SWC3a+CD80/86+, and SWC3a+SLA-II-DR+ in mock im-
mature Mo-DCs was 73.25% ± 2.64, 50.83% ± 1.52, and 50.6% ± 8.99,
respectively (Fig. 2A and B). Their surface markers were signifi-
cantly increased when they were stimulated by LPS for 24 h, and
SWC3a+CD1a+, SWC3a+CD80/86+, and SWC3a+SLA-II-DR+ were
90.25% ± 4.52, 89.7% ± 3.41, and 79.75% ± 1.6, respectively (Fig. 2A
and B). Strikingly, after 24 h of virulent SHXB infection, the surface
expression of CD1a, CD80/86 and SLA-II-DR drastically reduced com-
pared with that seen in mock immature Mo-DCs (Fig. 2A and B),
while those on immature Mo-DCs treated with UV-SHXB showed
more notable up-regulation than mock and SHXB-infected imma-
ture Mo-DCs (Fig. 2A and B). These results suggest that virulent SHXB
can inhibit the maturation of immature Mo-DCs through the down-
regulation of CD1a, CD80/86 and SLA-II-DR, and UV-SHXB can
stimulate the maturation of immature Mo-DCs by up-regulating
these surface markers. Next, to identify whether the down-regulation
of these surface markers in the immature Mo-DCs infected with
SHXB was caused by apoptosis, Annexin V and PI were used to detect
the early and late apoptosis of Mo-DCs at 24 h p.i. The results showed
that SHXB and UV-SHXB infection did not induce early or late apop-
tosis of the immature Mo-DCs (Fig. 2C), which indicates that
immature Mo-DCs infected with SHXB are not related to the apop-
tosis induced by SHXB infection. In addition, the viabilities of SHXB
and UV-SHXB infected cells and LPS stimulated cells were the same
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as that of mock cells at 24 h p.i. (Fig. 2E), which suggested
that SHXB and UV-SHXB could affect the viability of immature
Mo-DCs at 24 h p.i.

3.4. Cytokine secretion of immature Mo-DCs infected with SHXB
and UV-SHXB

Apart from the fact that co-stimulatory molecules are impor-
tant players in T-cell activation, cytokines produced by DCs also
influence their T-cell stimulatory capacity and their ability to polarise
into T cells. The induction of cytokine secretion by immature Mo-
DCs after the infection of virulent SHXB and UV-SHXB was analysed.
Our results showed that the secretions of IL-12, IFN-γ and IL-10 were
highest in LPS-stimulated immature Mo-DCs, followed by UV-SHXB-
treated immature Mo-DCs. However, the levels of IL-12, IFN-γ and
IL-10 in virulent SHXB infected immature Mo-DCs were equal to
or slightly higher than in mock immature Mo-DCs, but signifi-
cantly lower than in LPS- and UV-SHXB-stimulated cells (Fig. 3A).
The results showed that the virulent SHXB strain limited imma-
ture Mo-DCs to produce IL-12, IFN-γ and IL-10 to defend against the
virus itself, while the UV-SHXB could induce immature Mo-DCs to
secrete a considerable amount of IL-12 and IFN-γ for activation of
an immune response.

3.5. T cell proliferation stimulated by SHXB- and UV-SHXB-infected
immature Mo-DCs

To further investigate any possible functional modulation of vir-
ulent SHXB-infected immature Mo-DCs, the viral MHC-restricted
antigen-specific T cell response was tested using CFSE staining fol-
lowed by flow cytometry. The results showed that immature Mo-
DCs stimulated by LPS were more stimulatory than others at DC/T
cell ratios of 1:1, 1:10 and 1:100 (Fig. 3B). Also, immature Mo-DCs
treated with UV-SHXB showed a higher stimulatory capacity than

mock immature Mo-DCs at DC/T cell ratios of 1:1, 1:10 and 1:100.
However, virulent SHXB-infected immature Mo-DCs had almost no
stimulatory capacity with regard to T cell proliferation at DC/T cell
ratios of 1:1, 1:10 and 1:100 compared with the mock immature
Mo-DCs (Fig. 3B).

