@'PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

Porcine Neonatal Blood Dendritic Cells, but Not
Monocytes, Are More Responsive to TLRs Stimulation
than Their Adult Counterparts

Gael Auray"?, Marina R. Facci', Jill van Kessel®, Rachelle Buchanan’, Lorne A. Babiuk®*, Volker Gerdts'3*

1Vaccine and Infectious Disease Organization, University of Saskatchewan, Saskatoon, Canada, 2 Faculté de Médecine Vétérinaire, Université de Montréal, Saint-
Hyacinthe, Canada, 3 Department of Veterinary Microbiology, Western College of Veterinary Medicine, University of Saskatchewan, Saskatoon, Canada, 4 University of
Alberta, Edmonton, Canada

Abstract

The neonatal immune system is often considered as immature or impaired compared to the adult immune system. This
higher susceptibility to infections is partly due to the skewing of the neonatal immune response towards a Th2 response.
Activation and maturation of dendritic cells (DCs) play an important role in shaping the immune response, therefore, DCs
are a target of choice for the development of efficient and protective vaccine formulations able to redirect the neonatal
immune response to a protective Th1 response. As pigs are becoming more important for vaccine development studies due
to their similarity to the human immune system, we decided to compare the activation and maturation of a subpopulation
of porcine DCs in adult and neonatal pigs following stimulation with different TLR ligands, which are promising candidates
for adjuvants in vaccine formulations. Porcine blood derived DCs (BDCs) were directly isolated from blood and consisted of
a mix of conventional and plasmacytoid DCs. Following CpG ODN (TLR9 ligand) and imiquimod (TLR7 ligand) stimulation,
neonatal BDCs showed higher levels of expression of costimulatory molecules and similar (CpG ODN) or higher (imiquimod)
levels of IL-12 compared to adult BDCs. Another interesting feature was that only neonatal BDCs produced IFN-o after TLR7
or TLR9 ligand stimulation. Stimulation with CpG ODN and imiquimod also induced enhanced expression of several
chemokines. Moreover, in a mixed leukocyte reaction assay, neonatal BDCs displayed a greater ability to induce
lymphoproliferation. These findings suggest that when stimulated via TLR7 or TLR9 porcine DCs display similar if not better
response than adult porcine DCs.
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PRRs. These receptors can be triggered by safe synthetic agonists
mimicking TLR microbial ligands that could be used as adjuvants.
In humans, the two main DC subsets, conventional and
plasmacytoid DCs (cDCs and pDCs) express different sets of
TLRs, with ¢DCs expressing TLR3 while pDCs express TLR7

Introduction

Antigen presenting cells (APCs), by sampling antigens and
presenting them to immune cells, play a key role in the
development of the adaptive immune response. APCs include

dendritic cells (DCs), monocyte/macrophages and B cells. APCs
are present in peripheral tissues and especially at mucosal surface
where they sample antigens. Upon encountering pathogens, they
reach a mature state through triggering of their Pattern
Recognition Receptors (PRRs) by highly conserved Molecular
Associated Molecular Patterns (MAMPs). The maturation of APCs
is a complex process leading to the loss of endocytic ability, the up-
regulation of costimulatory molecules and MHC class II, the
switching in surface expression of chemokine receptors and the
production of cytokines [1,2].

Upon maturation, DCs migrate to lymph nodes to activate T
helper (Th) cells and drive the immune response towards a Thl,
Th2, Th17 or Treg type of response [3,4]. This unique ability to
activate naive 'T' cells and tailor the immune response makes DCs a
target of choice for vaccine formulations. DCs express a broad
range of Toll like receptors (TLR), an extensively studied family of
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and TLRY [5,6], while in mice both ¢cDCs and pDCs express
TLRY [7]. We recently showed in our porcine model that porcine
monocyte-derived DCs (MoDCs) and blood-derived DCs (BDCs)
express different levels of TLRs, with MoDCs expressing higher
levels of TLR3 while BDCs expressed more TLR7 and TLR9 [8].
Porcine BDCs consist of ¢cDCs and pDCs, respectively character-
ized as being CD172%, MHC II*, CD80/86*, CD1™~, CD14",
CD4~, and CDI172%, MHC II*, CD80/86*, CD1*~, CD14",
CD4" [9]. In a previous study, using phagocytosis assays,
lymphoproliferation assays and morphologic observation, we
confirmed that the cells we isolated were DCs, and FACS staining
with the specific surface markers confirmed the cells were BDCs
[10]. We found that class A CpG ODN (TLRY) were particularly
efficient activators of BDCs, inducing a full maturation profile with
upregulation of co-stimulatory molecules, switching in chemokine
receptor expression, production of the cytokine IL-12p40 and of a
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broad range of functional chemokines that attracted immune cells
[8]. However, very little is known about the activation and
maturation of porcine neonatal DCs.

The neonatal immune system is often considered immature
because of impaired immune responses to a broad range of
pathogens leading to higher susceptibility of newborns to
infections. The defects observed in the neonatal immune system
are not due to a unique mechanism but are most likely due to a
sum of factors, including interfering maternal antibodies [11],
persistence of foetal immunoregulatory responses [12], skewing of
the immune response toward a Th2 profile [13], impaired APC
functions [14,15], serum inhibition by adenosine [16], or
differences in immune cells proportions and numbers [17,18].
Defects in the development of a strong pro-inflammatory and
Thl-type immune response are important in the foetus to avoid
any dangerous mother-foetus alloimmune reaction [19] and in the
neonate after exposure to new antigens during colonization of the
skin or the gastrointestinal tract [12]. Indeed, during the first
weeks of life the neonatal immune system will be exposed to self-
antigens and common environmental antigens and the onset of a
strong immune response would be detrimental. But during
infection or after vaccination, it is also important that neonates
develop a strong and efficient immune response. Some studies
have shown that neonates are able to develop adult-like protective
Thl and cytotoxic immune responses in particular circumstances
[20]. It would be beneficial to identify vaccine adjuvants that help
overcome the tolerogenic neonatal environment and Th2 bias and
allow the development of a long lasting Th1 or mixed protective
immune response in neonates. The pig is becoming a model of
growing importance for the development of human as well as
veterinary vaccines. The study of the porcine neonatal immune
system may also allow the dissection of mechanisms leading to
differences between human and pig innate immune ontogeny.
However, very little is known about the porcine neonatal immune
system. Vaccines have to be administered early in life to be fully
protective, so adjuvants able to overcome the specificity of the
neonatal immune system and induce the development of
protective and long lasting immune responses are needed.

