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Summary

Dendritic cells (DC) are the main immune mediators inducing primary

immune responses. DC generated from monocytes (MoDC) are a model

system to study the biology of DC in vitro, as they represent inflamma-

tory DC in vivo. Previous studies on the generation of MoDC in horses

indicated that there was no distinct difference between immature and

mature DC and that the expression profile was distinctly different from

humans, where CD206 is expressed on immature MoDC whereas CD83 is

expressed on mature MoDC. Here we describe the kinetics of equine

MoDC differentiation and activation, analysing both phenotypic and func-

tional characteristics. Blood monocytes were first differentiated with

equine granulocyte–macrophage colony-stimulating factor and interleu-

kin-4 generating immature DC (iMoDC). These cells were further acti-

vated with a cocktail of cytokines including interferon-c) but not CD40

ligand to obtain mature DC (mMoDC). To determine the expression of a

broad range of markers for which no monoclonal antibodies were avail-

able to analyse the protein expression, microarray and quantitative PCR

analysis were performed to carry out gene expression analysis. This study

demonstrates that equine iMoDC and mMoDC can be distinguished both

phenotypically and functionally but the expression pattern of some mark-

ers including CD206 and CD83 is dissimilar to the human system.

Keywords: antigen presentation; dendritic cells; equine; immunology;

microarray.

Introduction

Dendritic cells (DC) are the main immune regulators

placed at the interface of innate and adaptive immunity.

They function as antigen-presenting cells and are the only

cells with the ability to induce a primary immune

response in naive T lymphocytes.1 In vitro DC systems

can be used as models to better understand host–patho-
gen interactions, for vaccine development and eventually

to aid therapeutic protocols. Myeloid DC can be differen-

tiated from peripheral blood monocytes when cultured

with granulocyte–macrophage colony-stimulating factor

(GM-CSF) and interleukin 4 (IL-4).2,3 The resulting cells

are then referred to as monocyte-derived DC (MoDC).3,4

Similar to DC in vivo, monocytes are first differentiated

into immature DC (iDC), which are activated to mature

DC (mDC) with ‘danger’ signals.2,5 Recent advances in

DC biology have highlighted the heterogeneity of DC

in vivo and in vitro. In this context it has been suggested

that MoDC resemble inflammatory DC in vivo.6 A recent

study has demonstrated though that MoDC can substitute

for all important functions of DC, including cross-presen-

tation.7 Hence MoDC represent an appropriate model for

myeloid DC.

Compared with humans or mice the MoDC system of

veterinary animals has not been well characterized but

previous studies have shown that MoDC could be gener-

ated in various species, including pigs, cattle, sheep, dogs,

cats and horses.8–17 However, previous studies failed to

demonstrate the clear distinction between iDC and mDC

described in humans. In horses, DC were demonstrated

in peripheral blood and generated from monocytes.14,17

Abbreviations: MoDC, monocyte-derived dendritic cells; Eq, equine; iMoDC, immature MoDC; mMoDC, mature MoDC
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Equine MoDC were shown to express CD86, MHC II and

other markers such as CD11b and CD18. Particularly

intriguing was the co-expression of CD206 and CD83 on

both equine immature MoDC (iMoDC) and mature

MoDC (mMoDC),14 which in humans were used to

discriminate immature DC and mature DC. Although

lipopolysaccharide (LPS) or poly I : C induced morpho-

logical changes in equine MoDC, they did not confer the

mDC phenotype previously reported for humans.18–21

This suggested that previous studies had a mixed popula-

tion or factors in the experimental protocol that influ-

enced differentiation and maturation. We have used a

cocktail of pro-inflammatory and anti-inflammatory

mediators with the aim of obtaining a more stable

mMoDC phenotype.

The key function of DC is the ability to physically

interact with and stimulate T lymphocytes. Previous func-

tional studies on equine DC have shown that mMoDC

are able to stimulate T cells in in vitro mixed leukocyte

reaction assays.14 Here we have taken this a step further

by comparing the stimulatory capacity of iMoDC and

mMoDC. Other functional attributes of DC, such as

endocytosis, phagocytosis and antigen presentation, were

also assessed.

