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The Journal of Immunology

Existence of CD8a-Like Dendritic Cells with a Conserved
Functional Specialization and a Common Molecular
Signature in Distant Mammalian Species

Vanessa Contreras,* Céline Urien,* Rachel Guiton,†,‡,x Yannick Alexandre,*

Thien-Phong Vu Manh,†,‡,x Thibault Andrieu,{ Karine Crozat,†,‡,x Luc Jouneau,*

Nicolas Bertho,* Mathieu Epardaud,*,1 Jayne Hope,‖ Ariel Savina,# Sebastian Amigorena,#

Michel Bonneau,** Marc Dalod,†,‡,x,2 and Isabelle Schwartz-Cornil*,2

The mouse lymphoid organ-resident CD8a+ dendritic cell (DC) subset is specialized in Ag presentation to CD8+ T cells. Recent

evidence shows that mouse nonlymphoid tissue CD103+ DCs and human blood DC Ag 3+ DCs share similarities with CD8a+ DCs.

We address here whether the organization of DC subsets is conserved across mammals in terms of gene expression signatures,

phenotypic characteristics, and functional specialization, independently of the tissue of origin.We study the DC subsets that migrate

from the skin in the ovine species that, like all domestic animals, belongs to the Laurasiatheria, a distinct phylogenetic clade from the

supraprimates (human/mouse). We demonstrate that the minor sheep CD26+ skin lymph DC subset shares significant transcrip-

tomic similarities with mouse CD8a+ and human blood DCAg 3+ DCs. This allowed the identification of a common set of phenotypic

characteristics for CD8a-like DCs in the three mammalian species (i.e., SIRPlo, CADM1hi, CLEC9Ahi, CD205hi, XCR1hi). Com-

pared to CD262DCs, the sheep CD26+ DCs show 1) potent stimulation of allogeneic naive CD8+ T cells with high selective induction

of the Ifng and Il22 genes; 2) dominant efficacy in activating specific CD8+ T cells against exogenous soluble Ag; and 3) selective

expression of functional pathways associated with high capacity for Ag cross-presentation. Our results unravel a unifying definition

of the CD8a+-like DCs across mammalian species and identify molecular candidates that could be used for the design of vaccines

applying to mammals in general. The Journal of Immunology, 2010, 185: 3313–3325.

M
igratory and lymphoid organ-resident dendritic cells
(DCs) include several DC subtypes that are endowed
with specific functions involved in the establishment

of tolerance or immunity. The plasmacytoid DC (pDC) subset is
a professional producer of the antiviral cytokines IFN-a and
IFN-b (1). In the mouse, the CD11chi lymphoid tissue conven-
tional DCs (LT-DCs) can be divided into CD8a+ and CD11b+ sub-
sets (reviewed in Refs. 2, 3). CD11b+ LT-DCs are generally more
efficient than the CD8a+ DCs at MHC class II Ag presentation (4–
6). Conversely, in most instances, the CD8a+ DCs are more capable
than the CD11b+ DCs for cross-priming CD8+ T cells after the
processing of endocytosed exogenous or self Ags (6, 7). This func-
tional specialization of the CD8a+ DCs for CD8+ T cell activation
relies on a number of intrinsic molecular properties. First, CD8a+

LT-DCs express several components of the molecular machinery
for MHC class I Ag processing and presentation to higher levels
than CD11b+ LT-DCs (6). They produce high levels of biologically
active IL-12, which contributes to promote the activation and the
functional polarization of CD8+ T cells toward polyfunctional ef-
fector or memory subsets (6, 8). They show a higher efficiency for
uptake of apoptotic bodies (9) due to their selective expression of
certain scavenger receptors. They express high levels of the
CLEC9A protein, which routes engulfed dead cell fragments to-
ward a specialized phago-/endosomal compartment dedicated to
cross-presentation (10, 11). They also display a tight control of
the phago-/endosomal acidification that is related to moderate ac-
tivity in Ag degradation (12). Finally, they have the ability to ex-
port engulfed materials to the cytosol (13). Recently, a similar
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Santé et de la Recherche Médicale U631; xCentre National de la Recherche Scienti-
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functional specialization for CD8+ T cell activation has been as-
cribed to non-LT migratory CD103+ DCs in the lung (14), intestine
(15), and skin (16–18). Interestingly, most of the non-LT CD103+

DCs, except gut CD11b+CD103+ DCs, were found to be related to
the LT CD8a+ DCs in that they derive from the same precursor in
a pathway depending on FLT3 ligand, inhibitor of DNA protein 2
(ID2), and IFN regulatory protein 8 (IRF8) (19, 20). In addition,
deletion of the basic leucine zipper transcription factor ATF-like 3
(BATF3) abrogated the development of both the dermal CD103+

DCs and the LT CD8a+ DCs (20, 21).
A main challenge in the DC field is to translate the knowledge on

the functional specialization of the murine DC subsets to other spe-
cies of medical, economical, and environmental importance. This is
of prime necessity for the development of new generation of DC-
targeted vaccines applicable tomammals,with skinDCs being the di-
rect targets of most vaccines. We have reported that the human blood
DC Ag (BDCA)3+ and BDCA1+ DC subsets resemble the mouse
spleen CD8a+ and CD11b+ DC subsets, respectively, based on tran-
scriptomic analyses (22). During the process of the review of this
article, four other articles, including one from our group, were pub-
lished that characterize the human blood BDCA3+ DCs as a putative
functional equivalent of the murine splenic CD8a+ DCs (23–26).
To attempt to generate a unifying view of DC subset organization

with distinct and specific functions that can be generally applied to
mammals, we comparatively studied conventional DCs in three
distantmammalian species inwhichDCsubsets havebeendescribed
(i.e., sheep, human, and mouse) and in different tissues. Sheep
belong to the Laurasiatheria, a superorder of mammals distinct from
the Euarchontoglires that includes humans and rodents (27). These
two superorders of eutherian mammals diverged ∼90 million years
ago (27). In addition, sheep provides the unique opportunity to
access migratory DCs originating from skin using pseudo-afferent
lymph duct cannulation and renders possible the investigation of
DC subset functions in a large mammal species. The sheep lymph
DCs (L-DCs) are semimature CD1b+ DCs coexpressing membrane
and intracellular MHC class II colocalized with DC lysosome-
associated membrane glycoprotein (28, 29). Two subsets have been
described in cattle and sheep skin lymph, identified as CD26+

SIRPa2 and CD262SIRPa+ L-DCs, that appear to display distinct
phenotypes and properties (28, 30). Notably, we have reported pre-
viously that sheep CD26+SIRPa2 L-DCs constitutively transport
apoptotic bodies in vivo contrary to their CD262SIRPa+ counter-
parts (28). This suggested that CD26+SIRPa2 L-DCs may resem-
ble mouse CD8a+ DCs in that they could have a higher ability for
capture of apoptotic bodies and subsequent cross-presentation of
exogenous Ags derived from dead cells for induction of tolerance to
self or immunity to intracellular pathogens. We thus hypothesized
that characterizing the functions of sheep L-DC subsets and com-
paring their gene expression profiling to those of mouse and human
DC subsets could help to identify features of DC subset organiza-
tion that are conserved in species from distant mammal superor-
ders, independently of the tissue of origin.