In this study we compared the effect of the TLR ligands LPS
(TLR4), poly I:C (TLR3), imiquimod (TLR7), class A and class C
CpG ODN (TLRY) on the activation and maturation of adult and
neonatal porcine monocytes and BDCs. We did not see any major
effect of the different TLR ligands on either adult or neonatal
monocytes. In contrast to what we were expecting, imiquimod and
CpG ODN not only induced maturation of neonatal BDCs, but
the levels of activation observed were more pronounced than those
observed with adult BDCs. Only neonatal BDCs increased their
surface expression of co-stimulatory molecules following CpG
ODN stimulation and produced IL-12p40 after incubation with
imiquimod. Despite equal proportions of pDCs, neonatal BDCs,
but not adult BDCs, produced the anti-viral cytokine IFN-o.
Another unexpected finding was that neonatal BDCs showed a
stronger ability to induce lymphocyte proliferation in mixed
leukocyte reaction (MLR) assays.

Materials and Methods

Animals

Eight-week old (adults) or one-week old (neonates) Dutch
Landrace pigs were purchased from a specific pathogen free herd
with high health status from Prairie Swine Centre, University of
Saskatchewan. All experiments were conducted in accordance
with the ethical guidelines of the University of Saskatchewan and
the Canadian Council of Animal Care. This specific protocol was
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approved by the University of Saskatchewan Animal Research
Ethics Board (Permit Number: 19940211).

Isolation of monocytes and blood dendritic cells (BDCs)

Pig blood samples were collected by cardiac vein puncture using
60 ml syringes coated with 7.5% ethylenediaminetetraacetic acid
(EDTA) for adult pigs or 10 mL vacutainers coated with EDTA
(BD Biosciences, Mountain View, CA) for neonates. PBMCs were
isolated using a 60% FICOLL-PAQUE® Plus gradient (GE
Healthcare, Uppsala Sweden). Monocytes and BDCs were isolated
as described elsewhere [8,10]. Briefly, after incubation with anti-
human CDI14 microbeads (Miltenyi Biotec, Auburn, CA),
monocytes were ecither kept for culture or depleted from the
PBMCs using the Magnetic Activated Cell Sorting system
(MACS®, Miltenyi Biotec). The CD14 negative fraction was first
incubated with mouse anti-porcine CD172 antibody (Serotec,
Oxford, UK) and then with Rat anti-mouse IgGl microbeads
(Miltenyi Biotec). The CD14~ CD172* BDCs were then positively
selected using MACS and rested overnight before being used in
the different assays. BDCs as well as the CD14~ CD172" fraction
were used directly after isolation for the MLR assay.

Monocytes and BDC stimulation

Following overnight culture in RPMI 1640 (GIBCO®-BRL,
Burlington ON) supplemented with 10% FBS, 1% HEPES
(GIBCO®-BRL), 1% MEM non essential amino acids (GIBCO®-
BRL), 1% Antibiotic/Antimycotic (GIBCO®-BRL), 0.5 mM B-
Mercaptoethanol (culture media) at 1x10° cells/ml in 12-well plates
(Corning, Corning NY), monocytes and BDCs were stimulated with
the following TLR ligands: 10 pg/ml poly I:C (Sigma-Aldrich,
Oakville, ON), 1 pg/ml LPS (E. coli O55:B5, Sigma-Aldrich),
10 pg/ml imiquimod (InVivogen), 5 pg/ml class A CpG ODN
8954 (ggGGACGACGTCGTGgggegG) and 5 pg/ml class C CpG
ODN 2429 (TCGTCGTTTTCGGCGGCCGCCG). The cells
were cultured in presence of the TLR agonists for 6 h to study
mRNA expression and 24 h for enzyme-linked immunosorbent
assay (ELISA) and flow cytometry studies. Control cells were
cultured in media for the same time without TLR ligand
stimulation. Data were collected from 5 to 6 adult or neonatal
pigs and cells were isolated and collected independently on different
days.

Flow cytometry

After a 24 h stimulation, monocytes and BDCs were harvested
and resuspended in 1X phosphate buffered saline (PBS) pH 7.3
containing sodium azide (0.03%) and gelatin (0.02%) (staining
media) and stained to assess CD80/86 cell surface expression by
flow cytometry as described elsewhere [8]. Briefly, cells were
incubated 20 min at 4°C with human CD152 (Human CTLA
fusion protein IgG2a, Ancell, Bayport, MN). After 3 washes in
staining media, cells were incubated for 20 min at 4°C with a
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG2a
monoclonal antibody (mAb) (Southern Biotech, Birmingham, AL)
before being fixed in 2% formalin. 10000 events were collected on
a FACSCALIBUR™ (BD Biosciences, Mountain View, CA)
using the CELLQUEST™ software. The specific CD80/86
staining was calculated by subtracting from the percentage of
CD80/86 positive cells, the percentage of non-specific staining
obtained by labelling of the cells with an irrelevant mAb of the
same isotype (Caltag Laboratories, Burlingame, CA).
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Reverse transcription- quantitative real-time polymerase
chain reaction (RT-qPCR)

After 6 h of stimulation with the TLR ligands, BDCs were
harvested in TRIZOL® (Invitrogen, Carlsbad, CA) and stored at
—80°C. mRNA extraction was performed using Qjagen RNEA-
SY® mini-columns (Qiagen, Mississauga, ON) according to
manufacturer’s instructions and mRNA quality and quantity was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Mississauga, ON). The SUPERSCRIPT® III PLATINUM® Two-
Step RT-qPCR Kit (Invitrogen) was used to generate cDNA
according to the manufacturer’s instruction. Quantification of
cDNA by SYBR green incorporation was performed using a
Biorad ICYCLER IQ® (Biorad, Hercules, CA). The sequence of
the primers used have already been published elsewhere [8], and
the hybridization temperature was 60°C for all of them. To assess
the changes in gene expression, we used the comparative cycle
threshold (Ct) method [21] where the Ct of the reference gene was
subtracted from the Ct of the gene of interest for each sample to
calculate the ACt. The equation 2~ ““Y was used to calculate the
relative mRNA levels. To calculate the AACt, the ACt of the
control was subtracted from the corresponding stimulated sample
and the fold change was determined by the equation g~ (AAGY,
Ribosomal protein L. (RPL) 19 and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were used as reference genes given their
stable expression in BDCs as tested with the GeNorm kit [22].

Enzyme-Linked immuno sorbent assay (ELISA)

1x10° monocytes or BDCs were stimulated 24 h with TLR
ligands and the supernatant were collected to determine the
cytokine concentrations. The concentrations of IL-6, IL-10, IL-
12p40, and TNF-o0 were determined by using porcine specific
R&D Systems DUOSET® commercial kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instruction.
ELISA for IFN-o was performed as previously described [23].

Mixed leukocyte reaction (MLR)

BDCs isolated from adult and neonatal pigs were cultured
during 5 days with 5x10* allogeneic CD14~ CD172~ PBMCs
isolated from either adult or neonatal pigs. Cells were cultured in
triplicates in 96-well plates with different APC/effector-cell ratios
m 200 ul medium. CD14~ CD172° PBMCs cultured alone
served as negative control and CD14~ CD172~ PBMCs cultured
with 2.5 pg/ml Concanavalin A (ConA) (Sigma) were used as
positive controls. 0.4 pCi of [3H] thymidine (Amersham Pharma-
cia Biotech, Baie de Urfe, PQ) was added during the last 8 h of
culture. Cells were then harvested and thymidine incorporation
determined using a liquid scintillation counter. No difference in
induction of proliferation was seen when BDCs were treated with
50 pg/ml mitomycin C (Sigma), confirming the proliferation
observed is due to CD14~ CD172" PBMCs and not BDCs.