In the past, a more comprehensive analysis was ham-

pered by a lack of tools but the sequencing of the equine

genome22 has allowed for transcriptomic studies. The

changes occurring at the transcriptome in the differentia-

tion and activation states of the equine MoDC system

have not been previously investigated. Microarray tech-

nology was employed to determine the expression of a

broad range of markers for which monoclonal antibodies

were not available in the equine system and to analyse

the changes in gene expression profiles between mono-

cytes, iMoDC and mMoDC. As a result of the importance

of co-stimulatory molecules, such as inducible co-stimula-

tor ligand (ICOS-L), programmed cell death ligand 1

(PD-L1), PD-L2 and B7-H3, in the development of an

effective immune response,23 we have assessed the

changes in expression of these markers between iMoDC

and mMoDC using quantitative real-time PCR. This

study demonstrates clear differences in phenotype, func-

tion and gene expression between equine MoDC differen-

tiation and activation states.

Materials and methods

In vitro generation of equine monocyte-derived dendritic
cells

Peripheral blood mononuclear cells were isolated from

healthy horses by Ficoll density centrifugation as previ-

ously described.14 Monocytes were further isolated using

the monoclonal antibody to human CD14, big 13 clone

(Biometec, Greifswald, Germany) also as described

elsewhere.24 Monocytes were seeded into 24-well flat-

bottom tissue culture plates (Greiner bio-one, Stone-

house, UK) at a concentration of 2 9 106 cells per well

in 1 ml RPMI-1640 medium (Gibco-Invitrogen, Paisley,

UK) supplemented with 10% fetal calf serum (Autogen

Bioclear, Calne, Wiltshire, UK), 0�1 mg/ml of penicillin

and streptamycin (Gibco-Invitrogen) and 2% HEPES

(Gibco-Invitrogen). Cells were differentiated with the

addition of 1000 and 500 U/ml of purified recombinant

equine GM-CSF and IL-4, respectively and cultured for

5 days. Before stimulation, the bioactivity of GM-CSF

and IL-4 was quantified as 8 9 107 and 1 9 105 U/ml,

respectively using the human TF-1 cell (ECACC, Salis-

bury, UK) proliferation assay as previously described14

and subsequently titrated on equine monocytes to adjust

for species differences. For maturation, dendritic cells

were exposed to 1 lg/ml LPS and 20 lg/ml poly I : C or

a DC maturation cocktail comprising 20 ng/ml equine

tumour necrosis factor -a (R&D Systems, Abingdon, UK)

10 ng/ml equine IL-1b (R&D Systems), 20 lg/ml equine

IL-6 (R&D Systems), 1 lg/ml prostaglandin E2 (Enzo Life

Sciences, Exeter, UK) and 100 ng/ml equine IFN-c (R&D

Systems). All reagents, such as media, FCS, Ficoll, recom-

binant cytokines and maturation stimuli were tested to

exclude LPS contamination.

Analysis of cell surface marker expression

To analyse the expression of surface markers, cells were

stained with the live/dead fixable violet dead cell kit

(Invitrogen, Paisley, UK) and analysed using anti-human

CD14 monoclonal antibody big 13 (Biometec), anti-

human CD206 clone 3.29B1.10 (Beckman Coulter, High

Wycombe, UK), anti-human CD83 clone HB15a (Beckman

Coulter), anti-human CD86 clone IT2.2 (Becton Dickin-

son, Oxford, UK) and an anti-horse MHC II clone EqT2

(VMRD, Pullman, WA). Some antibodies were not directly

labelled and were either labelled via the zenon kit (Invitro-

gen) or indirectly labelled. Analysis was performed accord-

ing to previously described protocols.25 Stained cells were

analysed using a MACSQuant Analyzer and MACSQuant

software (Miltenyi Biotec, Bergisch Gladbach, Germany).

Statistical analysis here and for other assays was performed

using GRAPHPAD PRISM 5 software.

