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Abstract

Dendritic cell (DC) subsets form a remarkable cellular network that regulate innate and adaptive immune responses.

Although pigs are the most approximate model to humans, little is known about the regulation of monocyte-derived DCs

(moDCs) and splenic DCs (SDCs) in the initiation of immune responses under inflammatory conditions. We investigated

the activation and maturation of porcine moDC and SDC subpopulations following LPS stimulation. Porcine monocytes

that would differentiate into moDCs were isolated. SDCs were isolated directly from the porcine spleen. Following LPS

stimulation, phagocytosis activity, TLR4/MyD88-dependent gene expression, co-stimulatory molecule, and pro-inflam-

matory cytokine (TNF-a, IL-1b) and chemokine (IL-8) expressions were increased in both cell subsets. Furthermore,

moDCs showed higher levels of gene and protein expression compared with SDCs. Interestingly, moDCs were found to

be more responsive via the TLR4/TRAF-dependent signalling pathway of activation. Only SDCs expressed higher level of

IL-12p40 gene and protein, whereas, IFN-g gene and protein expression were likely to be unchanged after LPS stimu-

lation in both cell subtypes. These data demonstrate that porcine moDCs display a greater ability to initiate innate

immune responses, and could be used as a model to investigate immune responses against Ags.
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Introduction

Dendritic cells (DCs) are highly specialised APCs, and
play a critical role in bridging the innate and adaptive
immune systems by recognising Ags via complex mech-
anisms that involve the decoding and integration
of various signals received in a receptor-dependent
manner.1,2 According their stage of functional develop-
ment, DCs can be divided in two major categories:
immature and mature. Immature DCs are characterised
by active up-take and processing of Ags through high
expression of cell surface pattern recognition receptors
(PRRs) and low levels of co-stimulatory molecules
(CD80 and CD86),3 which lead to phagocytosis of the
latter. Upon capturing foreign Ags, immature DCs
become mature and migrate to secondary lymphoid
organs, where they activate T-cell and initiate adaptive
immunity.4 Spleen-resident DCs have been categorised
into two major subsets on the basis of their

phenotype: conventional/myeloid DCs are charac-
terised by CD11c+HLA-DR+CD123�, and express
TLRs 2 and 4; plasmacytoid DCs exhibit
CD11c�HLA-DR+CD123+ in human and mice, and
express TLRs 7 and 9.5 An appropriate porcine DCs
model is important to investigate their immune
responses in vitro, ignoring the involvement of micro-
environments in secondary lymphoid tissues that might
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be important in determining their functions. Notably,
the culture of precursor monocytes with granulocyte-
macrophage colony-stimulation factor (GM-CSF) and
IL-4 leads to the development of immature monocyte-
derived DCs (moDCs) models in vitro.6,7 When mouse
and human splenic CD11c+ immature DCs (SDCs)
capture LPS or other pathogens, they can further dif-
ferentiate into mature DCs, and up-regulate MHC-II,
CD40, CD80, CD83 and CD86 on their surface.8

Presentation of a pathogen by different DC subtypes
is assumed to have an impact on the innate immune
response. However, the relative efficacy of the different
CD11c+ SDCs and moDCs has not been compared in
pigs. Additionally, there is a dearth of knowledge about
the generation, activation and the pattern of immune
response of moDCs in pigs.

Notably, the unique immune function of DCs is that
immature DCs become mature DCs by recognising
invasive pathogens through their ability to detect
PAMPs using PRRs.9 TLRs are the best-characterised
PRRs, and are linked to the control of bacterial and
viral infection.10 TLR4 is stimulated by the PAMP
LPS or endotoxin from Gram-negative bacteria. LPS
is one of the best studied immunostimulatory bacterial
components that can induce systemic inflammation.
LPS interacts with DCs via the TLR4/MD2/CD14
receptor complex, and induces the release of the essen-
tial pro-inflammatory cytokines and chemokines to acti-
vate a potent immune response.11 Two signalling
pathways—MyD88-dependent and MyD88-indepen-
dent (TRIF-dependent) associated with TRAF6—have
been described for TLR4 activation following LPS
stimulation. Activation of the MyD88-dependent path-
way drives a rapid activation of NF-kB and produces
pro-inflammatory cytokines, including TNF-a, IL-1b,
IL-12p40 and IL-6, and chemokines, such as monocyte
chemoattractant protein 1, macrophage inflammatory
protein 3a and IL-8.12,13 However, LPS activation of
the MyD88-independent signalling pathway results in
rapid activation and nuclear translocation of IFN regu-
latory factor 3 (IRF3), which leads to activation of the
type 1 IFN signalling pathway.14 It has been reported
that IFN-b—a type 1 IFN—plays an important role in
cell survival, protein synthesis and control of inflamma-
tory responses against Ags.15 However, there has been
no study to distinguish the relevance of the immune
response of moDCs and SDCs in pigs with regard to
the TLR signalling pathway. Therefore, it is important
to compare the MyD88-dependent and MyD88-inde-
pendent signalling pathways of immune responses
between moDCs and SDCs.