Statistical analysis

All the data were statistically analysed using GRAPHPAD
PRISM™ 5 software (GraphPad Software, Inc., La Jolla, CA).
Differences between groups were assessed using the paired t test
(paired, Gaussian distribution), the Wilcoxon signed rank test
(paired, non-Gaussian distribution), or the Mann-Whitney U test
for non-paired, non-Gaussian data. When P=0.05, differences
were considered significant.
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Results

Neonatal and adult monocytes stimulation by TLR
ligands

Circulating monocytes represent up to 15% of the peripheral
blood mononuclear cells (PBMCs) and are easily sorted by a CD14
magnetic selection. We isolated monocytes from 1-week old
neonatal piglets and 8-week old adult pigs, and assessed their TLR
expression using RT-qPCR. We did not observe any differences in
TLR expression between adult and neonatal monocytes, both
populations expressing TLR3, TLR4, TLR7 and TLRY, with
TLR4 being the most expressed (Figure 1A). The isolated
monocytes were rested overnight and stimulated for 24 hours
with TLR ligands. Cells were then harvested to assess their cell
surface expression of co-stimulatory molecules by flow cytometry,
and the supernatants kept for cytokines measurement. None of the
TLR ligands used induced a significant upregulation of co-
stimulatory molecules at the surface of adult or neonatal
monocytes compared to non stimulated cells, even though
imiquimod and class A CpG ODN seemed to induce a slight
upregulation in neonates compared to adults (Figure 1B). When
supernatants were tested for cytokine production, we found that
LPS induced TNF-o production by adult monocytes but not by
neonatal monocytes (Figure 1C). No production of TNF-oo was
seen after any other TLR stimulation either in adult or neonatal
monocytes. Basal levels of IL-12p40 were detected in supernatants
from stimulated and non-stimulated adult and neonatal cells, but
all TLR ligands failed to induce any significant increase in IL-
12p40 production following stimulation (Figure 1D). No IL-10 or
IFN-o0 were detected in the supernatants (data not shown).
Monocytes isolated from adult or neonatal pigs did not display
characteristics of activated cells following stimulation by TLR
ligands, so we decided to focus our study on the comparison of
adult and neonatal porcine DCis, isolating them directly from
circulating blood.

Conventional and plasmacytoid subpopulations in
neonatal and adult BDCs

Before studying the activation and maturation of BDCs isolated
from blood of adult or neonatal animals, we studied the phenotype
of the two populations. Studies in humans [24] and in mice [18]
have shown that the proportions of plasmacytoid and conventional
DCs can differ between adult and neonates. Using flow cytometry
we found that adult and neonatal BDCs populations displayed the
same spread and the same gate was used for both populations
(Figure 2A, top panels). The purity of the BDCs isolated from
neonatal or adult animals was >70% for both adult and neonatal
BDGCs. The contaminating cells were identified as monocytes.
Since monocytes did not display characteristics of mature cells
following TLR stimulation, we were able to rule out that the
contamination would skew our results (Figure 1). Double staining
for CD172a and CD4 confirmed that the BDCs isolated from
adult and neonatal blood were constituted of the two expected
populations, a CD172a* CD4~ population corresponding to the
conventional DCs and a CD172a" CD4" population being the
plasmacytoid DCs, as previously described [25] (Figure 2A,
bottom panels). We did not find any significant differences in
the proportion of plasmacytoid DCs in adult compared to
neonatal BDCs (3.56%2.65 for adult BDCs and 2.62*1.44 for
neonatal BDCs, Figure 2B). Therefore, any differences seen in
BDC activation and maturation during this study will likely to be
due to differences in intrinsic function of the cells rather than to
differences in the proportion of the different DC subpopulations.
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Figure 1. Adult and neonatal monocyte stimulation by TLR ligands. (A) Expression of TLR3, 4, 7 and 9 by non-stimulated adult and neonatal
monocytes was assessed using RT-gPCR and is expressed as relative mRNA expression using the 274 calculation method. Data represent the mean
relative mRNA expression £ SD from 4 different animals. (B) Adult (black boxes) and neonatal (white boxes) monocytes were stimulated 24 h with
LPS (1 pug/ml), poly I:C (10 pg/ml), imiquimod (10 ug/ml), class A or class C CpG ODN (5 ug/ml) or left non-stimulated (control) and were then
harvested and prepared for co-stimulatory molecules staining. The percentage of adult and neonatal monocytes expressing CD80/86 was determined
using flow cytometry. For each of the TLR stimulation and the corresponding control, data show the mean percentage of positive cells = SD obtained
for cells isolated from 4 animals. (C) and (D) Monocytes were stimulated with TLR ligands 24 h as in (B), then the supernatants were harvested and the
concentration of the different cytokines determined by ELISA. We show here the concentration of TNF-a (C) and IL-12p40 (D) in the supernatants
from adult (black boxes) or neonatal (white boxes) monocytes. Each data point represents one animal with median value for each group represented
by the horizontal bar.

doi:10.1371/journal.pone.0059629.g001

TLR expression by adult and neonatal BDCs sponding TLR ligand: poly I:C (TLR3), LPS (TLR4), imiquimod
While a few studies have examined TLRs expression in different (TLR7), class A and class G CpG (TLRY). Some of the most
adult pig DC subsets like MoDCs or Bone Marrow-derived commonly used activation markers are the expression of co-

(BM)DCs [8,26], to our knowledge, the expression of TLRs in stimulatory molecules like CD80 and CD86 on the surface of the
neonatal pig DCs has not been studied. The goal of this study was DCs, which can induce T cells activation through CD28
to compare the activation and maturation levels of adult and triggering. Following 24 h of stimulation with these TLR ligands,
neonatal BDCs following TLR ligand stimulation, so we first we stained the cells to assess their expression of CD80/86 by flow
assessed the level of expression of the relevant TLRs in cytometry. Stimulation with LPS, poly I:C and imiquimod
unstimulated BDCis isolated from adult or neonatal pigs. We significantly increased the surface expression of co-stimulatory
found that both neonatal and adult BDCs expressed the same set molecules in both adult and neonatal BDCs (Figure 3B, 3C).
of TLRs (Figure 3A). While neonatal BDCs displayed similar levels Despite a similar level of expression of TLR9 (Figure 3A), adult
of TLR3, TLR4 and TLR9 compared to adult BDCs, they and neonatal BDCs did not equally respond to CpG-ODN
expressed significantly higher levels of the intracellular receptor stimulation. In adult BDCs, class A and class C CpG-ODN