Functional assays

Endocytic and phagocytic assays. The ability of MoDC to

endocytose allophycocyanin-labelled ovalbumin (OVA-APC;

Fisher Scientific, Leicestershire, UK) or phagocytose

FITC-labelled FluoSphere carboxylate-conjugated micro-

sphere particles (1�0-lm diameter; Invitrogen) was

assayed by flow cytometry following previously published

protocols.17,26,27 Briefly, freshly isolated monocytes,

iMoDC or mMoDC were washed once and resuspended
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in RPMI-1640 medium at a density of 1 9 105 cells per

well of a flat-bottomed 96-well plate (Invitrogen). All

plates were incubated on ice for 30 min before adding

OVA-APC to a final concentration of 20 lg/ml and

FITC-conjugated carboxylate-modified microspheres at a

ratio of 5 : 1 (beads/cell). Cells were incubated at 4°
(control) and 37° for 1 hr or 4 hr for the endocytic and

phagocytic assays respectively, subsequently washed

three times with cold PBS solution (Invitrogen) and

re-suspended in PBS for flow cytometric analysis.

Mixed leucocyte reactions. Equine T lymphocytes were

enriched using anti-horse CD5, clone CVS5 (Serotec,

Kidlington, UK) indirectly labelled to anti-mouse IgG

microbeads (Miltenyi Biotec) and magnetically sorted.

The MoDC from one horse were added in graded doses

to 5 9 105 CFSE-labelled T lymphocytes from another

horse. The protocol for labelling of cells with CFSE was

carried out as previously described.28 Subsequently, cells

were co-cultured at 37° for 3 days, before proliferation of

T cells was measured by flow cytometry as previously

described.7 Cells were harvested, washed twice using PBS

with 10% fetal calf serum and stained with the live/dead

fixable violet dead cell kit to exclude all dead cells from

analysis.

Antigen presentation. Graded numbers of iMoDC were

incubated at 37° for 2 hr with 1 mg/ml LPS-free OVA,

which can be considered an antigen that horses do not

encounter. After incubation, iMoDC were matured over-

night with the cocktail as described before. CFSE-labelled

T lymphocytes from the same horse were added to the

mMoDC at a density of 5 9 105 cells and co-cultured at

37°. After 4 days, proliferation of live T cells was evalu-

ated by flow cytometry as in the mixed leucocyte reaction

assays.

To determine the ability of MoDC to cross-present anti-

gen, the protocol was similar as described above. However,

autologous CFSE-labelled CD8+ T cells were magnetically

sorted and added to mMoDC in a DC : T-cell ratio of

1 : 10 and co-cultured at 37° for 5 days. Controls included

mMoDC only, mMoDC in the presence of either OVA or T

cells and concanavalin A-stimulated T cells in the presence

of OVA. Cells were stained with anti-horse CD8 conjugated

to Alexa Fluor 700 APC via the zenon labelling kit to define

T cells in the analysis.

RNA extraction and microarray. Total RNA extraction

was performed using the RNeasy Plus Mini Kit (Qiagen,

Hilden, Germany), following the manufacturer’s instruc-

tions. RNA was quantified using the NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, Wilming-

ton, DE). RNA quality was assessed with the RNA Nano

or Pico 6000 Labchip kit on the Agilent 2100 Bioanalyzer

(Agilent Technologies, Berkshire, UK). Microarray experi-

ments were performed following the Agilent one-colour

gene expression system and the horse catalogue array

(Agilent Design ID 021322). Briefly, target RNA was

amplified and labelled for the generation of complemen-

tary RNA using the Low Input Quick Amp Labelling Kit

(Agilent Technologies). Samples were hybridized to the

Gene Expression Microarray (Agilent Technologies) and

washed following the protocol of the Gene expression

hybridization kit (Agilent Technologies). Three biological

repeats were analysed for each data set. The arrays were

scanned with the Agilent High-resolution C Microarray

Scanner and the raw data were extracted with Agilent’s

Feature extraction software. Data quality was assessed by

the specific quality control reports of metrics targeted to

the experiment. All data analysis was performed in GENE-

SPRING GX software version 11.5.1 (Agilent Technologies).