Materials and Methods
Sheep and surgery

Prealpes female sheep (between 2 and 4 y old) were raised and housed in the
Institut National de la Recherche Agronomique animal experimentation unit
in Jouy-en-Josas, France. Skin prescapular pseudo-afferent and cervical ef-
ferent lymph duct cannulations were performed in sheep as described pre-
viously (31, 32). A total of 17 sheep, including 12 cannulated sheep, were
finally used to perform the study. Sheep received 1000 International Units
Lovenox (Sanofi-Aventis, Paris, France) s.c. twice per day. Sheep cannula-
tion is technically very demanding with a success rate of ∼50%, explaining
the limited number of animals used per experiment. Three sheep were
vaccinated with 40 mg OVA or with bluetongue virus (BTV) vaccine

(BTV serotype 2, provided by Merial, Lyon, France) in CFA below the
ear twice at 3 wk intervals before efferent cannulation. All of the animal
experiments were conducted under the authority of a license issued by the
Direction des Services Vétérinaires of Versailles (accreditation numbers
78-93, 78-15, and A78-730) and with agreement from the Regional Paris
South Ethics Committee (number 08-002).

Dermal and lymph node cell isolation

Eight-millimeter skin punches were incubated in 1.44 mg/ml dispase (1.75
U/ml) for 18 h at 4˚C and then for 2 h at 37˚C. Dermal sheets were separated
from the epidermis and placed in RPMI 1640 and 10% FCS for 24 h, and
the migrated cells were collected for subsequent labeling. Lymph node frag-
ments were minced and incubated in collagenase (2 mg/ml)/DNase (0.5 mg/
ml)/dispase (0.5 mg/ml) for 1 h. Low density (LD) cells were enriched using
Optiprep gradient (Nycomed Pharma, Oslo, Norway).

L-DC immunolabeling and flow cytometry analyses

Lymph was collected twice per day and then kept at 4˚C. LD lymph cells
(25–50% DCs) were obtained after centrifugation on a 1.065 density
iodixanol gradient according to procedures described previously by our
group (33). They were used either fresh or frozen depending on the number
of cells required for the experiments. LD lymph cells were labeled as
previously reported (28, 33, 34) using anti-ruminant determinant-reacting
mAbs, including anti-CD1b (Th97A, [IgG2a]), anti-CD26 (CC69 [IgG1]),
anti-SIRP (ILA24 [IgG1]), anti-CD205 (CC98 [IgG2b]), anti-CD4 (ST4
and 17D1 [IgG1], GC50A1 [IgM]), CD8 (7C2 [IgG2a], CACT80C [IgM]),
CD11b (MM12A [IgG1], ILA130 [IgG2a]), CD14 (CAM36A [IgG1]), g/d
T cells (86D and ILA29 [IgG1]), CD45RB (CC76 [IgG1]), anti-B cells
(DU2-104 [IgM]), anti-CD45RA (73B1 [IgG1]), anti-MHC class II
(Th14B [IgG2a]), and appropriate isotype control mAbs. For cell adhesion
molecule 1 (CADM1) detection, the chicken anti-mouse CAMD1 3D1
mAb followed by FITC-conjugated purified rabbit IgG directed to chicken
Ig was used (bovine and mouse CADM1 share 94% amino-acid identity).

Selection of L-DC subsets, allogeneic naive CD4+ and CD8+

T cells, and autologous BTV- or OVA-immune CD8+ T cells

For gene expression studies, thawed LD afferent lymph cells were labeled
with anti-CD1b and anti-CD26 followed by fluorochrome-conjugated anti-
mouse specific Ig isotype purified goat IgG (Caltag Laboratories, Burlin-
game, CA), and the subsets were sorted with a fluorescence-activated flow
sorter (FACSAria; BD Immunocytometry Systems, San Jose, CA) at
a .99% purity level. For functional studies, CD26+ and CD262 DC sub-
sets were enriched from thawed LD afferent lymph cells using immuno-
magnetic selection to preserve their viability, because FACS-sorted L-DCs
did not survive .12 h in vitro (.85% purity). To deplete T cells, B cells,
NK cells, monocytes, and pDCs, thawed LD lymph cells were reacted with
a mixture of mAbs including anti-ruminant CD4, CD8, CD11b, CD14, g/d
T cells, CD45RB, and anti-B cells and subsequently depleted of the
labeled cells with anti-mouse IgG and IgM-coated Dynabeads (Dynal Bio-
tech France, Compiègne, France) followed by a mix of immunomagnetic
Dynabeads (Dynal) coated with human mAb anti-mouse IgG and rat mAb
anti-mouse IgM, according to the manufacturer’s recommendations. DCs
were further labeled with anti-CD26 mAb followed by magnetic microbe-
ads coated with goat anti-mouse IgG H and L chains (Miltenyi Biotec,
Auburn, CA) and positively selected with a MACS LS column and nega-
tively selected with a subsequent MACS CS column. The efficiency of
positive and negative selections was examined at each step of the pro-
cedure by FACS.

Naive CD45RA+CD4+ and CD45RA+CD8+ T cell subsets were selected
from the fresh efferent lymph cells of sheep by immunomagnetic sorting
(.85% purity). Fresh efferent lymph cells were washed and labeled with
anti-CD11b, CD1b, CD14, g/d T cells, B, and CD4 mAbs followed by
a mix of immunomagnetic Dynabeads. The negative fraction was further
labeled with anti-CD45RA mAb, followed by magnetic microbeads coated
with goat anti-mouse IgG H and L chains (Miltenyi Biotech) and positively
selected with a MACS LS column. The same procedure was done for naive
CD4 T cells except that anti-CD8 mAbs were used instead of anti-CD4
mAbs in the mixture. The efficiency of the positive and negative selections
was examined by FACS.