We therefore evaluated the immune responses of
LPS-induced SDCs and moDCs in vitro for use as a
model. We analysed the impact of various concentra-
tions of LPS on phagocytosis and cell viability
response, and investigated MyD88-dependent and
MyD88-independent related gene expression in

LPS-stimulated porcine moDCs and SDCs in a time-
dependent manner. Furthermore, the production of
co-stimulatory molecules, pro-inflammatory cytokines
and chemokines were measured.

Materials and methods

Animals

Three 35-d-old Pietrain female piglets were used for this
study. The piglets were clinical healthy and no respira-
tory disease was found in the clinical history or upon
physical examination. Animals were housed in isolation
rooms at the teaching and research station of
Frankenforst, University of Bonn, Germany. The feed-
ing, housing and husbandry practices of the animals
followed the standard guidelines.16 The experiment
was approved by the Veterinary and Food Inspection
Office, Siegburg, Germany. All the piglets were eutha-
nased by i.v. injection of T61 (Intervet) by a registered
veterinarian after sedation using ketamine (Intervet,
Unterschleißheim, Germany), according to German
animal protection law.16

Generation of moDC from porcine PBMC

PBMCswere isolated fromperipheral blood. Blood sam-
ples were collected from the vena cava cranialis in ster-
ilised tubes with EDTA. The PBMCs were isolated by
Ficoll-Paque density gradient (cat. #10771; Sigma;
Seelze, Germany) centrifugation, as described previ-
ously.17,18 PBMCs were washed twice in Dulbecco’s
phosphate-buffered saline (DPBS) (cat. #1419-169; Life
Technologies; Darmstadt, Germany) and re-suspended
in DMEM (cat. #41966-029; Invitrogen; Darmstadt,
Germany) supplemented with 2% FBS (cat. #10270;
Invitrogen; Darmstadt, Germany), 500 IU/ml penicil-
lin-streptomycin (cat. #15140; Invitrogen; Darmstadt,
Germany) and 0.5% fungizone (cat. #15290-026;
Invitrogen; Darmstadt, Germany). These PBMCs
(5� 106 cell/ml) were cultured in six-well plates (2ml/
well) for 4 h. The moDCs were generated following the
procedure described previously.19–21 Briefly, after 4 h of
incubation, non-adherent cells were removed and the
adherent monocytes were washed twice with pre-
warmed (37�C) DPBS in order to purify the cells. The
purified monocytes were cultured in RPMI-1640
medium (cat. #21875; Invitrogen; Darmstadt,
Germany) supplemented with 10% FBS, 1000UI/ml
penicillin-streptomycin, 1% fungizone, 20 ng/ml recom-
binant porcine (rp) GM-CSF (cat. #711-PG-010; R&D
System; Wiesbaden, Germany) and 20 ng/ml rp IL-4
(cat. 654-P4-025; R&D Systems; Wiesbaden, Germany)
for 7 d at 37�C with 5% CO2. Half of the medium was
replaced every third day with fresh medium. After 7 d of
incubation, the adherent moDCs were counted and re-
cultured in a new plate for subsequent assays.
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SDC isolation

The spleen was collected under sterile conditions within
30min of euthanasia from the same pigs used for blood
sampling. Splenic tissues were cut into 5–7-cm-long sec-
tions and flushed thoroughly with 0.9% NaCl. The tis-
sues were transported in Hanks-EDTA (cat. H4641;
Sigma; Seelze, Germany) solution, on ice, to the labora-
tory for DC isolation.22 Briefly, the tissue pieces were
transferred into collagenase solution (collagenase
1mg/ml (cat. #C2139-100 MG; Seelze; Germany), BSA
1mg/ml (bovine serum albumin: cat. #CA2153; Sigma;
Seelze, Germany); DNase 10UI/ml (cat. #C 79254;
Qiagen; Dusseldorf, Germany), penicillin-streptomycin
500UI/ml and fungizone 0.25%) and incubated in a shak-
ing (120 rpm) incubator at 37�C. After 2–4h of incuba-
tion, the collagenase solution containing released cells was
filtered through a 70-mm cell strainer (cat. #352350; BD-
Falcon; Heidelberg, Germany) followed by filtration
through a 40-mm cell strainer (cat. #352340; BD-Falcon;
Heidelberg, Germany). Cells were washed twice in DPBS
and re-suspended in RPMI-1640 medium supplemented
with 10% FBS, 1000UI /ml penicillin-streptomycin and
1% fungizone. In order to purify the SDCs, cells were
seeded (1� 107 cells/ml) into a six-well plate (2ml per
well) and incubated for 12–16h.Finally, the non-adherent
cells were removed by gently washing twice in warm
RPMI-1640 medium; then, the SDCs were cultured for
the further study.