The raw data were pre-processed by log2 transforma-

tion followed by scale normalization. The parametric sta-

tistical test of analysis of variance (ANOVA) unequal

variance (Welch ANOVA) was used to test differential

expression between monocytes and iMoDC, where mono-

cytes were used as the reference, and differential expres-

sion between iMoDC and mMoDC, where iMoDC were

used as the reference. Benjamini Hochberg test was used

to correct for multiple testing (false discovery rate of

0�05). The threshold of significance was set to a mini-

mum fold change of 2. Unsupervised hierarchial cluster-

ing on both probes and cell types was performed to

identify patterns within the data sets using the Euclidean

similarity metric and Hierarchial clustering algorithm

method with the Centroid linkage rule. The output differ-

ential gene expression lists were curated by eliminating all

un-annotated EST sequences. The gene symbols were

assigned to each probe based on the Agilent probe

descriptions. Principal component analysis was performed

on the curated differential expression gene lists to assess

differences in expression profiles between cell types.

Quantitative real-time PCR. A selected set of co-stimula-

tory genes was used to validate the results of microarray

(PDL1/CD274, PDL2/CD273 and B7-H3/CD276) and to

expand the results for genes not on the array (ICOSL/

CD275). Equine-specific primers were designed with Pri-

mer329 and primer sequences are shown in Table 1. Syn-

thesis of cDNA was performed with the SuperScript II

First-Strand Synthesis System using random hexamer

primers (Invitrogen). Real-time quantitative PCR was

performed in triplicate each with a 25-ll final reaction

volume containing 400 nM of each primer, 1 lM of probe

and 59 Quantitect PCR Master Mix with ROX reference

dye (Qiagen). An 18S gene quantitative PCR was used as

the endogenous control in all samples30 (Applied Biosys-

tems, Foster City, CA). The thermal profile consisted of a

denaturation step at 95° for 10 min followed by 40 cycles

at 95° for 15 s and 60° for 1 min. The PCR was analysed
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by relative quantification using the △△Ct method.31

Statistical analysis was performed using GRAPHPAD PRISM 5

software.

Results

Equine MoDC co-express CD83 and CD206

In contrast to studies with human cells, a previous study

with equine MoDC had demonstrated that CD206 was not

necessarily expressed on all equine MoDC. As the induc-

tion of CD206 has been shown to be dose-dependent on

IL-4, we first determined the optimal dose of IL-4 to induce

CD206 on equine monocytes. We could indeed confirm a

dose-dependent expression of CD206. However, at best

only around half of all the monocytes responded to equine

IL-4 with an induction of CD206, which was stably induced

above 200 U/ml (Fig. 1). This was in contrast to the

human system where a lower concentration of IL-4

maximally induced the expression of CD206 on around

three-quarters of monocytes.32

Another intriguing finding of a previous study on

equine MoDC was the early co-expression of CD206 and

CD83,14 considered markers of human iMoDC and DC

maturation in humans, respectively.33–35 Having deter-

mined 500 U/ml as an ample concentration for equine

monocytic cells to express CD206, we studied the kinetics

of CD206 and CD83 during MoDC differentiation. Early-

stage iMoDC quickly expressed mainly CD206 but

gradually became double positive for CD206 and CD83.

Late-stage iMoDC showed CD83+ only cells before any

activation signal (Fig. 2a). Subsequently, we compared

several activation stimuli such as LPS, poly I:C and a

cocktail of factors as described previously36,37 including

soluble CD40 ligand and equine interferon-c. The matu-

ration cocktail clearly induced the best activation of

mMoDC with a significant up-regulation of MHC II,

CD86 and CD83 while down-regulating CD206 (Fig. 3).

However, next to the majority of CD83+/CD206� cells,

mMoDC still possessed a minor population of cells

co-expressing both markers along with a very small per-

centage of cells expressing only CD206 (Fig. 2b).

Equine iMoDC and mMoDC have distinctly different
functional attributes

More important than phenotypical profiles, which may

vary largely between DC, are functional parameters that

define DC. Whereas monocytes possessed the highest abil-

ity to endocytose OVA-APC (Fig. 4a), iMoDC exhibited a

more potent endocytic and phagocytic capacity than

mMoDC (Fig. 4a,b), hence matching the expectation

for DC.