The CD8+ T cells from OVA- or BTV-immune sheep were obtained
from the cervical efferent lymph of sheep vaccinated with OVA or BTV
vaccine in the corresponding lymph anatomical territory. Fifteen days after
the boost below the sheep ear, the cervical efferent lymph was collected
and the CD8+ T cells were isolated by negative immunomagnetic selection.
The purity of the negative fraction was checked by FACS and was .85%
for subsequent Ag presentation assays.
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IL-12p40 and IFN-g protein detection

IL-12p40 was detected by ELISA using the anti-ruminant CC326 and
CC301 mouse mAbs (Serotec, Oxford, U.K.) following a previously pub-
lished protocol (35). IFN-g was detected using the anti-ruminant IFN-g
CC330 and CC302 mAb (Serotec) as described previously (34).

Gene expression studies

Total mRNA from L-DCs (called “reference”) and FACS-purified L-DC
subsets was extracted using the Qiagen RNeasy Micro Kit (Qiagen, Valen-
cia, CA) and checked for quality on an 2100 Bioanalyzer with RNA 6000
Nano Chip kit (Agilent, Palo Alto, CA). Total RNAs (200 ng) were am-
plified by linear PCR, and the amplification products were labeled with
cyanin (Cy)-3 using the BioPrime Array CGH Genomic Labeling System
Kit (Invitrogen, Carlsbad, CA). RNA from the L-DC reference preparation
was similarly amplified, labeled by Cy5, and used as a reference probe for
the hybridization. Each Cy3-labeled cDNAwas cohybridized with the Cy5
reference probe onto ovine 15K 60-mer microarrays (15,208 probes, ref-
erence G4813A, AMADID 19921; Agilent) following the manufacturer’s
protocol. Raw data were extracted from scanned microarray images using
Feature Extraction Software version 9.5 (Agilent) and normalized using
the Quantile method adapted to bicolor microarrays. All of the protocols
used can be obtained by contacting the microarray and sequencing plat-
form of the Institut de Génétique et de Biologie Cellulaire et Moléculaire
(www.microarrays.u-strasbg.fr). Two independent biological replicates
were performed for each L-DC subset by using cells isolated from two
different animals. The microarray data have been assigned the Gene Ex-
pression Omnibus number GSE21889 (www.ncbi.nlm.nih.gov/geo), and
they are publicly available.

The gene set enrichment analysis (GSEA) method from the Massa-
chusetts Institute of Technology [www.broad.mit.edu/gsea (36)] was used
to statistically test whether a set of genes of interest (a GeneSet) was
distributed randomly in a larger list of genes sorted according to a given
measure (a GeneList). In our study, the GeneLists correspond to all of the
genes for which at least one ProbeSet is present on the mouse or human
Affymetrix (Santa Clara, CA) chips used, ranked from high expression in
mouse CD8a+ or human BDCA3+ DCs to high expression in mouse
CD11b+ DCs or human BDCA1+ DCs or mouse/human pDCs. The
“CD26+ over CD262” GeneSet is defined as the list of the genes that are
expressed at least 2-fold higher in the CD26+ DCs as compared with the
CD262 DCs independently in both of the sheep used for the microarray
analyses and reciprocally for the “CD262 over CD26+” GeneSet. To es-
tablish the CD26+ versus CD262 sheep GeneSet, the orthologous mouse
and human genes and their corresponding Affymetrix ProbeSets were re-
trieved by batch query of the Ensembl database using the MartView tool of
the BioMart software (www.biomart.org). An enrichment score (ES) was
calculated, for example, for the “CD26+ over CD262” GeneSet in mouse
CD8a+ versus CD11b+ DC subsets, by walking down the mouse GeneList
from the genes highly expressed in CD8a+ DCs to those highly expressed
in CD11b+ DCs to determine whether each of the individual genes of the
GeneList belongs to the GeneSet. The absolute value of the ES goes up
when a gene from the GeneList belongs to the GeneSet whereas it goes
down otherwise. If the genes of the GeneSet are not differentially
expressed between the two populations, then they will be uniformly dis-
tributed in the GeneList and the ES will remain low. If more genes of the
GeneSet are expressed to higher levels in the first population, then they
will be distributed together in the beginning the GeneList and the ES will
steadily increase before getting back to 0. If more genes of the GeneSet are
expressed to higher levels in the second population, then they will be
distributed together in the end the GeneList and the ES will peak at
a negative value. The maximal absolute value that the ES can reach is 1.
The higher the absolute value of the ES, the more the GeneSet is enriched
in one of the populations studied as compared with the other. In addition,
a false discovery rate q value was also calculated that evaluates the prob-
ability that a GeneSet called enriched is a false positive. Results were
considered significant when this probability was below 10% (q , 0.1).

Quantitative real-time PCR was carried out using 5–25 ng cDNA, in
duplicate, with 300 nM of each primer and the SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA). Oligonucleodies were designed
using the Primer Express software (version 2.0) withOvis aries ESTs (.400
nt) orthologous to the bovine (.93% nucleotide identity) and human (.79%
identity) sequences or with bovine sequences when ovine ESTs were not
available (marked with an asterisk). They include GAPDH (forward 59-
CACCATCTTCCAGGAGCGAG-39, reverse 59-CCAGCATCACCCCACT-
TGAT-39), IL-12p40 (forward 59-GAATTCTCGGCAGGTGGAAG-39, re-
verse 59-GTGCTCCACGTGTCAGGGTA-39), IL-10 (forward 59-TGCTG-
GATGACTTTAAGGGTT-39, reverse 59-TCATTTCCGACAAGGCTTGG-