3.6. NF-κB translocation in immature Mo-DCs infected with SHXB
and UV-SHXB

It has been recognised that NF-κB plays an important role in the
regulation of immune and inflammatory responses because of its
ability to regulate numerous inducible genes, including those for
cytokines, chemokines and adhesion molecules. The mechanism un-
derlying the immunological injury of virulent SHXB-infected
immature Mo-DCs was investigated by examining NF-κB translo-
cation using western blot analysis. As expected, there was a
significantly higher level of NF-κB p65 in the nucleus of LPS-
stimulated and UV-SHXB-infected immature Mo-DCs in comparison
to that seen in mock-infected cells at 12 h p.i., while the lowest level
of NF-κB p65 was in the nucleus of virulent SHXB infected imma-
ture Mo-DCs. Moreover, a contrasting result was found for the level
of NF-κB in the cytoplasm and in the nucleus in all groups at 12 h
p.i. (Fig. 4, up). This suggests that the virulent SHXB inhibits the NF-
κB transcription factor subunits, preventing translocation into the
nucleus in immature Mo-DCs, and UV-SHXB enhances this. As IκB
of cytoplasm degradation regulates the translocation of NF-κB, we
then investigated the degradation of IκB-α in the cytoplasm in this
study. Results showed that the cytoplasmic level of IκB-α de-
creased in the immature Mo-DCs stimulated with LPS and UV-
SHXB, while virulent SHXB infection could increase the protein levels
of IκB-α at 12 h p.i. (Fig. 4, up). This indicated that virulent SHXB
could prevent the degradation of IκB to regulate the translocation
of NF-κB. Similarly, the same changes were seen for the expres-
sion of NF-κB p65 and IκB-α in immature Mo-DCs of all groups

Fig. 1. Morphology of Mo-DCs and infection of TGEV in immature Mo-DCs. Images show the morphology of immature Mo-DCs (A) and mature Mo-DCs (B, immature Mo-
DCs treated with LPS for 24 h) by optical microscopy. Scale bars represent 50 nm. (C) The viral titres of TGEV (SHXB) and UV-SHXB in the immature Mo-DCs at 2, 9, 24, and
48 h post infection (p.i.). Data express the mean ± SEM from three independent experiments. (D) The vital M gene RNA copies of SHXB and UV-SHXB in immature Mo-DCs
at 12, 24, 48 h p.i. Data express the mean ± SEM from three independent experiments.
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Fig. 2. Expression of CD1a+ SWC3a+, CD80/86+ SWC3a+and SLA-II-DR+ SWC3a+ by immature Mo-DCs infected with virulent SHXB and UV-SHXB at 24 h p.i. and the apop-
tosis and viability of immature Mo-DCs infected with the SHXB and UV-SHXB at 24 h p.i. (A) Dot plots show the percentage of CD1a+ SWC3a+, CD80/86+ SWC3a+ and SLA-
II-DR+ SWC3a+ Mo-DCs in the immature Mo-DCs infected with virulent SHXB and UV-SHXB among the total Mo-DCs at 24 h p.i. (B) Bar graphs show the number of CD1a+
SWC3a+, CD80/86+ SWC3a+ and SLA-II-DR+ SWC3a+ in the immature Mo-DCs infected with SHXB and UV-SHXB. Data express the mean ± SEM from three independent
experiments. Bars labelled with different letters are significantly different from each other (P < 0.05). (C) Dot plots and (D) bar graphs both show the percentage of apoptotic
immature Mo-DCs treated with the SHXB and UV-inactivated SHXB at 24 h p.i. Data express the mean ± SEM from three independent experiments. Bars labelled with dif-
ferent letters are significantly different from each other (P < 0.05). (E) Bar graphs show the viability of the immature Mo-DCs infected with SHXB and UV-SHXB. Data express
the mean ± SEM from three independent experiments. Bars not labelled with letters are not significantly different from each other (P > 0.05).
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between 12 and 24 h of viral infection (Fig. 4, down). Taking all of
these results together, it is reasonable to conclude that virulent SHXB
failed to activate NF-κB in infected immature Mo-DCs because of
the failure of IκB degradation, while UV-SHXB prompted the acti-
vation of NF-κB due to increased IκB degradation.

4. Discussion

Neonatal piglet diarrhoea is a major cause of economic losses
to modern swine production worldwide. Infection with virulent TGEV
forms part of the diarrhoea problem. Recently, progress has been
made in understanding the relationship between TGEV and the
immune response of piglets, thereby leading to the development
of new vaccines. DCs are the first antigen-presenting cells to en-
counter TGEV at the site of infected intestinal mucosal tissue; thus,
it is important to understand the interactions between TGEV and
DCs. Some pathogens hijack different parts of the DC immune

pathways to escape the host immune response and enhance their
survival (Moutaftsi et al., 2002; Smith et al., 2005). The defective
function of DCs, including inadequate maturation, reduced antigen
presentation capacity, low efficiency of viral-specific T cell re-
sponse, and imbalance of pro- and anti-inflammatory cytokines,
constitutes an important strategy for viruses to evade the host
immune system.