Cultured iMoDC and mMoDC were further examined

for their ability to stimulate allogeneic T cells in a

Table 1. Primer and probe sequences used to

measure surface marker expression of the co-

stimulatory molecules Gene Primer and probe sequence 5′?3′

Accession no. reference

sequence

PD-L1/ TGGTGGTGCTGACTACAAGC1 Genbank: XM_001492842

CD274 GTGGTCACTGCTTGTCCAGA2

6FAM-ATTTCTGTGGATCCGGTCAC-BHQ-13

PD-L2/ CTTTGGATGACCCAGCACTT1 RefSeq: XM_001492097

CD273 AAGGAGCCTCAGGACACTCA2

6FAM-TGTGCTCAAAGGAAGTCAGGC-BHQ-13

ICOSL/ TCCAAGGCCGAATGTCTACT1 RefSeq: C_009169

CD275 GCACGTTCTCTATGCAGCAG2

6FAM-TCAACAAGACGGACAACAGC -BHQ-13

B7-H3/ AATCAGACCATCCAGCGTGT1 RefSeq: XM_001493661

CD276 GAGGCAGAACCACAGCACTC2

FAM-GAGAGCCAGCTGTCAGCTG-BHQ-13

1Forward primer sequence.
2Reverse primer sequence.
3Probe sequence.

0
0

20

200 400 600

IL-4 U/ml

40

%
 C

D
20

6+
 c

el
ls

60

Figure 1. Effect of interleukin-4 (IL-4) on the expression of CD206.

Monocytes were cultured in the presence of increasing concentra-

tions of IL-4. After 2 days, the cells were stained with anti-CD206

and assessed by flow cytometry. Data are represented as the mean

percentage positive cells � SEM (n = 3).
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primary mixed leucocyte response assay. As shown in

Fig. 5(a), mMoDC showed a high allostimulatory poten-

tial whereas equine iMoDC are relatively modest stimula-

tors compared with mMoDC.

To test the capacity of equine DC to present exogenous

proteins, iMoDC were incubated with soluble ovalbumin

before maturation and the addition of autologous T cells.

Figure 5(b) shows the ability of equine MoDC to induce

T-cell proliferation in the presence of exogenous protein

OVA in a primary stimulation.

Equine MoDC were also assessed for their cross-presen-

tation ability. The MoDC were able to cross-present OVA

to autologous CD8+ T cells, thereby inducing prolifera-

tion (Fig. 6). As the purity of CD8+ T cells after magnetic

isolation was over 95% and controls failed to elicit a

response, this confirms that equine MoDC fully resemble

functional DC.

Gene expression analysis

Although the above results demonstrate the differentiation

and activation of equine MoDC, the lack of antibodies in

the horse system prevents the performance of a more com-

prehensive analysis. We therefore resorted to gene expres-

sion profiling using a commercially available equine-

specific microarray. Expression profiles of all three cell

types displayed by 3D Principal Component Analysis

(Fig. 7a) showed that the three cell types are indeed dis-

tinct populations. The relationship between monocytes,

iMoDC and mMoDC was also examined by unsupervised

hierarchial clustering. Here, the distinction of the three cell

types was further confirmed with the heat map and

revealed that iMoDC and mMoDC are closer to each other

than to monocytes, but differences in their gene expression

profiles make them clearly distinct populations (Fig. 7b).

An unpaired standard t-test (P � 0�01) provided a list

of 8268 and 8276 differentially expressed probes for the

differentiation and activation states, respectively. The

numbers of probes significantly up-regulated and down-

regulated in iMoDC only were 1926 and 1988, respec-

tively. Whereas 1988 and 1926 probes were up-regulated

and down-regulated, respectively in mMoDC only.

However, 2342 and 2020 probes up-regulated and down-

regulated, respectively were common to both iMoDC and

mMoDC (Fig. 7c). However, as the gene lists were

curated by eliminating all un-annotated EST and cDNA

library sequences and averaging the mean fold change of

repeat probes, a final list of 526 genes, differentially
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Figure 2. Co-expression of CD206 and CD83