39), IL-13 (forward 59-AGAACCAGAAGGTGCCGCT-39, reverse 59-
GGTTGAGGCTCCACACCATG-39), IFN-g (forward 59-TGATTCAAAT-
TCCGGTGGATG-39, reverse 59-TTCATTGATGGCTTTGCGC-39), TNF-a
(forward 59-CAAGGGCCAGGGTTCTTACC-39, reverse 59-GCCCACCC-
ATGTCAAGTTCT-39), IL-6 (forward 59-GCTGCTCCTGGTGATGACTT-
C-39, reverse 59-GGTGGTGTCATTTTTGAAATCTTCT-39), IL-22p (for-
ward 59-GCAGAAGCCTCGATACAGGTTCT-39, reverse 59-GCCATCGT-
GGACAAAGCAA-39), CADM1 (forward 59-CCCCCGCAGGAAAGTT-
ACA-39, reverse 59-TGTCTTTCTGGATATCGATCATCAG-39), Clec9A
(forward 59-GCTATAATGCAGCAGCAAGAAAAA-39, reverse 59-GGGT-
TTCTCTTCCACTGTGAGAA-39), C1orf21 (forward 59-GCTGAAGCT-
GACCGAATGAGA-39, reverse 59-TCATTTTGAACAGTGGCAACATG-
39), IRF8 (forward 59-GGAGTGTGGGCGCTCTGA-39, reverse 59-TCAC-
CATCCCCATGTAGTCATC-39), MIST (forward 59-TGCTCAGGCTGA-
GTTGAAGATC-39, reverse 59-GCCCGGTCTGTTCATCTTTC-39), IDO1
(forward 59-GCCTCCGAGGCCACAAG-39, reverse 59-CATACGCC-
ATGGTGATGTATCC-39), CSF1R (forward 59-GGTACCCCCAGCCC-
AATG, reverse 59-CGTGGGTCTTATCACATCTGTTG-39), BatF3 (for-
ward 59-CGAACATGAGCCCTGAGGAT-39, reverse 59-CTGAGCAG-
CAACTCGGTTTTT-39), ID2 (forward 59-CAAGAAGGTGAGCAA-
GATGGAA-39, reverse 59-CGCGATCTGCAAGTCCAA-39), SIRPa (for-
ward 59-GCCGGCCTGGGAACTG-39, reverse 59-CGCGGAGCGTCAA-
GGA-39). The primers were all checked for PCR amplification efficiency.
PCR cycling conditions were 95˚C for 10 min, linked to 40 cycles of 95˚C
for 15 s and 60˚C for 1 min. Real-time PCR data were collected by the
7900HT sequence detection system (Applied Biosystems), and 22DDCT

calculations for the relative expression of the different genes (arbitrary
units) were performed with SDS 2.1 software (Applied Biosystems) using
GAPDH for normalization.

Capture of apoptotic bodies by L-DC subsets in vivo

Allogeneic PBMCs were isolated from blood by Percoll gradient centri-
fugation as described previously (34). PBMCs (2 3 108) were UV-
irradiated to induce apoptosis (250 mJ/cm2), labeled with CFSE, and
injected intradermally in the skin on the shoulder of a cannulated sheep.
The first 3 h lymph collection was eliminated to avoid CFSE+ cells orig-
inating from the passive translocation of the injection cell bolus. Eighteen
hours postinjection, LD lymph cells were stained for CD1b and CD26
detection and the percentage of CFSE+ cells in CD26+ and CD262 L-
DCs was evaluated by FACS.

Endosomal FITC quenching

Acidification in DC subset endosomes was determined as described pre-
viously by us (12). LD cells (23 106) were incubated with 5 mg/ml FITC-
conjugated dextran 40,000 m.w. (pH-sensitive) and FluoProbes 647-
conjugated dextran 40,000 m.w. (pH-insensitive) for 10 min at 37˚C and
then extensively washed in a large volume of cold PBS and 2 mM EDTA
(pulse). After being washed, the cells were resuspended in X-VIVO15
medium and 2% FCS and incubated at 37˚C (chase) for the indicated times
and immediately placed on ice. A control at 4˚C during pulse and chase
was done to determine FITC and FluoProbes 647 fluorescence positivity.
CD1b and CD26 staining was done, and the geometric mean intensities of
the FITC+ and FluoProbes 647+ CD26+ and CD262 DCs were established
by FACS after a 0, 10, and 20 min chase. The ratio between the two
geometric mean fluorescence intensities was calculated, and the quenching
rate in each subset was evaluated by the formula: 1 2 [FITC/FluoP-
robes 647 geometric mean ratio in chased cells: FITC/FluoProbes 647
geometric mean ratio in pulsed cells].

Sensitivity to cytochrome c treatment

LD lymph cells were cultured with 2–30 mg/ml horse cytochrome c (cyt c;
Sigma-Aldrich, St. Louis, MO) in X-VIVO15 medium (BioWhittaker,
Walkersville, MD) and 2% FCS, 100 IU/ml penicillin, and 100 mg/ml
streptomycin (complete medium). After overnight culture at 37˚C, cells
were labeled with anti-CD1b, CD26, and SIRPa mAbs and PE-conjugated
annexin V (Caltag Laboratories) and were analyzed by FACS.

T cell activations

For MLR, total L-DCs and selected CD26+ and CD262 L-DCs (5 3 104)
were plated with allogeneic CSFE-labeled naive CD4 or CD8 T cells (5 3
105) in 200 ml complete medium. After 5 d, live cells were identified by 7-
aminoactinomycin D exclusion and the percentage of divided living T cells
was monitored by reduction of CFSE labeling.

For OVA presentation, total L-DCs and selected CD26+ and CD262 L-
DCs (5 3 104) were incubated overnight with 500 mg/ml OVA. For BTV
Ag stimulation, DCs were infected overnight with culture-adapted BTV
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serotype 2-infected baby hamster kidney (BHK) cells or with uninfected
BHK cells (three BHK cells for one DC) that had been UV-irradiated for to
2 min to prevent cell division but not viral infectivity. The next day, OVA-
or BTV serotype 2-immune autologous CD8+ T cells (53 105) were added
to the wells. After 3 d, supernatants were harvested for IFN-g detection.

Statistical analysis

Statistical significance of functional tests was estimated with a paired
Student t test. For the GSEAs, the significance threshold recommended by
the software developers is a false discovery rate below 25% (q , 0.25),
which constitutes a more stringent requirement than if based on the
nominal p value [www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.
html (36)]. We have chosen q , 0.1 for even higher stringency.