Stimulation of moDCs and SDCs

moDCs and SDCs were seeded separately at 2� 106

cells/well in six-well tissue culture plates and incubated
overnight at 37�C in a CO2 incubator. Afterwards, both
cell types were treated with LPS (cat. #tlrl-3pelps;
InvivoGen; Toulouse, France) at concentrations of
0.5, 1.0 and 2.0 mg/ml for 24 h for a cell viability
assay. For the gene expression study and cytokine
measurement, cells were stimulated with 1 mg/ml LPS
and harvested at 0, 3, 6, 12 and 24 h after stimulation.
Total RNA was isolated from these cells for gene
expression analysis, and the culture supernatant was
used to measure the cytokine levels. SDCs and
moDCs stimulated or non-stimulated for 24 h with
1 mg/ml LPS were used for the expression of co-stimu-
latory molecules (CD40 and CD86).

Cell viability assay

Cell viability was investigated using the WST-1 cell pro-
liferation kit (cat. #10008883; Cayman Chemical;
Hamburg, Germany), following the manufacturer’s
instructions. Briefly, SDCs and moDCs were cultured
in 96-well plates at a density of 104–105 cells/well in
100 ml of RPMI-1640 medium for 24–48 h in a CO2 incu-
bator at 37�C before LPS stimulation. This allowed the
cells to adhere to the surface of the microplate. Cells

were cultured, untreated or treated with LPS, at concen-
trations of 0.5, 1.0 and 2.0 mg/ml for 24 h. Ten micro-
litres of reconstitutedWST-1 mixture was added to each
well. After 2 h of incubation in a CO2 incubator at 37

�C,
the absorbance of the samples was measured using a
microplate reader (Thermo Max, Wesel, Germany) at
a wavelength of 450 nm. Cell viability was calculated
(%) following the manufacturer’s formula.

DC maturation and cell type measurement using
flow cytometry

For FACS analysis, cells were harvested, washed twice
with DPBS and cell number counted. The cells were
incubated for 30min with FACS staining buffer
(DPBS supplement with 2% FBS, 10mM NaN3 and
10mMHEPES) and then washed with the same staining
buffer. Cells were stained either with mouse anti-human
CD11c phycoerythrin-cyanine 7 Ab (clone N418, 25-
0114; BD eBioscience; Heidelberg, Germany), a
mouse anti-human CD40 FITC Ab (clone G28.5,
NB100-77786; Novus Biologicals; Cambridge, UK) or
a mouse anti-human CD86 APC Ab (clone hB7-2,
FAB141A; R&D Systems; Wiesbaden, Germany) Ab.
All these Abs are of the IgG1 isotype. Cells were stained
for 30min on ice in 100ml of staining buffer solution
under light-protected conditions. The cells were
washed twice using staining buffer and re-suspended in
400–500ml staining buffer. The events were acquired on
10,000 cells using a FACSCalibur Dual Laser
Flow Cytometer (BD Biosciences, Sparks, MD, USA)
and analysed by FlowLogic software (BD Biosciences,
Heidelberg, Germany).

Gene expression study using quantitative
real-time PCR

mRNA expression of the genes was quantified using
quantitative real-time PCR (qRT-PCR). Total RNA
was isolated using a miRNeasy Mini Kit (cat.
#217004; Qiagen; Dusseldorf, Germany), and the RNA
concentration was measured by a Nanodrop 8000
(Thermo Scientific, Pittsburgh, PA, USA). cDNA was
synthesised using a miScript II RT kit (cat. #218161;
Qiagen; Dusseldorf, Germany) stored at �20�C for fur-
ther use. qRT-PCR was performed in an ABI prism
7000 (Applied Biosystems, Darmstadt, Germany) qRT-
PCR system. The transcript of target genes presented in
each sample was determined using a Maxima SYBR
Green/ROX Mix (cat. #218073; Qiagen; Dusseldorf,
Germany). The primers (Table 1) were designed using
the Primer3 program (version 0.4.0).23 qRT-PCR was
conducted with the following programme: 95�C for
3min, 40 cycles at 95�C for 15 s, 60�C for 1min and
95�C for 1min in the StepOne Plus qPCR system
(StepOne Plus qPCR system; Applied Biosystems).
Melting curve analysis was performed to detect the
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specificity of the PCR reaction. Each experiment was
performed in triplicate and each sample was quantified
in duplicate (technical replication) using qRT-PCR.
Gene-specific expression was measured relative to the
expression of the house-keeping gene hypoxanthine phos-
phoribosyltransferase 1 (HPRT1) (Table 1). The delta Ct
(�Ct) values were calculated as the difference between
target gene and geometric mean of the reference genes:
(�Ct¼Cttarget–Cthousekeeping genes). The average expres-
sion values were considered for further analysis.