TLR7 (Figure 3A). These two DC populations also expressed the stimulation did not induce any increase in cell surface expression
same level of TLR5 and TLR8 mRNA (Data not showed). of co-stimulatory molecules (Figure 3B). Surprisingly, both class A

and class C CpG-ODN stimulation significantly increased the
Cell surface expression of co-stimulatory molecules expression of CD80/86 by neonatal BDCs (Figure 3C).

following TLR ligand stimulation

Knowing that BDCs isolated from pig adults or neonates
expressed the relevant TLRs, we compared the activation and
maturation of these cells following stimulation with the corre-
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Figure 2. Neonatal and adult porcine BDC populations. (A) Flow cytometry was run on adult (left panel) and neonatal (right panel) BDCs
following isolation of the cells. The upper panel represents the size (forward scatter or FSC) and the granulosity of unstained cells (side scatter or SSC),
while the bottom panel represents the double staining of adult and neonatal BDCs with CD4 and CD172. (B) BDCs were stained with CD4 and CD172
and the percentage of CD172* CD4" plasmacytoid DCs was determined by flow cytometry. Each data point represents one animal with median value

for each group represented by the horizontal bar.
doi:10.1371/journal.pone.0059629.9002

Chemokine receptors (CCR) expression by adult and
neonatal BDCs

Another important mechanism in DCs maturation is the switch
in chemokine receptors. Immature DCs express CCR1, —2 and
—5, and localize to mucosal surfaces in response to chemokines
recognized by these receptors. Upon maturation, these receptors

PLOS ONE | www.plosone.org

are downregulated and DCs express CCR7 allowing them to
respond to CCL19 and CCL21 and migrate to lymph nodes to
initiate the adaptive immune response [1]. We first assessed the
basal level of chemokine receptors CCR2, CCR5 and CCR7
expression in freshly isolated adult and neonatal BDCs. Neonatal
BDCs expressed significantly higher levels of the three chemokine
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Figure 3. TLRs and co-stimulatory molecules expression by adult and neonatal BDCs. (A) Expression of TLR3, 4, 7 and 9 by non-stimulated
adult and neonatal BDCs was assessed using RT-qPCR and is expressed as relative mRNA expression using the 27 calculation method. Data
represent the mean relative mRNA expression = SD from 6 different animals. (*p<<0.05, Mann-Whitney U test). (B, C) Adult and neonatal BDCs were
stimulated (A) 24 h with LPS (1 ug/ml), poly I:C (10 ug/ml), imiquimod (10 pg/ml), class A or class C CpG ODN (5 pg/ml) or left non-stimulated (A).
Cells were then harvested and prepared for co-stimulatory molecules staining. The percentage of adult (B) and neonatal (C) BDCs expressing CD80/86
was determined using flow cytometry. Each data point represents one animal with median value for each group represented by the horizontal bar.
(*p<<0.05, **p<<0.01, paired t test).

doi:10.1371/journal.pone.0059629.9003

receptors studied (Figure 4A). In both adult and neonatal cells, the expression of CCR2 and CCR5, poly I:C induced a
CCR5 was the most highly expressed chemokine receptor and comparable increase in the expression of this chemokine receptor
CCR2 the less expressed. To our surprise, neonatal BDCs involved in the homing of mature DCs to the lymph nodes
expressed levels of CCR7 close to those found for CCR5. This (Figure 4D). Despite a greater downregulation of CCR2 and
is unusual for immature or non-stimulated DCs that usually CCR) in neonatal BDCs following LPS stimulation, the TLR4
express low levels of CCR7 as seen in adult BDCs. We then ligand failed to induce the expression of CCR7 compared to adult
studied changes in mRNA chemokine receptor expression BDCs (Figure 4D)

following 6 h stimulation with TLR ligands using RT-qPCR.

Despite a low basal expression of CCR2, LPS, imiquimod, class A Induction of chemokines by TLR ligands stimulation in
and class C CpG-ODN induced a downregulation of chemokine adult and neonatal BDCs

receptor expression in both adult and neonatal BDCs (Figure 4B). Because of their location in peripheral tissues and at mucosal

This downregulatlon was Mgn{ﬁcantly more important 1n.neonatal surfaces DCs are amongst the first cells present at the site of
BDC:s following LPS stimulation, whereas the decrease in CCR2

expression was comparable in adult and neonatal cells following
imiquimod, class A or class G CpG-ODN treatments. The same
pattern of expression was observed for CCR5 with no significant
differences between adults and neonates seen following imiqui-
mod, class A or class G CpG-ODN stimulation (Figure 4C). As
seen for CCR2, poly I:C did not induce any downregulation of the
expression of GCRY in adult or neonatal BDCs, and LPS induced
a significantly higher downregulation of CCR5 in neonatal BDCs
(Figure 4C). In both adult and neonatal BDCs, imiquimod
induced the expression of CCR7 and, whereas it had no effect on

infection and have an important role in triggering the immune
response and amplify the recruitment of immune cells by
producing chemokines. This chemokine production by activated
DCGs has been studied in mice [27,28] and humans [29-31], and
we recently showed that in pigs, adult BDCs stimulated by TLR
ligands increased their expression of a broad range of chemokines
[8]. We compared the chemokine mRNA expression (6 h
stimulation) or protein production (24 h stimulation) by adult
and neonatal BDCs stimulated with TLR ligands. The expression
of several CC-(CCL2, CCL3, CCL4, CCL20) and CXC-(CXCL2
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Figure 4. Chemokine receptors expression by adult and neonatal BDCs following TLR stimulation. (A) Expression of CCR2, 5 and 7 by
non-stimulated adult and neonatal BDCs was assessed using RT-qPCR and is expressed as relative mRNA expression using the 2”2t calculation
method. Data represent the mean relative mRNA expression = SD from 5 different animals. (*p<<0.05, Mann-Whitney U test). (B, C, D) Adult and
neonatal BDCs were stimulated 6 h with LPS (1 ug/ml), poly I:C (10 ug/ml), imiquimod (10 ug/ml), class A or class C CpG ODN (5 ug/ml) or left non-
stimulated and then harvested in TRIZOL®. After mRNA extraction, the expression of CCR2 (B), CCR5 (C) and CCR7 (D) was assessed by RT-qPCR.
Results show the fold of increase following stimulation compared to the non-stimulated cells using the 222 and show the mean = SD from 5