Results
Sheep CD26+ and CD262 skin L-DCs are distinct DC subsets
as revealed by their genome-wide expression profiling

The sheep L-DCs comprise two subsets distinguished by their
differential expression of CD26 and SIRPa (i.e., CD26+SIRPa2

and CD262SIRPa+ cells) (Fig. 1) (28). The CD26+ L-DCs consti-
tute 14.46 2.5%of the total skinmigrating L-DCs (28). In addition,
we show that these twoDC subsets are detected in skin and in lymph
nodes in similar proportions as those in lymph (Fig. 1). SheepL-DCs
do not express CD8a nor CD11b, and they do not react with Abs to
human BDCA3 or BDCA1 (data not shown), but they share with
mouse CD8a+ DCs the cytosolic presence of apoptotic bodies (28)
and the low expression of SIRPa (37). Thus, to determine to what
extent sheep L-DC subsets resemble known mouse spleen and/or
human blood DC subsets and whether a common signature can
emerge,we performed awide comparative gene expression profiling
of these different cell populations. Specifically, we took advantage
of the recent availability of pangenomic ovine microarrays to ex-
amine the global gene expression program from FACS-sorted
CD26+ and CD262 L-DCs from two sheep (#81 and #66) and to
compare it to that of mouse spleen and human blood DCs. Overall
750 probes were consistently expressed differentially in both sheep
between CD26+ andCD262 skin L-DCs, with 365 probes expressed
to higher levels in CD26+ L-DCs (referred to as theCD26+GeneSet)
and 385 in their CD262 counterparts (referred to as the CD262

GeneSet). Thus, there is a strong difference in the gene expression
profiles from sheep CD26+ and CD262 skin L-DCs, suggesting that
these cells correspond to distinct DC subsets.
To further delineate how biologically important the differences

in the gene expression programs from sheep CD26+ and CD262

skin L-DCs could be, we next examined the CD26+ versus CD262

GeneSets for clues toward major differences that could exist in the
ontogeny or the functions of these cell types. To this aim, we
retrieved the mouse and human gene orthologues to the genes
constituting the sheep CD26+ versus CD262 GeneSets, and we
examined whether the corresponding human or mouse gene lists
were enriched for specific annotation terms using the DAVID
Gene Ontology mining tool (38). Specific terms were retrieved
for both subsets of DCs, suggesting that they could indeed develop

under the instruction of different molecular signals and be involved
in different functions. For example, the gene signature of CD262

L-DCs was significantly enriched in genes involved in cellular lipid
metabolic processes, fatty acid metabolic processes, inflammatory
responses, and hydrolase or protease activity (Supplemental Table I).
This population was also characterized by the expression of a spe-
cific set of C-type lectin receptors or associated signaling adap-
tors, CLEC3B, CLEC4E, CLEC6A, FCER2, and ASGR2, and by
high expression of the growth factor receptor CSF1R. The gene
signature of sheep skin CD26+ L-DCs was significantly enriched
for genes involved in Ag processing and presentation, the TLR
signaling pathway, cell adhesion, or hematopoiesis (Supplemental
Table II). Several of the genes enriched in sheep skin CD26+ L-
DCs correspond to orthologues of mouse genes known to be spe-
cifically involved in the development or the functions of mouse
CD8a+ DCs as recently reviewed (3) including the transcription
factors ID2, IRF8, BATF3, the enzyme IDO1, the membrane
markers CLEC9A and CADM1, and the cytokine IL-12 (Figs. 2,
3, Table I). Most of these genes are also overexpressed by human
BDCA3+ DCs (Table I). Therefore, this genome-wide expression
suggests that sheep skin CD26+ L-DCs may share major genetic
characteristics in common with mouse CD8a+ and human
BDCA3+ DCs.

Sheep skin CD26+/CD262 L-DCs, mouse lymphoid organ
CD8a+/CD11b+ DCs, and human blood BDCA3+/BDCA1+

DCs share significant transcriptomic similarities across
species

Toperform a global and unbiased comparison of the gene expression
programs of sheep skin CD26+ and CD262 L-DC subsets, human
blood BDCA3+ and BDCA1+ DC subsets, and mouse spleen
CD8a+ and CD11b+ DC subsets, we performed an analysis with
GSEA. The GSEA results are included in Table II, and they are
represented graphically as enrichment plots in Supplemental Figs. 1
and 2. The GSEA approach clearly demonstrated that a significant
number of the genes selectively expressed to high levels in sheep
skin CD26+ L-DCs were also expressed to higher levels in human
blood BDCA3+ DCs (q , 1023, with 16 genes .2-fold higher in
BDCA3+ DCs versus 3 genes .2-fold higher in BDCA1+ DCs;
Supplemental Fig. 1, Table II) or in mouse spleen CD8a+ DCs
(q = 0.01, with 24 genes .2-fold higher in CD8a+ DCs versus
14 genes .2-fold higher in CD11b+ DCs; Supplemental Fig. 2,
Table II). Conversely, the sheep CD262 GeneSet was enriched in
human blood BDCA1+ DCs (q , 1023, with 23 genes .2-fold
higher in BDCA1+ DCs versus 6 genes .2-fold higher in
BDCA3+ DCs) or in mouse spleen CD11b+ DCs (q = 0.08, with
17 genes .2-fold higher in CD11b+ DCs versus 9 genes .2-fold
higher in CD8a+ DCs). As a control, the GeneSets were examined
for differential enrichment between pDCs and CD8a+, CD11b+,
BDCA3+, or BDCA1+ DCs. No significant enrichment of the Gen-
eSets was observed in pDCs (Supplemental Figs. 1, 2, Table II). For
example, when comparing human pDCs and BDCA1+ DCs, the

FIGURE 1. CD26 and SIRPa expression defines

two L-DC subsets and are found in skin and in skin

draining lymph nodes. A, Skin was labeled with anti-

MHC class II, anti-CD26, and anti-SIRPa mAbs; the

MHC class IIhigh cells were selected with appropriate

gating and analyzed for CD26 and SIRPa expression.

B and C, LD lymph and lymph node cells were labeled

with anti-CD1b, CD26, and SIRPa mAbs; the CD1b+

cells were selected with appropriate gating and ana-

lyzed for CD26 and SIRPa expression.
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CD262 GeneSet was enriched in the BDCA1+ DCs as expected,
whereas the BDCA3+ GeneSet also showed a trend toward enrich-
ment in the BDCA1+ DCs and not in the pDCs that did not reach
significance. The only pairwise comparisons of DC subsets where
the CD26+ and CD262 GeneSets were significantly enriched in
reciprocal populations were those comparing human BDCA3+

and BDCA1+ DC subsets on the one hand or mouse CD8a+ and
CD11b+ DC subsets on the other hand. Eleven genes found to be
differentially expressed between mouse CD8a+/CD11b+, human
BDCA3+/BDCA1+ DC, and sheep CD26+/CD262 L-DCs in micro-
arrays were analyzed by quantitative RT-PCR (qRT-PCR) and their
expression profile was confirmed (IRF8, IL-12p40, MIST, BATF3,
ID2, C1orf21, TNF-a, IL-6, CSF1R, SIRPa, and CADM1) (Figs. 2,
3). In addition, we also extended these results to two genes, IDO1
and CLEC9A, that are known to be specifically expressed in mouse
CD8a+ and human BDCA3+ DCs as compared with their DC coun-
terparts (3, 10, 39) and for which ProbeSets were not identified on
the ovine microarray by demonstrating their specific expression in
sheep CD26+ L-DCs using qRT-PCR (Figs. 2, 3). Finally, at the
protein level on sheep L-DCs, we also found that surface CD205
and secreted IL-12p40 were more expressed by CD26+ L-DCs than
by CD262 L-DCs, as is the case for mouse CD8a+ DCs versus
CD11b+ DCs (p , 0.05; Fig. 2B, 2C) (40, 41).
Thus, on the basis of their global gene expression program, sheep