on equine monocyte-derived dendritic cells

(MoDC). Monocytes were cultured in the pres-

ence of 1000 U/ml granulocyte–macrophage

colony-stimulating factor (GM-CSF) and

500 U/ml interleukin-4 (IL-4) for 5 days then

activated with a cocktail of inflammatory

mediators. The cells were harvested daily and

stained with phycoerythrin (PE) -conjugated

anti-human CD206 clone 3.29B1.10 and

PE-Cy5 conjugated anti-human CD83 clone

HB15a for 30 min at 4° and analysed by flow

cytometry. Live-dead staining was performed

on all cultures, using a fixable violet dead cell

stain kit, to exclude dead cells from the analy-

sis. The flow cytometry dot plots show the

relationship between CD206 and CD83. The

expression of CD206 was high on early-stage

immature MoDC with cells gradually becom-

ing double positive for CD206 and CD83. The

late stage immature MoDC and mature MoDC

showed an increase in CD83 expression but

still maintaining the co-expression of CD206

and CD83. Data are representative of three

independent repeats.
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expressed between Mo and iMoDC, and 535 genes, differ-

entially expressed between iMoDC and mMoDC, was

obtained.

The array confirmed the already high expression of

CD83 on iMoDC, which suggests that maturation in the

equine system is not linked to CD83 expression as in the

human system. Within the differentially expressed genes,

we then assessed the expression of the co-stimulatory B7

family ligands. Similar to CD86 (Fig. 3), CD80 was

expressed on iMoDC but further up-regulated on
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mMoDC. The co-stimulatory molecules CD273/PD-L2,

CD274/PD-L1, CD275/ICOS-L and CD276/B7-H3 were

also analysed using TaqMan-based real-time PCR assays

(Fig. 8). All co-stimulatory molecules were up-regulated

on iMoDC during differentiation. Upon activation, the

expression of ICOS-L and B7-H3 remained stable on

mMoDC, while PD-L1 and PD-L2, which are negative

regulators of immunity, were down-regulated. These data

confirm the microarray analysis for PD-L1, PD-L2 and

B7-H3 and add valuable information for ICOS-L, as this

gene was not represented on the array.

Chemokine receptors and their ligands are involved in

the migration of DC and reflect their differentiation and

activation states.38,39 CCR7 was induced on iMoDC and

further up-regulated on mMoDC (Table 2). Molecules

downstream in the signalling cascade of CCR740 were also

differentially expressed in equine MoDC (Table 2). CCR5

was up-regulated on iMoDC and further up-regulated

during maturation. The expression of other chemokines

was similar or varied between the differentiation and acti-

vation states. Chemokines CCL17/TARC, CXCL13/BCA-1

and CCL2/MCP-1 were constitutively expressed by

iMoDC and mMoDC, whereas chemokines CXCL9/Mig,

CXCL11/I-TAC and CXCL10/IP-10 were negatively mod-

ulated or low on iMoDC but positively modulated on

equine mMoDC (Table 2).

Discussion

Purified recombinant cytokines were used to drive the

controlled differentiation of equine MoDC. Under such

stringent conditions a highly reproducible system to

obtain iMoDC, which could be matured into mMoDC

through a cytokine cocktail, could be established.

While phenotypic data demonstrated the modulation

of key markers, the expression patterns of CD83, CD206
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and to some extent MHC II are clearly not in agree-

ment with what has been described in humans or mice.

CD83 is considered to be a marker of maturation on

human and murine DC19,41 but it is already expressed

on equine iMoDC. Previous studies in humans and

mice have shown that CD83 is correlated with the den-

sity of MHC II on antigen-presenting cells and con-

versely a lack of CD83 on mature DC is associated with

their inability to stimulate T cells during mixed leuco-

cyte reaction.42–44 It is therefore not surprising that

MHC II was also co-expressed on equine iMoDC and

the ability of iMoDC to already stimulate T cells is cor-

related to the MHC II and CD83 expression on these

cells.

Murine MoDC were shown in vitro to be as good as,

or better than, classical DC at cross-presentation.7 Here,

it is demonstrated that equine MoDC also possess the

ability to cross-present antigen, which in myeloid DC is

otherwise a particular attribute of DNGR1/CLEC9A

(C-type lectin-like domain family 9) -positive DC45,46 the

expression of which could not be determined here

because of a lack of antibodies cross-reacting. Overall,
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this emphasizes the capacity of MoDC as suitable tools

for ex vivo immunotherapy approaches.47–50

Similarly, the expression of CD206 has been the hall-

mark of immature DC differentiation in humans, not

expressed on monocytes or mature DC and its link to

receptor-mediated endocytosis by DC has been well

described.18,20,21 Mature MoDC still expressing CD206 in

the equine system were probably the cells conveying the

remaining capacity to endocytose antigen. The spontane-

ous transition of iMoDC to mMoDC could be excluded

in our system because both phenotypical and functional

studies clearly demonstrated differences between equine

iMoDC and equine mMoDC whereas sufficient similari-

ties to human and mouse immature and mature DC exist

to classify them as such.