Phagocytosis assay

Phagocytosis activity of the cells was investigated using
a Vybrant Phagocytosis Assay kit (cat. #V-6694;
Molecular Probes; Goettingen, Germany). The prin-
ciple of the test is based on the intracellular florescence
emitted by the engulfed particles, as well as the effective
fluorescence quenching of the extracellular probe by
Trypan Blue.24 The phagocytosis assay protocol uses
five negative controls, five positive controls and four
experimental samples. Briefly, cells were cultured in a
six-well plate for 48 h with RPMI-1640. Cells were
scraped from the six-well plate, washed twice with
DPBS, and the cell density adjusted to 106 cells/ml.
For the phagocytosis assay, 50 ml of the different con-
centration of LPS (0.5, 1.0 and 2 mg/ml) in RPMI-1640

were added to the experimental wells containing cells. The
cells were incubated for 4 h at 37�Cwith 5%CO2 to allow
the cells to adhere to the microplate surface. Afterwards,
the RPMI-1640 solution was removed from the micro-
plate wells. Then, 100ml of fluorescent BioParticle
(Vybrant Phagocytosis Assay kit) suspension was added
toall the negative control, positive control and experimen-
tal wells. Two h after incubation at 37�C in a CO2 incu-
bator, theBioParticle suspensionwas aspirated fromall of
the wells. Finally, 100ml Trypan Blue was added to the
wells and incubated for 1min at room temperature and
then the Trypan Blue was aspirated immediately. The
fluorescence emission was measured in a fluorescence
microplate reader (Thermo Electron, Waltham, MA,
USA) using 480nm excitation and 520 nm emission. The
net phagocytosis of the cells was calculated according to
the response of the phagocytosis effector agent following
the manufacturer’s instructions.

Cytokine measurements by ELISA

ELISAwas used to investigate the differences in cytokine
secretion of moDC and SDCs at different time points.
moDC and SDC (1� 106 cells/ml) were stimulated with
1 mg/ml LPS for 0, 3, 6, 12 and 24 h, and supernatants
were collected for TNF-a (cat. #PTA00; R&D Systems),
IL-8 (cat. #P8000; R&DSystems), IL-1b (cat. #PLB00B;

Table 1. List of primer sequences used in this study.

Gene Primer set

Anneal

temperature (�C)

Amplicon size

(base pairs)

GenBank accession

number

TLR4 F: ATCATCCAGGAAGGTTTCCAC

R: TGTCCTCCCACTCCAGGTAG

58 235 NM_001097444.1

MD2 F: TGCAATTCCTCTGATGCAAG

R: CCACCATATTCTCGGCAAAT

60 226 NM_001104956.1

CD14 F: CTGCCTAGTGCCAAGGATTC

R: CAGACTTTGGGGGTTTGTGT

60 177 NM_001097445.2

MyD88 F: CCAGTTTGTGCAGGAGATGA

R: TCACATTCCTTGCTTTCGAG

60 185 NM_001099923.1

TRAF6 F: GGGAACGATACGCCTTACAA

R: CTCTGTCTTAGGGCGTCCAG

60 174 NM_001105286.1

IRF3 F: CCAGTGGTGCCTACACTCCT

R: AGAGGTGTCTGGCTCAGGAA

60 191 NM_213770.1

TNF-a F: CCACCAACGTTTTCCTCACT

R: CCAAAATAGACCTGCCCAGA

60 247 NM_214022.1

IL-1b F: GTACATGGTTGCTGCCTGAA

R: CTAGTGTGCCATGGTTTCCA

59 137 NM_001005149.1

IL-8 F: TAGGACCAGAGCCAGGAAGA

R: CAGTGGGGTCCACTCTCAAT

60 174 NM_213997.1

IL-12p40 F: TCTCGACACGTGGAGATCAG

R: TTCACTCCAGGAGGAGCTGT

60 219 NM_214013.1

IFN-g F: AGCTCCCAGAAACTGAACGA

R: AGGGTTCAAAGCATGAATGG

60 225 NM_213948.1

HPRT1 F: AACCTTGCTTTCCTTGGTCA

R: TCAAGGGCATAGCCTACCAC

60 150 NM_001032376.2
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R&D Systems), IL-12p40 (cat. #P1240; R&D Systems)
and IFN-g (cat. #PIF00; R&D Systems) measurement
using ELISA according to manufacturer’s instructions.
The results were determined using a microplate reader
(ThermoMax) set at 450 nm.

Statistical analysis

The data were analysed by SAS version 9.2 (SAS
Institute, Cary, NC, USA). Pairwise comparisons were
made between the treatment groups and control using
the Student’s t-test and Tukey’s multiple comparison
test. The data were expressed as means� SD and
P< 0.05 was determined to be statistically significant.

Results

Different LPS concentrations affect moDCs
and SDCs viability

To determine the oxidative stress and cytotoxicity
effects of LPS on porcine DCs, we detected cell viability
with different concentrations of LPS.25 The viability of
both cell types was more affected by a higher LPS con-
centration than a lower LPS concentration (Figure 1A).
Viability was significantly decreased in moDCs treated
with 1.0 and 2.0 mg/ml LPS. It was found that only in
the case of treatment with 2.0 mg/ml LPS was moDC
viability decreased compared with SDCs (Figure 1B).
These results indicate that moDCs are more sensitive to
LPS exposure; on the basis of these data, 1.0 mg/ml LPS
was considered for further studies.