skin CD26+ L-DCs resemble mouse spleen CD8a+ DCs and human

blood BDCA3+ DCs, whereas sheep skin CD262 L-DCs resemble
mouse spleen CD11b+ DCs and human blood BDCA1+ DCs. Of
note, human BDCA3+ DCs express more surface CD26 protein
than pDCs and BDCA1+ DCs, suggesting that the sheep DC subset
distinction based on CD26 and SIRPa expression applies to human
BDCA3+ DCs (Fig. 4).

Sheep CD26+ skin L-DCs are more efficient than their CD262

counterparts for the activation of allogeneic naive CD8 T cells

To evaluate whether the differential transcriptomic profiles be-
tween sheep CD26+ and CD262 L-DCs would translate into
differential capacities to activate naive T cells, we performed
allogeneic MLR. These experiments required that we isolate
naive CD4+ and CD8+ T cells from fresh efferent sheep lymph,
which is a more manageable source of naive T cells as compared
with blood in this species (42). In three independent experi-
ments, CD26+ L-DCs were found to be more potent than
CD262 L-DCs to stimulate the division of naive CD8+ T cells
(p , 0.05; Fig. 5A, Supplemental Fig. 3A). We also examined
the capacity of the L-DC subsets to induce the expression of
cytokine genes, because most cytokines cannot be detected at
the protein level in sheep. In CD8+ T cell/L-DC subset MLR,
IFN-g mRNA was found to be expressed at higher levels in the
cocultures with CD26+ L-DCs than with the CD262 L-DCs
(Fig. 5B). Thus, sheep CD26+ skin L-DCs are more efficient than

FIGURE 2. Genes and protein expression in mouse

lymphoid organ CD8a+/CD11b+, human bloodBDCA3+/

BDCA1+, and sheep lymphCD26+/CD262DCsubsets.A,

Comparison of the expression of selected genes in mouse,

human, and sheep DCs. The expression ratios (x-axis, in

Log2) of selected representative genes were compared be-

tween mouse spleen CD8a+ and CD11b+ (black dots),

human blood BDCA3+ and BDCA1+ (red triangles), and

sheep lymph CD26+ and CD262 (green diamonds) DC

subsets. The data illustrated were obtained by microarray

analysis, except for CLEC9A (sheep and mouse) and

IDO1 (sheep), the expression of which was evaluated by

qRT-PCR because these genes were not represented

among the probes on the corresponding microarrays. B,

Fold isotype mean fluorescence intensity of CD205 stain-

ing of sheep lymph CD1b+CD26+ and CD1b+CD262

L-DCs as measured by FACS (four different sheep). C,

Detection of IL-12p40 protein secretion by immunomag-

netically selected CD26+ and CD262 L-DCs (OD at 405

nm in ELISA, three different sheep). For A and C, signif-

icance of the differenceswas calculatedwith a paired t test

(pp, 0.05). SheepL-DCs: +, #81;d, #55;n, #66;♦, #33;

:, #70.
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their CD262 counterparts for the activation of allogeneic naive
CD8+ T cells.
In addition, CD26+ L-DCs were more efficient than the CD262

L-DCs for stimulation of the proliferation of naive CD4+ T cells in
two out of the three MLR experiments (Fig. 5A, Supplemental Fig.
3B). However, CD4+ T cell IFN-g and IL-13 mRNA expression
did not consistently appear to be differentially activated by the
two L-DC subsets (Fig. 5B). Thus, depending on the assays, sheep
CD26+ skin L-DCs appear as efficient as, or slightly better than,
their CD262 counterparts for the activation of allogeneic naive
CD4+ T cells.

Sheep CD26+ L-DCs selectively express high levels of CADM1
in relation to their specific ability to induce Il22 gene expres-
sion in MLR

We confirmed by FACS staining that sheep CD26+ L-DCs specif-
ically express high levels of CADM1 as compared with their
CD262 counterparts (Fig. 5C). CADM1 has been shown to pro-
mote expression of IL-22 mRNA in mouse CD8+ T cells when
cultured with APCs engineered to express high surface levels of
the CADM1 type 1 lectin (43). CRTAM, the receptor for CADM1,
has also been shown to promote IL-22 expression by CD4+ and
CD8+ T cells (44). Therefore, we also investigated the expression
of IL-22 mRNA in the T cell/L-DC subset MLR (Fig. 5B). Strik-
ingly, CD26+ L-DCs were consistently more potent than the
CD262 L-DCs for stimulation of IL-22 mRNA synthesis in naive
T cell MLR. IL-22 mRNA was not detected in DC subsets alone,
and sorting of CD4+ T cells after a 48 h coculture with L-DCs
showed that IL-22 mRNA was induced in the CD4+ T fraction
(data not shown). Thus, CD26+ L-DCs selectively induce the ex-
pression of the Il22 gene in CD8+ and CD4+ T cell MLR, which is
consistent with their selective expression of CADM1.

CD26+ L-DCs are more potent than CD262 L-DCs for
stimulation of autologous OVA-specific CD8+ T cells

The cardinal property of the mouse CD8a+ DCs is the capacity for
cross-priming CD8+ T cells against endocytosed Ags. We thus
compared the capacities of sheep CD26+ and CD262 L-DCs ex-
posed to extracellular soluble OVA for Ag-specific activation of

CD8+ T cells. Fig. 6 shows that higher IFN-g amounts were
produced by OVA-specific CD8+ T cells stimulated by autologous
OVA-pulsed CD26+ L-DCs as compared with those stimulated by
CD262 L-DCs. However, upon their infection with BTV (33),
CD26+ and CD262 L-DCs similarly activated BTV-specific CD8+

T cells for IFN-g secretion, indicating that these subsets are equally
efficient at stimulating virus-specific CD8+ T lymphocytes when
they are directly infected (Supplemental Fig. 4). Overall, our results
indicate that the CD26+ L-DCs are superior to the CD262 L-DCs
for activation of an Ag-specific CD8+ T cell response via presenta-
tion of exogenous soluble Ag, further demonstrating a common
property with the mouse LT CD8a+ DCs.