To obtain fully activated MoDC in vitro, we assessed

different maturation stimuli, including LPS, poly I:C, a

cocktail of inflammatory cytokines and the cocktail in

combination with interferon-c or CD40 ligand. Our data

support the previously published notion14 that LPS or

poly I:C were inefficient at driving maturation (not

shown) and are in line with a recent comparison on

human mature DC.37 Our data contrast with those of a

previous study stimulating equine DC with inactivated

Escherichia coli where no difference in the CD206-medi-

ated endocytic capacity of unstimulated and activated

equine DC could be detected.17 This highlights the

importance of using an appropriate activation stimulus to

obtain a robust maturation.

To obtain further insights into the differentiation and

activation status of equine MoDC, gene expression studies

were applied where antibodies were not available for
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Figure 8. Validation of differentially expressed

co-stimulatory molecules by TaqMan real-time

quantitative PCR. The B7 co-stimulatory mole-

cules were analysed using TaqMan based real-

time PCR. The expression of these co-stimula-

tory molecules was up-regulated on immature

monocyte-derived dendritic cells (iMoDC) and

down-regulated (PD-L1/CD274 and PD-L2/

CD273) or unchanged (ICOS-L/CD275 and

B7-H3/CD276) on mature MoDC (mMoDC).

Results represent the average fold change �
SEM (n = 3). For single comparisons between

Mo?iMoDC and iMoDC?mMoDC, a two-

tailed paired Student’s t-test was used. * and

** indicate significant differences between

sample means P < 0�05 and P < 0�01, respec-
tively.

Table 2. A selection of genes differentially expressed during differen-

tiation and upon activation of equine monocyte-derived dendritic

cells (MoDC). Total RNA analysis of immature and mature MoDC

was performed by microarray. To determine the differentially

expressed genes during differentiation and upon activation, Mo and

immature MoDC were used as the reference samples, respectively.

The threshold of significance was set to a minimum fold change of 2

Gene symbol

Fold change

Differentiation

Mo?iMoDC

Activation

iMoDC?mMoDC

CD83 12�7 8�0
Co-

stimulatory

molecules

PD-L1/CD274 56�0 �15�3
PD-L2/CD273 42�0 �12�9
B7-H3/CD276 21�5 �2�3
B7-1/CD80 2�1 3�5

Dendritic

cell

migration

CCR7 1137�5 2�3
Rho 2�29 19�1
CCR5 7�7 2�1

Chemokines CCL17/TARC 13579�9 �2�7
CXCL13/BCA-1 479�36 �18�9
CCL2/MCP-1 116�0 �2�0
CXCL9/Mig �3�0 726�8
CXCL11/I-TAC 3�6 120�8
CXCL10/IP-10 �6�4 32�5
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horses. Microarray data such as principal components

analysis and hierarchical clustering underpinned the fact

that equine iMoDC and mMoDC are two distinct stages.

Co-stimulatory molecules were generally regulated

along the function of equine MoDC. The expression of

B7-1/CD80 was low on equine iMoDC but up-regulated

on equine mMoDC, which is comparable to the expres-

sion on human MoDC.14 PD-L1/CD274 and PD-L2/

CD273 were up-regulated on equine iMoDC but upon

activation were down-regulated, but still expressed

(Fig. 7). On human DC PD-L1 and PD-L2 are signifi-

cantly up-regulated on mMoDC.51 Both can suppress the

immune system by transmitting an inhibitory signal,

which negatively regulates T-cell activation,52–55 but have

also been reported to stimulate T-cell proliferation.56,57

The down-modulation of these markers on equine

mMoDC implies an inhibitory role in the equine immune

responses, which upon activation would not be intended

at first. While ICOS-L/CD275 is expressed at low levels

on human monocytes and remains unaltered during dif-

ferentiation and maturation of MoDC,58 differentiation of

equine MoDC strongly induced ICOS-L expression, which

was sustained during maturation. ICOS-L (CD275) is a

positive co-stimulatory signal for T cells, which drives the

production of IL-10 in T cells and seems to be particu-

larly relevant to the induction of T helper type 2 (Th2)