The phagocytic activity of moDCs was higher
than SDCs

The phagocytic activity might vary between cell types,
as well as during DC maturation; therefore, the

difference in phagocytosis between moDCs and
SDCs was investigated. Phagocytosis by moDCs was
significantly increased in a concentration-dependent
manner (Figure 2A). However, in the case of SDCs,
phagocytosis activity was significantly increased follow-
ing treatment with 1.0 and 2.0mg/ml LPS compared
with 0.5mg/ml LPS (Figure 2A). When moDCs and
SDCs were compared, irrespective of LPS concentra-
tion, the phagocytic activity of moDCs was signifi-
cantly higher than in SDCs (Figure 2B).

TLR4/MD2 complex-related genes were
up-regulated in moDCs and SDCs

To clarify the LPS-stimulated regulation of the TLR4/
MD2/LPS complex, associated gene expressions were
quantified by qRT-PCR. TLR4 and MD2 mRNA was
significantly (P< 0.001) up-regulated 2 h after LPS
treatment in moDCs (Figure 3A,B), whereas these
genes were increased at 3 h after LPS stimulation in
SDCs (Figure 3A,B). When moDCs and SDCs were
compared, TLR4 was significantly higher at 1 h and
12 h in moDC compared with SDC, respectively, and
MD2 was significantly higher at 1 h and 6 h in
moDCs compared with SDCs, respectively. We
found that CD14 mRNA expression was undetectable
for 12 h after LPS stimulation in moDCs (Figure 3C).
The Ct value was more than 36 cycles, which was
considered to be undetectable. CD14 mRNA expres-
sion was significantly increased at 6 h after LPS stimu-
lation, and remained significantly higher (P< 0.01) in
SDCs (Figure 3C). However, it was significantly
increased at 12 h after LPS stimulation (P< 0.001),
and remained higher in moDCs (Figure 3C).
Notably, CD14 mRNA expression was higher in
SDCs at 6 h compared with moDCs, whereas it was
higher in moDCs at 24 h compared with SDCs
(Figure 3C).
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Figure 1. Effects of LPS stimulation on cell viability of moDCs and SDCs. moDCs at d 7 and SDC at d 3 were treated or not with

LPS (control, 0.5, 1.0 and 2.0 mg/ml). Comparison of moDC or SDC cell viability after challenge with different concentrations of LPS

(A), and cell viability of moDCs and SDCs after challenge with LPS (B) . The results are combined from three independent experi-

ments; each experiment was performed in triplicate. The data are represented as the mean� SD. *P< 0.05; **P< 0.01; ***P< 0.001.
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Comparison of NF-kB pathway activation between
moDCs and SDCs

In order to further clarify the pathway followed by the
DCs subsets, we determined the related MyD88-depen-
dent and MyD88-independent gene expression in
moDCs and SDCs at different times. To estimate the
involvement of MyD88-dependent pathways, we quan-
tified MyD88 and TRAF6 gene expression. We found

that both genes were up-regulated in both cell types,
and expression of MyD88 was significantly increased
from 3h of LPS stimulation onwards (Figure 3D),
whereas expression of TRAF6 was significantly
increased from 6h onwards in SDCs. The expression
of TRAF6 was increased only at 12 h on moDCs
(Figure 3E). Notably, the MyD88 gene was expressed
more highly in moDCs than in SDCs after 3 h of LPS
treatment (Figure 3D).
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Figure 3. The effect of LPS stimulation on the TLR4/MD2/CD14 complex and the mRNA expression of downstream genes. The

effect of LPS stimulation on the TLR4/MD2/CD14 complex and mRNA expression of downstream genes in moDCs and SDCs

stimulated with LPS (1.0 ml/ml) for the indicated times (0, 1, 3, 6, 12, 24 h). moDCs at d 7 and SDCs at d 3 were treated or not LPS.

The mRNA expression of TLR4, MD2, CD14, MyD88, TRAF and IRF3 was quantified by qRT-PCR after treatment. (A–C) TLR4/MD2/

CD14 complex; (D, E) TLR4/MyD88-dependent; (F) MyD88-independent pathway-related gene expression between moDCs and

SDCs subtypes in a cell type-dependent and time-dependent manner. The results are combined from three independent experiments;

each experiment was performed in triplicate. The data are represented as the mean� SD. The letters x (P< 0.05), y (P< 0.01) and z

(P< 0.001) indicate the significant differences of a gene expression between moDCs and SDCs at a specific time point. *P< 0.05,

**P< 0.01 and ***P< 0.001 indicate the time-dependent TLR4/MD2/CD14 complex and downstream mRNA expression in moDCs

and SDCs between the LPS stimulation group and LPS control group.
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Figure 2. Comparison of phagocytic activity between moDCs and SDCs. moDCs have stronger phagocytic activity than SDCs

stimulated by LPS. moDCs at d 7 and SDC at d 3 were scraped for the phagocytosis assay. moDCs and SDCs were incubated with

fluorescein-labeled Escherichia coli K-12 BioParticles after challenge with LPS (control, 0.5, 1.0 and 2.0 m g/ml) for 4 h. Phagocytosis of

moDCs and SDCs stimulated with different concentrations of LPS (A) and comparison of phagocytic activity of moDCs and SDCs

under the same concentration of LPS (B). The results are combined from three independent experiments; each experiment was

performed four times. The data are represented as the mean� SD. *P< 0.05; **P< 0.01; ***P< 0.001.
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SDCs responded to LPS stimulation more via the
TLR4/MyD88-independent pathway