Expression of specific features involved in the cross-
presentation pathways is dominantly found in CD26+ L-DCs

In mouse and human DCs, the cross-priming capacity is strongly
associated with a specific regulation of phagosomal and endosomal
pH (12). Phagosomal pH was not testable in L-DCs, because
sheep L-DCs could not capture 1-mm pH-sensitive FITC-latex
beads (data not shown), probably due to their semimature state.
We thus tested the differential capacities of CD26+ and CD262

L-DCs to acidify endosomes using FITC-dextran 40,000 in vitro.
Both CD26+ and CD262 L-DCs incorporated FITC-dextran and
the pH-insensitive FluoProbes 647-conjugated dextran with simi-
lar efficacies (∼10% of positive DCs at 10 min pulse). As shown
in Fig. 7A, after a 20-min chase, the FITC signal extinction was
more pronounced in the CD262 L-DCs than that in the CD26+

L-DCs (p , 0.002). The lower FITC extinction in CD26+ L-DCs
indicates that their endosomal pH is more basic than that of
CD262 L-DCs, likewise for mouse CD8a+ DCs as compared with
CD11b+ DCs.

Another property associated with cross-priming is the capacity of
the DCs to shuffle Ags from the endo-/phagosomal compartment to
the cytosol (13, 45). This process of cytosolic diversion can be
assessed by a relatively simple assay using as a surrogate parameter
the measurement of apoptosis induction in response to exposure to
cyt c. Indeed, exogenous cyt c can induce apoptosis in cells only if it
can gain the cytosol after endocytosis to bind apoptotic peptidase
activating factor 1 on the outer mitochondrial membrane. After an

FIGURE 3. Expression of selected molecules in

CD26+ and CD262 L-DCs. The expression of selected

genes in the L-DC subsets purified from different

sheep was analyzed by qRT-PCR and was normalized

with GAPDH (see Materials and Methods section for

primer sequences). Relative expression ratios were cal-

culated for each gene in CD26+CD1b+ versus CD262

CD1b+ L-DCs. Sheep L-DCs: +, #81; d, #55; n, #66;

♦, #33; :, #70; ▼, #64; 3, #80; pentagon, #31.
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overnight in vitro culture, cyt c induced more annexin V+ DCs
within the CD26+ L-DCs as compared with control cultures. In
contrast, cyt c was not toxic to the CD262 L-DCs at all of the
concentrations tested (p , 0.05 at 2 and 5 mg/ml, p , 0.001 at 10
mg/ml) (Fig. 7B).
Finally, the transportation of apoptotic debris in CD26+ L-DCs

(28) suggested a possible functional similarity with the mouse

CD8a+ DCs that dominantly capture dead cell bodies for the sub-
sequent cross-priming of CD8+ T cells (9, 45). In addition, CD26+

L-DCs also overexpress CLEC9A mRNA (Figs. 2A, 3), a C-type
lectin expressed on mouse CD8a+ DCs that is mandatory for sub-
sequent cross-presentation of Ags captured from dead cells (11).
We thus tested whether the CD26+ L-DCs were indeed more
capable than the CD262 L-DC for capturing dead cells in vivo

Table I. Genes with conserved selective expression between DC subsets across sheep, mouse, and human

Gene Symbol Gene Title s_ratioa m_ratiob h_ratioc min ratiod

Genes with higher expression in sheep CD26+, mouse CD8a+, and human BDCA3+ DCs
XCR1 Chemokine (C motif) receptor 1 8.7 41.1 32.8 8.7
CADM1 Cell adhesion molecule 1 4.7 40.8 37.1 4.7
IRF8 IFN regulatory factor 8 5.7 11.0 2.4 2.4
CPNE3 Copine III 3.2 2.2 5.5 2.2
ZDHHC23 Zinc finger, DHHC domain containing 23 2.1 2.3 1.7 1.7
NET1 Neuroepithelial cell transforming gene 1 4.7 2.8 1.7 1.7
AK3 Adenylate kinase 3 2.2 1.5 5.2 1.5
SLAMF8 SLAM family member 8 5.0 1.4 2.1 1.4
GNB4 Guanine nucleotide binding protein, b4 2.4 2.4 1.3 1.3
ID2 Inhibitor of DNA binding 2 2.5 2.1 1.3 1.3
AP1GBP1 AP1 g subunit binding protein 1 2.1 2.0 1.2 1.2
AP1S3 Adaptor-related protein complex AP-1, s3 2.7 1.6 1.2 1.2
MAP4K4 MAPK kinase kinase kinase 4 2.3 2.2 1.1 1.1
COL4A3BP Procollagen, type IV, a3 (Goodpasture Ag) binding protein 2.3 1.1 1.4 1.1
OSBPL3 Oxysterol binding protein-like 3 2.4 2.4 1.1 1.1
CXCL9 Chemokine (CXC motif) ligand 9 5.7 7.5 1.0 1.0
YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

protein, z polypeptide
2.9 1.2 1.0 1.0

ANPEP Alanyl (membrane) aminopeptidase 3.3 1.0 3.4 1.0

Genes with higher expression in sheep CD262, mouse CD11b+, and human BDCA1+ DCs
CSF1R CSF1 receptor 23.8 4.0 5.5 4.0
SIRPA Signal regulatory protein a 4.0 19.5 6.4 4.0
RIN2 Ras and Rab interactor 2 3.1 3.4 5.4 3.1
CTSC Cathepsin C 7.8 2.1 1.8 1.8
IL1RN IL-1R antagonist 2.5 1.8 6.9 1.8
MALT1 Mucosa-associated lymphoid tissue lymphoma translocation gene 1 2.1 2.0 1.6 1.6
LACTB Lactamase, b 5.0 1.4 1.9 1.4
TRAF3 TNFR-associated factor 3 3.0 1.6 1.3 1.3
ZDHHC6 Zinc finger, DHHC domain containing 6 2.6 1.3 1.3 1.3
DBP D site albumin promoter binding protein 2.0 2.8 1.2 1.2
SNX11 Sorting nexin 11 2.4 1.2 1.2 1.2
DHRS3 Dehydrogenase/reductase (SDR family) member 3 3.3 1.6 1.1 1.1
CASP4 Caspase 4, apoptosis-related cysteine peptidase 2.5 1.0 2.8 1.0
LRRC33 Leucine-rich repeat containing 33 2.1 1.9 0.9 0.9
IL1B IL-1b 3.5 0.9 1.5 0.9
SLC40A1 Solute carrier family 40 (iron-regulated transporter), member 1 2.2 0.8 1.7 0.8
NR1H3 Nuclear receptor subfamily 1, group H, member 3 3.0 0.8 1.2 0.8

asCD26+/sCD262 (first list) or sCD262/sCD26+ (second list).
bmCD8a+/mCD11b+ or mCD11b+/mCD8a+.
chBDCA3+/hBDCA1+ or hBDCA1+/hBDCA3+.
dMinimal values of the three ratios (sheep, mouse, and human) calculated for each gene.