animals. (*p<<0.05 Mann-Whitney U test).
doi:10.1371/journal.pone.0059629.g004

and CXCL10) chemokines and the production of CXCL-8 were
studied. No differences were seen for CCL20 and CXCL2, with all
the TLR ligands inducing a comparable upregulation in both
adult and neonatal BDCs (data not shown). Imiquimod and CpG-
ODN stimulations induced significantly higher levels of expression
of chemokines by neonatal BDCs (Figure 5A). While imiquimod
induced higher levels of the monocyte attracting chemokine CCL2
and the mature T cells attracting CXCL10, CCL4 and CXCL10
were more upregulated following CpG-ODNs stimulation in
neonatal BDCs. Even though it was not statistically significant,
there was a trend for Class A CpG and class C CpG to induce
higher levels of mRNA expression of CCL2 and CCL3
respectively in neonatal BDCs (Figure 5A). Otherwise, neonatal
BDCs showed a comparable upregulation of chemokine expres-
sion following TLR ligand stimulation compared to adult BDCs,
except following poly I:C stimulation for CCL3 and LPS
stimulation for CXCL10, with adult BDCs showing a significantly
greater increase in gene expression (Figure 5A). We also assessed
by ELISA the production of CXCL8, a chemokine involved in the
recruitment of neutrophils. While all the stimulations induced
production of CXCL8 by adult BDCs, neonatal BDCs failed to
produce the chemokine following class C CpG-ODN (Figure 5B).
Although LPS, poly I:C, imiquimod and class A CpG-ODN
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induced the production of CXCL8 by neonatal BDCs, the levels of
protein found in the supernatants were lower than what was found
for adult BDCs (Figure 5B).

Cytokines production by stimulated adult and neonatal
BDCs

The higher sensitivity to infection in early life has been linked to
a skew in the neonatal immune response towards a Th2 response
rather than a protective Thl immune response. It has been shown
in mice and humans that this shift could be partly due to intrinsic
defect of cytokines production by APCs, especially DCs that are
important in directing the immune response [14]. We compared
by ELISA the cytokine production in supernatants of adult and
neonatal BDCs after 24 h stimulations with different TLR ligands.
LPS induced the production of comparable levels of the pro-
inflammatory cytokine TNF-oo in adult and neonatal cells
(Figure 6A and 6D). TNF-a production by neonatal BDCs was
also induced by poly I:C, imiquimod and class A CpG-ODN, but
not when adult BDCs were stimulated. The production of TNF-o
observed following LPS stimulation could be due to contaminating
population of monocytes, since we observed TINF-a production by
monocytes following LPS stimulation (Figure 1C). A different
pattern of IL-12p40 production was observed between adult and
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Figure 5. Chemokines expression and production by stimulated adult and neonatal BDCs. Porcine BDCs from 8-week old adults and 1-
week old neonates were cultured 6 h with LPS (1 ug/ml), poly I:C (10 ug/ml), imiquimod (10 pg/ml), class A or class C CpG ODN (5 pug/ml) and were
then harvested in TRIzol. After mRNA extraction, the gene expression of CCL2, CCL3, CCL4 and CXCL10 by stimulated adult (A) and neonatal (A)
BDCs was determined. Each of the data point corresponds to one animal and displays the fold of increase compared to unstimulated cells with the
median, using the 2722 calculation method. (*p<<0.05 Mann-Whitney U test). (B) Adult and neonatal BDCs were stimulated 24 h with the different
TLR ligands and the supernatants were harvested. The concentration of CXCL8 was assessed by ELISA, showing the production of the chemokine
after stimulation (black boxes) or without stimulation (white boxes). Results show the mean production of CXCL8 in pg/ml = SD from 5 or 6 animals.
(*p<<0.05, Wilcoxon signed rank test).

doi:10.1371/journal.pone.0059629.g005

neonatal cells. While both adult and neonatal BDCs produced IL- by neonatal BDCs following imiquimod stimulation (Figure 6B
12p40 following class A CpG-ODN stimulation, this cytokine was and 6E). BDCs include two DCs populations, namely ¢cDCs and
produced only by adult BDCs following LPS stimulation, and only pDCs, the latter of which is known for high production of type I
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IFN following activation. Adult BDCs failed to produce IFN-o
following TLR ligand stimulation (Figure 6F). Despite similar
proportions of pDCs within the BDG population (Figure 2B),
neonatal BDCs, unlike their adult counterparts, produced IFN-o
after poly I:C, imiquimod, class A or class C CpG stimulation,
imiquimod and class A CpG inducing the highest levels of this
cytokine (Figure 6C). We also studied the production of the anti-
inflammatory cytokine IL-10 and the pro-inflammatory cytokine
IL-6 following TLR ligands stimulation and both in adult and
neonates, no production of these two cytokines was detected in the
supernatants of control or stimulated BDCs (data not shown).

Lymphocyte stimulation by adult and neonatal BDCs
After finding that adult and neonatal BDCs had different
profiles of activation and maturation in response to TLR
stimulation, neonatal cells surprisingly displaying higher expres-
sion and production of activation markers, we wanted to assess if
this translated into differences in lymphocyte stimulation by DCs.
For this purpose we decided to assess the ability of adult and
neonatal BDCs to induce lymphocyte proliferation in mixed
leukocyte reaction (MLR) assays. The principle of this assay is to
culture APCs from one animal with lymphocytes from another
animal with a different genetic background, and measure the
lymphoproliferation after 5 days of co-culture to assess the ability
of APCis to stimulate lymphocytes. We used APCs from adults and
neonates as well as lymphocytes isolated from adults (Figure 7A)
and neonates (Figure 7B). ConA was used as a positive control for
lymphocyte proliferation and the cells were co-cultured at DCs to
lymphocytes ratios of 1:2 and 1:10. At a 1:2 ratio, no significant
differences were seen in induction of adult lymphocyte prolifer-
ation by adult or neonatal BDCs, even though the median value
for neonatal BDCs is more than 5 times higher than for adult
BDGCs (29005 cpm and 5506 cpm respectively, Figure 7A). At a
1:10 ratio, we observed that neonatal BDCs induced a significantly
higher proliferation of adult lymphocytes than adult BDCs. When
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the BDCs were co-cultured with lymphocytes isolated from
porcine neonates, no differences were seen in lymphocyte
proliferation between neonatal BDCs and adult BDCs for the
1:2 or 1:10 ratios (Figure 7B). While the levels of proliferation
induced in neonatal lymphocytes by adult BDCs were comparable
to those induced in adult lymphocytes, neonatal BDCs lost their
ability to induce greater lymphoproliferation when they were co-
cultured with neonatal lymphocytes.

Discussion

It is important to develop neonatal models that will allow the
development and the study of vaccine formulations and their
efficacy in a neonatal environment. The neonatal immune system
has been studied mostly in mouse models that have shown some
limitations with results that can be difficult to transpose to humans.
Studies in human have also shown limitation in terms of blood and
tissue availability and i viwo or ex vivo experiments, often using
human cord blood cells that are more reflecting the fetal immune
system rather than the neonatal immune system. Therefore, the
pig model has emerged as a promising alternative with a size, a
physiology and a course of disease development that are closer to
humans [32].