Unlike the MyD88-dependent pathway, the MyD88-
independent pathway is activated through IRF3 activa-
tion. We found that IRF3 mRNA was significantly
increased in SDCs 6 h after LPS treatment and increased
steadily up to 24 h (Figure 3F). Interestingly, IRF3 gene
expression in LPS-treated moDCs was not different to
the untreated control (Figure 3F).

LPS induced moDC maturation more strongly
than SDCs

To study the effect of LPS on the maturation state of
DC subsets, we examined the production of co-stimu-
latory molecules CD86 and CD40 on the porcine
moDCs and SDCs. Flow cytometric analysis showed

that the expression of CD86 and CD40 was signifi-
cantly increased in moDCs after LPS stimulation com-
pared with SDCs (Figure 4). However, when control
group cells were compared with LPS-treated cells, the
expressoion of both co-stimulatory markers was
increased in LPS-stimulated DCs, indicating that both
moDCs and sDCs were responding to the LPS stimu-
lation. CD86 production was significantly up-regulated
in moDCs compared with SDCs (Figure 4C). In con-
trast, CD86 and CD40 were expressed more in SDCs
than in moDCs (Figure 4A–C), demonstrating that
moDCs were more immature than SDCs.

Production of pro-inflammatory cytokines was
higher in moDCs than in SDCs

mRNA and protein expression of the cytokines was
compared between porcine moDCs and SDCs following
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LPS stimulation. TNF-a mRNA expression was signifi-
cantly increased in moDCs from 1 to 12 h after LPS
stimulation (Figure 5A). Additionally, TNF-a protein
production was remarkably higher in moDCs from 6 to
24 h after LPS stimulation compared with SDCs (Figure
5B). In contrast, IL-1b mRNA expression and protein
secretion were significantly higher in SDCs at 1 and 3 h,
whereas both mRNA and protein expressions were
remarkably up-regulated in moDCs at 12 and 24 h
(Figure 5C,D) after LPS stimulation.

Chemokine secretion differences between
moDCs and SDCs

Our data showed that IL-8 mRNA expression and pro-
tein secretion were significantly up-regulated in SDCs
compared with moDCs at 1 h after LPS stimulation
(Figure 5E,F). On the contrary, after 6 and 12 h, IL-8
mRNA and protein expression was significantly up-

regulated in moDCs compared with SDC (Figure
5E,F). Importantly, IL-8 protein production was
remarkably higher in moDCs compared with SDCs at
3 h, and remained higher until 24 h (Figure 5F) after
LPS stimulation.

SDCs produce more IL12-p40 and IFN-� than
moDCs

We determined the protein expression of the auto-
inflammatory cytokines IL-12p40 and IFN-g. IL-
12p40 mRNA expression was significantly up-regulated
in SDCs at 6, 12 and 24 h after LPS stimulation com-
pared with moDCs (Figure 6A). Likewise, protein
secretion was also remarkably higher in SDCs at 3, 6,
12 and 24 h after LPS stimulation compared with
moDCs (Figure 6B). After stimulation with LPS,
mRNA and protein expression of IL-12p40 remained
steady over the study period (Figure 6A,B). mRNA
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expression of IFN-g was significantly higher in SDCs at
1 h compared with moDC, whereas it was significantly
higher in moDCs at 3 h and 24 h compared with SDCs
(Figure 6C). With regard to protein expression, IFN-g
production was higher at 6 h in moDCs than in SDCs
(Figure 6D).

Enhanced production of pro-inflammatory cytokines
by moDCs

We determined production of the pro-inflammatory
cytokines TNF-a, IL-1b, IFN-g and IL-12p40, and
the chemokine IL-8 by moDCs and SDCs in response
to LPS stimulation at various time points. In order to
understand cytokine activity over the study period in
porcine moDCs and SDCs following LPS stimulation,
we used the least square mean multiple comparison
test.26 For this analysis, the protein expression of all
the cytokines were used (Figures 5 and 6). We found
that the secretion of TNF-a, IL-1b and IL-8 were sig-
nificantly higher in moDCs than in SDCs (Figure 7).
IFN-g was found to be expressed remarkably more
highly in moDCs compared with SDCs (Figure 7).
Unexpectedly, IL-12p40 was remarkably increased in
SDC (Figure 7), although it was not influenced by
LPS stimulation in moDCs (Figure 6B).