cells.59,60 The expression pattern of B7-H3/CD276 is simi-

lar to human MoDC, up-regulated on equine iMoDC

and stable on equine mMoDC.61 B7-H3 was reported to

be involved in T-cell activation62,63 but further studies

suggested that it may negatively regulate T cells.64–66 The

activity of equine MoDC argues against an inhibitory role

of B7-H3 on equine MoDC.

To gain some insight into the migratory ability of

equine MoDC, we used the results from the microarray

to analyse the expression of chemokines and their recep-

tors in more detail. These molecules were some of the

most highly regulated genes and indicate the ability of

equine MoDC to interact with other cells. CCR7 is key

for migration of DC toward T-cell areas but is already

strongly expressed on equine iMoDC, whereas in the

human system its expression is mostly up-regulated dur-

ing maturation.38,67–69 The chemokine receptor CCR5,

which binds to ligands such as regulated on activation,

normal T-cell expressed and secreted (RANTES)/CCL5,

macrophage inflammatory protein-1a (MIP-1a)/CCL3
and MIP-1b/CCL4, was up-regulated during differentia-

tion and activation of equine MoDC. In contrast, human

MoDC38,68,70 have been reported to down-regulate CCR5

and to lose their responsiveness to its ligands upon matu-

ration.38,68 RANTES and MIP-1b are secreted by T lym-

phocytes,71 so the expression of CCR5 may support the

interaction of equine mature DC and T cells.

Chemokine production by DC enhances their capacity

to attract other cells. CCL17/TARC, CXCL13/BCA-1 and

CCL2/MCP-1 were all highly regulated during differentia-

tion and remained expressed. CCL17, one of the ligands

for CCR4, was the most highly regulated chemokine

detected and has a selective activity towards Th2

cells.38,72,73 Further studies will be required to establish if

this negatively impacts the ability of equine MoDC to ini-

tiate a Th1 response. CXCL13, a ligand for CXCR5, has

been implicated in establishing the interaction of DC with

T and B cells, which specifically suits the function of

mature DC.74 CCL2 has been shown to inhibit IL-12 pro-

duction and promote Th2 polarization, also indicating a

balance of equine MoDC towards Th2.75,76

The expression of chemokines CXCL9/Mig, CXCL11/I-

TAC and CXCL10/IP-10, all ligands for receptor CXCR3,

was specifically up-regulated upon activation. Human DC

expressing high levels of these chemokines have been

shown to attract CD8+ T cells expressing the CXCR3

receptor.77 Their high expression on equine mMoDC may

suggest that these cells are also efficient at attracting

CD8+ T cells, and the cross-presenting ability of these

cells supports an interaction of DC and CD8+ cells.

As indicated here, transcriptome analysis may contrib-

ute substantially to our understanding of the differentia-

tion and maturation of equine DC. It needs to be

mentioned, however, that this first-generation equine

array resembled only part of the equine RefSeq database

and was poorly annotated. Further work is necessary to

exploit the advancements in equine genomics.

In summary, it has been demonstrated here that equine

iMoDC and equine mMoDC are distinct cell populations,

where neither CD83 nor CD206 are correlated with dif-

ferentiation or maturation and cannot be used to distin-

guish stages of eqMoDC. Although this opposes studies

on human MoDC, it complements previous studies in

the equine system14,16,17 but is similar to the situation

described in other veterinary species, where markers such

as CD83 or CD206 were not best placed to discriminate

immature from mature DC either and danger signals like

LPS or tumour necrosis factor-a alone did not convey full

maturation.78,79

The equine MoDC system presented is robust and can

be used to further investigate Mo and DC subpopulations

and their function, for example when encountering

pathogens. Further work will be necessary to investigate if

equine DC are in line with the proposed pan-species

classification of DC.80
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