Virus infection is the first step in pathogenesis; TGEV can infect
porcine alveolar macrophages (PAMs) (Laude et al., 1984). Here, we
demonstrated that virulent TGEV could also infect immature Mo-
DCs at low levels. It is well known that a common escape mechanism
for viruses infecting DCs is to interfere with their maturation process.
DC maturation is regarded a pivotal process for the cells to present
viral antigens to activate T cells and initiate antiviral immune re-
sponses. LPS acts as a DC maturation stimulus in culture, increasing
the expression of MHC-II, MHC-I, CD1a, CD80 and CD86, enhanc-
ing antigen presentation, and inducing IL-12 production
(Langenkamp et al., 2000). As expected, our work found that LPS
also stimulated the maturation of immature Mo-DCs. However, vir-
ulent SHXB inhibited the maturation of immature Mo-DCs through
a reduction of CD1a, CD80/86 and SLA-II-DR, and UV-SHXB stimu-
lated their expression. Our findings are similar to reports stating
that influenza A virus (IAV) reduced the amount of CD11c, CD172a,
CD1w and CCR5 on DCs (Boliar and Chambers, 2010), while inac-
tivated influenza virus was able to improve the expression of these
proteins on DCs (Garulli et al., 2013). Therefore, some structural pro-
teins may play an important role in inducing the maturation of
immature Mo-DCs, and some non-structural proteins produced by
the TGEV RNA transcription may play an important role in inhib-
iting the maturation of these immature cells. It is known that viral
RNA and some structural proteins, such as spike and membrane, are
natural PAMPs that can activate Mo-DCs, while non-structural pro-
teins 3a, 3b and 7 determine the virulence of TGEV. Reports have
demonstrated that a deletion of the non-structural protein 3 gene
resulted in slightly reduced pathogenicity in vivo (Zhang et al., 2007),
and removal of non-structural protein 7 promoted an intensified
dsRNA-activated host antiviral response (Cruz et al., 2011). The exact
reasons for the inhibition of maturation of these immature

Fig. 3. Inflammatory cytokine production by immature Mo-DCs infected with virulent SHXB and UV-SHXB at 24 h p.i. and T cells activation were stimulated by the viru-
lent SHXB and UV-SHXB infected the immature Mo-DCs. (A) Bar graphs show three inflammatory cytokines (IL-12 (left), IFN-γ (middle), IL-10 (right)) production in the
immature Mo-DCs infected with SHXB and UV-SHXB. Data express the mean ± SEM from three independent experiments. Bars labelled with different letters are signifi-
cantly different from each other (P < 0.05). (B) Virulent SHXB- and UV-SHXB infected immature Mo-DCs (24 h p.i.) were co-cultured with T cells at immature Mo-DC:T cell
ratios of 1:1 (left), 1:10 (middle), and 1:100 (right). Five days after, co-culture proliferation was evaluated using carboxyfluorescein succinimidyl ester (CFSE). Data express
the mean ± SEM from three independent experiments. Bars showing different letters represent values that are significantly different from each other (P < 0.05).

Fig. 4. Effect of SHXB and UV-SHXB infection on NF-κB translocation in immature
Mo-DCs. SHXB and UV-SHXB infected immature Mo-DCs for 12 (up) and 24 h (down),
and then the protein expressions of NF-κB and IκBα in cytoplasm and nucleus of
infected immature Mo-DCs were detected by western blots. β-Actin was used as a
loading control.
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Mo-DCs are still not completely understood. Virulent SHXB and
UV-SHXB infection could not induce the apoptosis of Mo-DCs at 24 h
p.i., which suggests that the down-regulation of surface markers on
the Mo-DCs was not caused by apoptosis. This is in agreement with
previous studies showing that the severe acute respiratory syn-
drome virus (SARSV) also did not up-regulate the expression of CD83,
CD86, MHC-I and MHC-II on adult immature DCs, and did not induce
apoptosis of adult immature DCs (Law et al., 2005).

Besides the expression of surface markers (co-stimulatory mol-
ecules and antigen presenting molecules), cytokines produced by
DC can contribute to the activation of T cells (Saavedra et al., 2001).
Secretion of IL-12 by DCs is critical for the induction of Th1 differ-
entiation, as well as for the proliferation and enhanced cytotoxic
activity of natural killer cells (Trinchieri et al., 2003). IFN-γ is an auto-
inflammatory cytokine and an important signal for the secretion of
IL-12 from DCs, and has immunomodulatory effects on the immune
system (Libraty et al., 2001). In addition, IL-10, a predominant Th2-
type cytokine, plays a role in immune suppression and has counter-
regulatory properties to a number of pro-inflammatory cytokines,
including IL-12 (Munoz-Jordan et al., 2003); also, it can induce mem-
brane expression of MHC II molecules on macrophages (Raymond
and Wilkie, 2004). We observed that immature Mo-DCs infected with
SHXB produced only very low levels of IL-12, IFN-γ and IL-10 com-
pared with LPS- and UV-SHXB-stimulated immature Mo-DCs. This
suggests that virulent TGEV-infected immature Mo-DCs would have
limited function in inducing Th1 and Th2 response while UV-
SHXB stimulated immature Mo-DCs would have a strong ability to
promote the Th1 and Th2 response. An inability to secrete IL-12 is
also observed in measles virus (MV) and SARSV-infected DCs (Law
et al., 2005; Schneider-Schaulies et al., 2003), suggesting that this
might be a common immunoevasion strategy. Peak levels of IL-10
secreted by the UV-SHXB-stimulated immature Mo-DCs coin-
cided with peak levels of IL-12 and IFN-γ. It is possible that the higher
IL-12 and IFN-γ levels induced could promote IL-10 production in
these cells, thereby suppressing the over-stimulation of the immune
response by these pro-inflammatory cytokines (Demangel et al.,
2002; Mocellin et al., 2003).