Discussion

moDCs are more susceptible to LPS and exhibit
a more mature phenotype than SDCs

Phagocytosis is reported to be an important component
of the immune system contributing to the first line of
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defence.27 Phagocytosis involves the recognition and
binding of prey receptors through PAMPs on the sur-
face of phagocytes, in particular to TLR and phago-
cytic receptors. Foreign microbes, such as bacteria
(LPS) or fungi, can be recognised and taken up from
infection sites by professional phagocytes, such as
macrophages and DCs. DCs are the key producers of
phagocytic receptors, and present Ags as major
APCs.28 DCs have quite different functional outcomes,
depending on their class. In this study, porcine moDCs
and SDCs were exposed to various concentrations of
LPS. We found that moDCs show more potential
phagocytic activity after a slight increase of LPS con-
centration compared with SDCs. This indicates that
phagocytosis is enhanced in an in vitro culture model
of moDCs. Interaction with bacteria leads to the apop-
totic death of phagocytes during bacterial phagocytosis
and degradation stages. Indeed, there is a significant
decrease in the viability of moDCs with an increasing
concentration of LPS. On the basis of phagocytosis and
cell viability stimulation of moDCs and SDCs stimu-
lated with various concentrations of LPS, we assumed
that 1.0mg/ml was suitable for further study. It is well
known that immature and mature DCs have a distinct
morphology, phenotype and function. Importantly, the
maturation of DCs is shown by up-regulation of CD40
and CD80/86 during antigenic stimulation.29 CD28 is
the most important co-stimulatory molecule on the
naı̈ve T-cell surface to clonally expand and acquire
effector functions, such as control of the T-cell cycle,
survival and differentiation.30 It is well-described that
CD80/86 through CD28 increase pro-inflammatory
cytokine production in T-cells.31 CD86 was found to
be up-regulated on the cell surface of DCs, suggesting
that it interacted with CD28, thereby promoting T-cell
activation and maturation. In addition, the expression
of CD40 on DCs is important for T-cell priming and
T-cell-mediated effector function.32 LPS-stimulated
human or mice moDCs display a strong expression of
the maturation markers CD40 and CD86,31,33 which is
in agreement with this study. We identified that the co-
stimulatory molecules were up-regulated in both
moDCs and SDCs, whereas moDCs were induced to
be more mature than SDCs following LPS stimulation.
Up-regulation of the co-stimulatory molecules in
response to LPS stimulation indicated that moDCs dis-
play a more mature phenotype and T-cell activation
than SDCs.34 Immature DCs exhibit higher phago-
cytic activity than mature DCs and perform specialised
tasks in Ag presentation,35 which is in good agreement
with this study. However, in humans and mice, it has
been reported that immature DCs are immunologically
more active with different cell functions than peripheral
circulating waves of tissue-resident DCs.36 The differ-
ences between these studies could be a result of
using different DC cell subsets (moDCs, SDCs or
cord blood DCs).

Comparison of TLR4 signalling pathway activation
between moDCs and SDCs

DCs have high phagocytic activity and remove free
microorganisms in the host innate immune system
through PRRs, especially TLRs, that bind to
PAMPs.8 Importantly, one of the essential roles of
DCs, like other host immune cells, is initiation of the
pro-inflammatory response by the regulation of TLR
activation and cytokine/chemokine secretion.37

Mounting evidence reveals that LPS–TLR4 interaction
is important in the clearance of bacteria by up-regulat-
ing the phagocytic activity of DCs via these two distinct
pathways.38 We have found that LPS up-regulates
TLR4 steady-state transcripts in porcine DCs, which
is in very good agreement with other studies of mono-
cytes, macrophages and PBMCs.21,39,40 LPS has been
reported to trigger mitogen-activated protein kinases,
NF-kB, STAT3, IRFs and activator protein signal-
transduction pathways by the activation of the TLR4
receptor complex (TLR4/MD2), which evokes the tran-
scription and production of immune genes, including
cytokines that are critical for activation of innate
immunity.41,42–44 In this study, we found that increas-
ing TLR4 and MD2 expression was detected in both
types of DCs, with higher phagocytic activity, coincid-
ing with previous reports.45 Similar to the other studies
in mice and humans, we demonstrated that the TLR4/
MD2 complex genes were up-regulated in porcine
moDCs and SDCs in a time-dependent manner in
response to LPS stimulation.41 TLR4 and MD2 com-
bine into a LPS receptor molecule complex at both
transcriptional and translational levels. Therefore, the
differences between the expression of these two genes
indicates that both DCs subtypes could respond to
pathogens during different inflammatory phases.
Additionally, we observed that moDCs have a more
sensitive TLR4 receptor complex to recognise LPS fol-
lowing stimulation, and are also more efficient in the
induction of T-cell differentiation and development.
One of the most important characteristics of TLR4/
MD2 complex activation is the up-regulation of
the pro-inflammatory cytokines that activate naı̈ve
T-cells.46

CD14 is the key cell surface protein required for the
proper functioning of monocytes and DCs.47 Unlike in
SDCs, CD14 mRNA was undetectable in moDCs
during the early stages of LPS stimulation. This finding
is supported by a previous study, which reported that,
during the differentiation of monocytes to moDCs,
the cell surface expression of CD14 was silenced in
vitro.48 CD14 protein polymorphisms determine the
susceptibility of individuals to microbial infection.47