TLR ligands are potent innate immune system activators and
strong potential adjuvant candidates for vaccine formulations.
APCs, key cells in the presentation of antigen and development of
a protective immune response, express a broad range of TLRs and
are important targets for these adjuvants. Some of these TLR
ligands have been shown to be efficient adjuvants in a neonatal
porcine model. The TLR3 ligand poly I:C induced type I IFN
responses to the transmissible gastroenteritis virus (TGEV) [33],
while the TLR9 ligand CpG-ODN was shown to induce Thl
immune responses in piglets when used in PRRSV [34], swine
streptococcic  septicemia killed (SSSK) [35], or pseudorabies
attenuated virus (PRV) [36] vaccine formulations. Being easily
isolated from blood with a positive magnetic selection for CD14

%

3 —

IFNo pg/ml

IFNo pg/ml

Figure 6. Cytokine production by activated adult and neonatal BDCs. BDCs were stimulated 24 h with LPS (1 ug/ml), poly I:C (10 ug/ml),
imiquimod (10 ug/ml), class A or class C CpG ODN (5 ug/ml), then the supernatants were harvested and the concentration of the different cytokines
determined by ELISA. The upper panel shows the results for neonatal BDCs and the bottom panel the ones for adult BDCs. We show here the
concentration of TNF-a. (A, D), IL-12p40 (B, E) and IFN-a (C, F) in the supernatants from stimulated (black boxes) or non-stimulated (white boxes) BDCs.
Results show the mean cytokine production in pg/ml = SD from 5 or 6 animals. (*p<<0.05, Wilcoxon signed rank test).
doi:10.1371/journal.pone.0059629.g006
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Figure 7. Adult and neonatal lymphocytes mixed leukocyte reaction (MLR) assay. BDCs isolated from adult and neonatal pigs were
cultured during 5 days with allogeneic CD14™ CD172~ PBMCs isolated from either adult (A) or neonatal (B) pigs. The neonatal (white boxes) and adult
(black boxes) BDCs were cultured with the CD14~ CD172" at two different ratios (1:2 and 1:10) and the lymphoproliferation was assessed by tritiated
thymidine incorporation using a liquid scintillation counter. Each dot represents cells coming from one animal (n =6 animals) and the horizontal bar

represents the median. (*p<<0.05 Mann-Whitney U test).
doi:10.1371/journal.pone.0059629.g007

[10], we first compared the activation and maturation states of
adult and neonatal porcine monocytes following stimulation with
TLR ligands. Similar to what had been previously observed in
swine [37] or humans [38], adult monocytes stimulated with LPS
produced more TNF-o than neonatal monocytes. Contrary to the
study with human monocytes, we did not observe any difference
between adult and neonatal porcine monocytes in terms of TNF-o
production following imiquimod stimulation. Because of the lack
of effects of TLR ligands on porcine monocytes, we decided to
investigate the activation and maturation profiles of adult and
neonatal porcine DCs.

Few studies have investigated porcine neonatal DCs, mostly i
vivo in gnotobiotic piglets [39,40], but this is to our knowledge the
first comprehensive study assessing the activation and maturation
profile of isolated porcine neonatal DCs. In mice spleens,
differences have been found in DC subpopulations proportions:
pDCs were more represented than ¢cDCs and adult-like pDCs to
¢DGCs ratio were reached after 5 weeks [18,41]. Similar to what we
found in our porcine model after isolation of BDCs (Figure 1B),
another study in humans showed no differences between adult and
neonatal pDC to cDC ratios [42], whereas Jamin ¢t al. found that
the pDC to ¢DC ratio in porcine adult blood was 1:1 [43]. These
discrepancies could be due to the different methods used to assess
these proportions (whole blood studies versus isolated cells), the
PBMCs or DCs isolation protocols (magnetic sorting versus
adherence), or the use of frozen cells, whereas in our study we
used freshly isolated cells. In our model, any difference seen
between adult and neonatal BDCs is therefore not likely to be due
to differences between cDCs and pDCs proportions.

In this study, we found that neonatal BDCs displayed a more
mature phenotype than adult BDCs after stimulation with TLR7
(imiquimod) and TLRY ligands (class A and class G CpG-ODN)
and to a lesser extent TLR3 ligand poly I:C, and were also more
efficient in inducing lymphocytes proliferation. One of the most
important features of DCs maturation is the upregulation of co-
stimulatory molecules that gives the second signal needed for T
cells activation and proliferation. While some studies using DCs
isolated from human cord blood or derived from cord blood
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monocytes have shown that neonatal DCs display some defects in
their co-stimulatory molecules expression compared to their adult
counterparts after stimulation with LPS [44] , poly I:.C [44], CpG
ODN [42], or the TLR7 ligand Resiquimod [45], other works
using neonatal mouse splenic DCs or human cord blood DCs have
shown similar co-stimulatory molecules upregulation after LPS
[46] or CpG ODN [47,48]. Unlike what was observed in mice and
humans, in our model, TLR3, TLR7 and TLR9 stimulations
induced higher levels of co-stimulatory molecules in neonatal
BDCs compared to adult BDCs. CpG ODNGs, which had no effect
in adult BDCs, were potent inducers of co-stimulatory molecules
surface expression in neonatal BDCs. The differences seen
between these studies could be a result of different DC populations
(MoDCs, spleen DCs, cord blood DCs) as well as how they are
stimulated (isolated DCs or whole blood or PBMCs stimulation).
The neonatal immune system is quickly evolving and the age of
the neonates may also be of importance [18,41,49]. For example
neonatal mice are more immature than human neonates and
human cord blood cells may be more representative of the fetal
immune system with different immune cells functions for cells from
the fetal or adult waves of hematopoietic precursors [50].
Besides the activation of immune cells, efficient vaccine
formulations also play an important role in the recruitment of
immune cells to the site of injection by inducing the production of
chemokines by target cells which triggers an amplification loop
leading to a more efficient immune response. We previously
showed that following TLR ligand stimulation, porcine BDCs
were able to produce a broad range of CC- and CXC-chemokines
[8]. We found in this study that neonatal BDCs also had a greater
ability to express chemokines after stimulation by TLR7 and
TLRY ligands, especially two important chemokines: CCL2 and
CXCL10. CCL2 recruits a subset of circulating monocytes
expressing CCR2 which differentiate into inflammatory DCis
when they reach the tissues [51], and CXCLI10 is involved in the
recruitment of CXCR3 expressing activated Thl and cytotoxic T
cells [52,53]. In the lymph nodes, DCs producing CXCL10
preferentially recruit IFN-y producing T cells and help the
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development of a Thl response by keeping these cells in DC-T
cells clusters [28].