The establishment of a robust T cell response is a key factor in
determining the consequence of a virus infection. Both the expres-
sion of the surface markers as well as the pro-inflammatory cytokines
were inhibited by SHXB-infected immature Mo-DCs and induced
by UV-SHXB stimulated immature Mo-DCs; thus, the virulent SHXB-
infected immature Mo-DCs had a reduced capacity to activate T cells
while the UV-SHXB stimulated immature Mo-DCs were more ef-
ficient at activating and expanding T cells at a DC/T cell ratio of 1:1
and 1:10 in our work. Interestingly, SHXB-infected immature Mo-
DCs and UV-SHXB-stimulated immature Mo-DCs showed no
inhibitory or stimulatory capacity at a DC/T cell ratio of 1:100. The
major reason for this might be that the lower its presence in Mo-
DCs, the weaker its ability to affect T cell proliferation. Thus there
is no significant difference among the SHXB-infected, UV-SHXB-
stimulated and mock immature Mo-DCs at a DC /T ratio of 1:100.

It is well recognised that the host can utilise NF-κB to trigger
defence mechanisms against the virus; however, many viral patho-
gens also benefit from hijacking NF-κB-driven cellular functions.
Mature DCs express high levels of the NF-κB family of transcrip-
tion factors (Granelli-Piperno et al., 1995); before stimulation, NF-
κB is retained in the cytoplasm in an inactive form due to its binding
to the inhibitor (IκB) proteins. In response to a number of differ-
ent stimuli, IκB is degraded and allows NF-kB to translocate to the
nucleus and activate the transcription of target genes (Ghosh and
Hayden, 2008). The present study demonstrated for the first time
that virulent TGEV was not able to activate NF-κB in infected im-
mature Mo-DCs due to the higher level of IκB-α in the cytoplasm,
and the lower expression of NF-κB p65 in the nucleus of SHXB-
infected immature Mo-DCs. However, UV-SHXB was able to stimulate

the activation of NF-κB in immature Mo-DCs by decreasing the level
of IκB-α in the cytoplasm and increasing the amount of NF-κB p65
in the nucleus of immature Mo-DCs. We speculate that virulent SHXB
might exploit the NF-κB of immature Mo-DCs to optimise their rep-
lication or control the proliferation, survival and immune response
of immature Mo-DCs. Also, UV-SHXB, not infectious viral par-
ticles, stimulated the activation of NF-κB, which could participate
in the induction of the immature Mo-DCs maturation and immune
response. Similarly, Fang et al. reported that the SARS-CoV M protein
physically interacted with Iκκ-β, suppressing IκB-α protein degra-
dation and NF-κB activation (Fang et al., 2007). However, the detailed
molecular mechanisms and viral components of virulent TGEV un-
derlying the suppression of NF-κB activation remain to be elucidated.

In conclusion, virulent TGEV SHXB strains could replicate in im-
mature Mo-DCs, and suppress the maturation of immature Mo-
DCs by down-regulating the expression of SLA-II-DR, CD80/86 and
CD1a, decreasing the secretion IL-12, INF-γ and IL-10 of immature
Mo-DCs, and inhibiting their ability to activate and expand T cells.
Moreover, SHXB strain infection could inhibit the activation of NF-
κB in immature Mo-DCs. However, UV-inactivated SHXB (UV-
SHXB) used as a control was able to enhance the expression of
surface markers on the immature Mo-DCs and increase the secre-
tion of cytokines, and UV-SHXB-treated immature Mo-DCs could
stimulate T cell proliferation. Moreover, UV-SHXB was capable of
activating NF-κB in the immature Mo-DCs. The results indicate a
possible mechanism for virulent TGEV evasion of innate host de-
fences, providing a basis for understanding the molecular pathways
in TGEV pathogenesis. Moreover, UV-TGEV might be a potentially
useful vaccine for the activation of immature Mo-DCs.
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