Additionally, it has been reported that LPS can
induce the TLR4 pathway independently of CD14,
allowing activation of the anti-inflammatory
response.49 Therefore, we postulate that moDCs are
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more potential immune cells and that their activation is
flexible to different pathways. It is worthwhile mention-
ing that, after LPS stimulation, moDCs displayed con-
siderably stronger TLR4/MyD88-dependent pathway
activation, but were less likely to induce the TLR4/
TRIF-dependent pathway. The application of LPS
increased the potentiality of moDCs to bacterial infec-
tion and showed higher immune responses with a
remarkable increase in the production of the anti-
inflammatory cytokines. Moreover, we also observed
that LPS not only induced the maturation of moDCs
more efficiently, but also enhanced phagocytosis and
migration.

moDCs are more efficient than SDCs in producing
inflammatory cytokines and activating the NF-kB
signalling pathway

Following LPS-induced TLR4 activation, MyD88-
dependent and MyD88-independent (or TRIF-depen-
dent) pathways are involved for the further modulation
of anti-inflammatory responses.37 Activation of
MyD88 coupled to TLR4 activates TRAF6 and then
rapidly activates NF-kB, resulting in the production of
pro-inflammatory cytokines and chemokines, such as
TNF-a, IL-1b and IL-8.50,51 This study identified that
LPS, after binding to the TLR4/MD2 complex,
induced pro-inflammatory cytokine expression at both
the mRNA and protein levels in moDC and SDCs, and
that these responses were more pronounced in moDCs
than in SDCs. It has been reported that LPS-induced
DC maturation is associated with the up-regulation of
co-stimulatory molecules, such as MHC and CD86,
which is dependent on NF-kB activation.52 Indeed,
delaying the addition of LPS to moDCs and SDCs
abrogated MyD88-mediated up-regulation of LPS-
induced TNF-a, IL-1b and IL-8 secretion. Activation
of LPS-induced TNF-a, IL-1b and IL-8 mRNA expres-
sion by LPS requires protein synthesis, which we found
in this study; specifically, expression of these molecules
was more rapidly induced in moDCs than in SDCs. A
vast amount of data indicate that TNF-a induces the
maturation of immature DCs and, moreover, that it
induces transcellular migration of DCs, which depends
on the production of IL-8.53,54 The migratory DCs acti-
vate T-cells and subsequently initiate the adaptive
immune response against invading bacteria and
viruses.55 However, recruitment of TRIF associated
with TLR4 results in the activation and nuclear
translocation of IRF3, an essential transcription
factor generally involved in induction of type I IFN
and pro-inflammatory cytokines, such as IL-12, IL-18
and IL-23, in wild type DCs.14 Additionally, IRF3 is
necessary for the early phase of phagocytosis.56 We
found, in this study, that LPS-induced TLR4/TRIF-
dependent signalling pathway activation constitutively
expressed IRF3 in SDCs, which coincides with the

results of another study.50 We found that IRF3 was
uninfluenced in moDCs following the LPS stimulation.
This finding indicates that the TLR4/TRIF-dependent
signalling pathway might be not involved in the LPS-
induced activation of moDCs.

Besides the positive features of the moDCs, we also
observed some unexpected findings; that is, that
moDCs did not satisfactorily release IL-12p40 or
IFN-g following 24 h of LPS stimulation. IL-12p40
plays a critical role in Th17-cell-mediated chronic
inflammation by promoting Th17 cell maintenance
and by the production of pro-inflammatory cyto-
kines.57 It also plays an important role in DCs for
IFN-g production. Expression of IL-12p40 is required
for the generation of CD4 T-cells and DC migration,
which, in turn, regulates the level of IFN-g produced
after microbial infection.58 The IFN-b subunit is
involved in signal transduction and interrupts the IL-
12 receptor binding sites, leading to insufficient produc-
tion of IFN-g.59 Indeed, IL-12p40 was strongly released
by SDCs at different time points following LPS stimu-
lation, which might affect the secretion of IFN-g.
Nevertheless, this increased production of IL-12p40 in
SDCs could not overcome the more potential immune
activation of moDCs.

Conclusions

Taken together, our results show that LPS induced acti-
vation, maturation and phagocytosis of porcine DCs,
and that the level of activation of moDCs was greater
than that observed in SDCs. The moDCs were also
more efficient than SDCs in releasing pro-inflammatory
cytokines after LPS stimulation. Higher levels of cell
proliferation, differentiation and IL-1b production
were observed in moDCs compared with SDCs. Pro-
inflammatory cytokines were produced more abun-
dantly in moDCs, which may result in more efficient
activation of the NF-kB signalling pathway and T-cell
maturation compared with SDCs. The interesting find-
ing of this study is that LPS more strongly activated the
TLR4/MyD88-dependent pathway in moDCs. These
results indicate that the generation of porcine moDCs
in vitro developed an appropriate DC culture model
allowing the study of DC roles in the host defence
system.
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