One of the difficulties encountered with the development of
vaccines for neonates is the development of Thl immune
responses in an environment prone to Th2 or tolerance responses.
If Thl cells can be specifically induced in neonates after primary
exposure with an antigen [54], these cells express an IL-4Ro/IL-
13Ral  heteroreceptor that once triggered by IL-4 induces
apoptosis of Thl cells when triggered upon restimulation with
the same antigen, thus leading to the development of a Th2
immune response [55]. Neonatal Thl cells can be protected
against IL-4-induced apoptosis through the down-regulation of IL-
13Ral induced by DCs IL-12 production [56], so using vaccine
formulations containing adjuvants inducing IL-12 production by
neonatal DCs should be beneficial to neonates and induce
protective immunity. We showed here that CpG ODN induced
IL-12p40 production by neonatal BDCs to levels comparable to
the adult, while imiquimod induced its production only in
neonatal BDCs. This production of IL-12p40 was associated with
production of TNF-o and IFN-o, and to our surprise adult BDCs
did not produce any of those cytokines following TLR7 and 9
stimulations. IFN-o is a key cytokine in the control of viral
infections which can drive Thl and cytotoxic immune responses,
activate DCs and enhance cross presentation or primary antibody
responses [57]. This unexpected enhanced capacity of neonatal
DCs to produce Thl type cytokines following TLR stimulation has
already been reported in mice, goats and sheep and seems to be a
common feature of neonatal DCs. In mice, Sun e al. showed that
CpG ODN or poly I:C-stimulated splenic DCs produced more IL-
12 and IFN-a than adult DCs [41]. Another group showed that
stimulation with poly I:C or resiquimod in goats, and resiquimod
or CpG ODN in sheep, induced higher production of both IL.-12
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and IFN-y by neonatal MLN cells compared to adults and that
cells with similar morphology with DCs were responsible for the
IL-12 production [58-60].

In summary, we found that TLR7 and TLRY ligands and to a
lesser extent TLR3 ligands did not only induce the activation and
maturation of porcine neonatal BDCs, but that the level of
activation of these cells was greater than what we observed with
adult BDCs. The neonatal BDCs were also more efficient than
their adult counterparts in producing Thl cytokines after
imiquimod and CpG ODN stimulation, the most striking being
the high levels of the anti-viral and pro-Thl cytokine IFN-o
produced by the neonatal cells while none was detected in adult
cells. This more mature phenotype observed in neonatal BDCs
was associated to another unexpected result which showed
neonatal BDCs more efficient in inducing adult T cells prolifer-
ation than adult BDCs, ruling out the hypothesis of any intrinsic
deficiency of neonatal DCs. Imiquimod, CpG ODN and also poly
I:C are therefore very promising adjuvants for future neonatal
vaccines, especially for vaccines against infections that need a Thl
or a balanced Th1/Th2 immune response.

Acknowledgments

We are grateful to all the members of the Animal Care Unit at VIDO,
especially Stewart Walker and Jan Erickson for their help in isolating the
blood from the animals and for housing the pigs. We also thank Stacy
Strom and Krupal Patel for their help in isolating the Blood DCs.

Author Contributions

Conceived and designed the experiments: GA VG. Performed the
experiments: GA MF JvK RB. Analyzed the data: GA VG. Wrote the
paper: GA VG LB.

16. Hasko G, Cronstein BN (2004) Adenosine: an endogenous regulator of innate
immunity. Trends Immunol 25: 33-39.

17. Wang G, Miyahara Y, Guo Z, Khattar M, Stepkowski SM, et al. (2010)
“Default” generation of neonatal regulatory T cells. J Immunol 185: 71-78.

18. Dakic A, Shao QX, D’Amico A, O’Keeffe M, Chen WF, et al. (2004)
Development of the dendritic cell system during mouse ontogeny. J Immunol
172: 1018-1027.

19. Makhseed M, Raghupathy R, Azizieh I, Omu A, Al-Shamali E, et al. (2001)
Thl and Th2 cytokine profiles in recurrent aborters with successful pregnancy
and with subsequent abortions. Hum Reprod 16: 2219-2226.

20. Adkins B, Leclerc C, Marshall-Clarke S (2004) Neonatal adaptive immunity
comes of age. Nat Rev Immunol 4: 553-564.

21. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc 3: 1101-1108.

22. Facci MR, Auray G, Meurens F, Buchanan R, van Kessel J, et al. (2011)
Stability of expression of reference genes in porcine peripheral blood
mononuclear and dendritic cells. Vet Immunol Immunopathol 141: 11-15.

23. Dar A, Nichani AK, Benjamin P, Lai K, Soita H, et al. (2008) Attenuated
cytokine responses in porcine lymph node cells stimulated with CpG DNA are
associated with low frequency of IFNalpha-producing cells and TLR9 mRNA
expression. Vet Immunol Immunopathol 123: 324-336.

24. Borras FE, Matthews NC, Lowdell MW, Navarrete CV (2001) Identification of
both myeloid CDI1lc+ and lymphoid CDl1lc- dendritic cell subsets in cord
blood. Br J] Haematol 113: 925-931.

25. Summerfield A, McCullough KC (2009) The porcine dendritic cell family. Dev
Comp Immunol 33: 299-309.

26. Chaung HC, Chen CW, Hsich BL, Chung WB (2010) Toll-Like Receptor
expressions in porcine alveolar macrophages and Dendritic Cells in responding
to poly IC stimulation and porcine reproductive and respiratory syndrome virus
(PRRSV) infection. Comp Immunol Microbiol Infect Dis 33: 197-213.

27. Proietto Al, O’Keeffe M, Gartlan K, Wright MD, Shortman K, et al. (2004)
Differential production of inflammatory chemokines by murine dendritic cell
subsets. Immunobiology 209: 163-172.

28. Yoneyama H, Narumi S, Zhang Y, Murai M, Baggiolini M, et al. (2002) Pivotal
role of dendritic cell-derived CXCLI10 in the retention of T helper cell 1
lymphocytes in secondary lymph nodes. ] Exp Med 195: 1257-1266.

29. Sallusto F, Palermo B, Lenig D, Miettinen M, Matikainen S, et al. (1999)
Distinct patterns and kinetics of chemokine production regulate dendritic cell
function. Eur J Immunol 29: 1617-1625.

May 2013 | Volume 8 | Issue 5 | 59629



30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Penna G, Vulcano M, Roncari A, Facchetti F, Sozzani S, et al. (2002) Cutting
edge: differential chemokine production by myeloid and plasmacytoid dendritic
cells. J Immunol 169: 6673-6676.

Piqueras B, Connolly J, Freitas H, Palucka AK, Banchereau J (2006) Upon viral
exposure, myeloid and plasmacytoid dendritic cells produce 3 waves of distinct
chemokines to recruit immune effectors. Blood 107: 2613-2618.

Lunney JK (2007) Advances in swine biomedical model genomics. Int J Biol Sci
3: 179-184.

. Derbyshire JB, Lesnick CE (1990) The effect of interferon induction in newborn

piglets on the humoral immune response to oral vaccination with transmissible
gastroenteritis virus. Vet Immunol Immunopathol 24: 227-234.

Linghua 7, Xingshan T, Fengzhen Z (2007) Vaccination with porcine
reproductive and respiratory syndrome killed virus vaccine and immunostimu-
latory oligodeoxynucleotides induces specific immunity in piglets. Vaccine 25:

1735-1742.

. Linghua Z, Xingshan T, Fengzhen Z (2007) In vivo effects of oligodeoxynucleo-

tides containing synthetic immunostimulatory motifs in the immune response to
swine streptococcic septicemia vaccine in weaned piglets. Mol Immunol 44:
1141-1149.

Linghua Z, Yong G, Xingshan T, Fengzhen Z (2006) Co-administration of
porcine-specific CpG oligodeoxynucleotide enhances the immune responses to
pseudorabies attenuated virus vaccine in newborn piglets in vivo. Dev Comp
Immunol 30: 589-596.

Zelnickova P, Leva L, Stepanova H, Kovaru F, Faldyna M (2008) Age-
dependent changes of proinflammatory cytokine production by porcine
peripheral blood phagocytes. Vet Immunol Immunopathol 124: 367-378.
Levy O, Zarember KA, Roy RM, Cywes C, Godowski PJ, et al. (2004) Selective
impairment of TLR-mediated innate immunity in human newborns: neonatal
blood plasma reduces monocyte TNF-alpha induction by bacterial lipopeptides,
lipopolysaccharide, and imiquimod, but preserves the response to R-848.
J Immunol 173: 4627-4634.

Gonzalez AM, Azevedo MS, Jung K, Vlasova A, Zhang W, et al. (2010) Innate
immune responses to human rotavirus in the neonatal gnotobiotic piglet disease
model. Immunology 131: 242-256.

Zhang W, Wen K, Azevedo MS, Gonzalez A, Saif 1], et al. (2008) Lactic acid
bacterial colonization and human rotavirus infection influence distribution and
frequencies of monocytes/macrophages and dendritic cells in neonatal
gnotobiotic pigs. Vet Immunol Immunopathol 121: 222-231.

Sun CM, Fiette L, Tanguy M, Leclerc C, Lo-Man R (2003) Ontogeny and
innate properties of neonatal dendritic cells. Blood 102: 585-591.

De Wit D, Olislagers V, Goriely S, Vermeulen F, Wagner H, et al. (2004) Blood
plasmacytoid dendritic cell responses to CpG oligodeoxynucleotides are
impaired in human newborns. Blood 103: 1030-1032.

Jamin A, Gorin S, Le Potier MF, Kuntz-Simon G (2006) Characterization of
conventional and plasmacytoid dendritic cells in swine secondary lymphoid
organs and blood. Vet Immunol Immunopathol 114: 224-237.

De Wit D, Tonon S, Olislagers V, Goriely S, Boutriaux M, et al. (2003)
Impaired responses to toll-like receptor 4 and toll-like receptor 3 ligands in
human cord blood. J Autoimmun 21: 277-281.

PLOS ONE | www.plosone.org

12

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

59.

60.

Porcine Neonatal DCs Maturation

. Danis B, George TC, Goriely S, Dutta B, Renneson J, et al. (2008) Interferon

regulatory factor 7-mediated responses are defective in cord blood plasmacytoid
dendritic cells. Eur J Immunol 38: 507-517.

Dadaglio G, Sun CM, Lo-Man R, Siegrist CA, Leclerc C (2002) Efficient in vivo
priming of specific cytotoxic T cell responses by neonatal dendritic cells.
J Immunol 168: 2219-2224.

Gold MC, Donnelly E, Cook MS, Leclair CM, Lewinsohn DA (2006) Purified
neonatal plasmacytoid dendritic cells overcome intrinsic maturation defect with
TLR agonist stimulation. Pediatr Res 60: 34-37.

Sun CM, Deriaud E, Leclerc C, Lo-Man R (2005) Upon TLR9 signaling, CD5+
B cells control the IL-12-dependent Thl-priming capacity of neonatal DCs.
Immunity 22: 467-477.

Nguyen M, Leuridan E, Zhang T, De Wit D, Willems F, et al. (2010) Acquisition
of adult-like TLR4 and TLRY responses during the first year of life. PLoS One
5: el0407.

Adkins B (2007) Heterogeneity in the CD4 T Cell Compartment and the
Variability of Neonatal Immune Responsiveness. Curr Immunol Rev 3: 151
159.

Geissmann F, Auffray C, Palframan R, Wirrig C, Ciocca A, et al. (2008) Blood
monocytes: distinct subsets, how they relate to dendritic cells, and their possible
roles in the regulation of T-cell responses. Immunol Cell Biol 86: 398-408.

. Balashov KE, Rottman JB, Weiner HL,, Hancock WW (1999) CCR5(+) and

CXCR3(+) T cells are increased in multiple sclerosis and their ligands MIP-
lalpha and IP-10 are expressed in demyelinating brain lesions. Proc Natl Acad
Sci U S A 96: 6873-6878.

Padovan E, Spagnoli GC, Ferrantini M, Heberer M (2002) IFN-alpha2a induces
IP-10/CXCL10 and MIG/CXCL9 production in monocyte-derived dendritic
cells and enhances their capacity to attract and stimulate CD8+ effector T cells.
J Leukoc Biol 71: 669-676.

Adkins B, Bu Y, Cepero E, Perez R (2000) Exclusive Th2 primary effector
function in spleens but mixed Th1/Th2 function in lymph nodes of murine
neonates. J Immunol 164: 2347-2353.

. Li L, Lee HH, Bell JJ, Gregg RK, Ellis JS, et al. (2004) IL-4 utilizes an

alternative receptor to drive apoptosis of Th1 cells and skews neonatal immunity
toward Th2. Immunity 20: 429-440.

Lee HH, Hoeman CM, Hardaway JC, Guloglu FB, Ellis JS, et al. (2008)
Delayed maturation of an IL-12-producing dendritic cell subset explains the
early Th2 bias in neonatal immunity. J Exp Med 205: 2269-2280.

Bracci L, La Sorsa V, Belardelli F, Proietti E (2008) Type I interferons as vaccine
adjuvants against infectious diseases and cancer. Expert Rev Vaccines 7: 373~
381.

Ferret-Bernard S, Remot A, Lacroix-Lamande S, Metton C, Bernardet N, et al.
(2010) Cellular and molecular mechanisms underlying the strong neonatal 1L-12
response of lamb mesenteric lymph node cells to R-848. PLoS One 5: €13705.
Ferret-Bernard S, Lacroix-Lamande S, Remot A, Metton C, Bernardet N, et al.
(2011) Mesenteric lymph node cells from neonates present a prominent IT.-12
response to CpG oligodeoxynucleotide via an IL-15 feedback loop of
amplification. Vet Res 42: 19.

Tourais-Esteves I, Bernardet N, Lacroix-Lamande S, Ferret-Bernard S, Laurent
T (2008) Neonatal goats display a stronger TH1-type cytokine response to TLR
ligands than adults. Dev Comp Immunol 32: 1231-1241.

May 2013 | Volume 8 | Issue 5 | 59629