Table II. Results of GSEA analyses

GeneSets

CD26+ over CD262 CD262 over CD26+

Species Comparison between DC Subsets Enriched ina ESb qc n Genesd Enriched ina ESb qc n Genesd

Human BDCA3+ DCs versus BDCA1+ DCs BDCA3+ 0.41 ,1023 16 versus 3 BDCA1+ 0.50 ,1023 6 versus 23
BDCA1+ DCs versus pDCs BDCA1+ 0.30 0.195 24 versus 21 BDCA1+ 0.42 0.001 34 versus 11
BDCA3+ DCs versus pDCs BDCA3+ 0.40 0.006 26 versus 24 pDCs 0.27 0.461 24 versus 18

Mouse CD8a+ DCs versus CD11b+ DCs CD8a+ 0.34 0.012 24 versus 14 CD11b+ 0.32 0.082 9 versus 17
CD11b+ DCs versus pDCs CD11b+ 0.47 ,1023 35 versus 16 CD11b+ 0.37 0.038 20 versus 13
CD8a+ DCs versus pDCs CD8a+ 0.50 ,1023 39 versus 14 CD8a+ 0.33 0.071 19 versus 13

aThe cell population in which the GeneSet is enriched. The population is shown in bold when the enrichment is significant.
bThe degree to which the GeneSet is overrepresented in the corresponding population. The maximal ES is 1.
cq, false discovery rate (i.e., the probability that a GeneSet called enriched is a false positive). Results for which q # 0.1 are considered significant and shown in bold.
dNumber of genes differentially expressed at least 2-fold between the two populations studied (up in left population versus up in right population).
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by injecting a large quantity of CFSE-labeled apoptotic PBMCs.
A low level of CFSE+ DCs could be detected in the collected DCs
after 24 h (from 0.05 to 0.55%) (Fig. 8). Notably, the percentage
of CFSE+ DCs was constantly higher in the CD26+ DCs versus the
CD262 DCs of the same inoculated sheep (p , 0.05) (Fig. 8).
Thus, similarly to the mouse CD8a+ DC subset, the CD26+ L-DCs
demonstrate a predominant capacity to accumulate CFSE+ apo-
ptotic bodies after in vivo administration.
Altogether, we showed that the CD26+ L-DCs share with the

CD8a+ mouse DCs several functional properties that are known to
be involved in the exquisite ability of the latter to cross-present
exogenous Ags (Table III).

Discussion
This work shows that the heterogeneity of the DC population fol-
lows a conserved organization in phylogenetically distant mammals
and different tissues, with correspondence between mouse spleen
CD8a+/CD11b+ DCs, human blood BDCA3+/BDCA1+ DCs, and
sheep skin CD26+/CD262 L-DCs. The common transcriptomic
profile that we observed allowed us to propose a unifying view
on DC subset phenotype across mammal species, with CD8a-like

DCs being SIRPlo, CADM1hi, and DEC205hi and—at least at the
RNA level—CLEC9Ahi and XCR1hi (Table I). Another originality
of our study was to take advantage of the unique ability to collect
afferent lymph in sheep to study DC subsets at the migratory stage
from the skin to the lymph nodes. This indicates that a similar DC
subset dichotomy is found in mammals at different stages of DC
migration, maturation, and tissue homing. Furthermore, we provide
evidence for a functional specialization of the sheep CD26+ L-DCs.
Thus, the results shown here combined with those of the recent
functional studies performed on human BDCA3+ DCs (23–26)
demonstrate that the sheep skin CD26+ L-DC, the mouse CD8a+

DC, and the human BDCA3+ DC subsets share a high efficiency for
the activation of CD8+ T cells against extracellular Ags. Moreover,
we show here that sheep skin CD26+ L-DCs share several features
known to be characteristic of molecular pathways involved in
cross-presentation in mouse CD8a+ DCs. Importantly, consistent
with their selective expression of CADM1, the sheep CD26+ L-DCs
selectively induce in naive T cells the expression of the Il22 gene,
which encodes a cytokine associated with skin homeostasis and
inflammation (46).
Our genome-wide approach was based on the comparison be-

tween our microarray data from sheep CD26+ and CD262 L-DCs
and publicly available microarray data from mouse lymphoid or-
gan-resident CD8a+ and CD11b+ DCs and human blood BDCA3+

and BDCA1+ DCs (3, 22). It is striking to observe transcriptomic
similarities between pairs of DC subsets originating not only from
different species but also from different tissues. In the mouse, the
non-LT CD103+ DCs share developmental, phenotypic, and func-
tional similarities with the lymphoid organ-resident CD8a+ DCs
(19, 20). It is thus possible that CD26+ L-DCs are equivalent to the
mouse dermal CD103+ DCs. This cannot be fully assessed cur-
rently, because no transcriptomic data are available yet for mouse
dermal CD103+ DCs and may be very difficult to generate due to
the rarity of this cell subset [∼5% of the mouse dermal DCs (47)].
However, the higher expression of ID2 and IRF8 in sheep CD26+

L-DCs and the higher expression of CSF1R in CD262 L-DCs are
striking observations. Indeed, these molecules are also differen-
tially expressed between non-LT CD103+ DCs and CD1032 DCs
in themouse, and they are key factors in the respective development
of these cell types (19). Although transcriptomic similarities were
found in our study independently of the tissue origin, it is likely that
anatomical localization also strongly impacts the global gene ex-
pression profiles of the DC subsets. Indeed, the differences in the
gene expression programs of human BDCA3+ versus BDCA1+ DCs
were higher when examining cells isolated from tonsils as com-
pared with those isolated from blood (48), presumably due to local
activation of the cells in tonsils subsequent to the exposure of Ags
or pathogens. Thus, some differences between CD26+ and CD262

L-DC transcriptomic profiles may be affected by the skin tissue,
which is also exposed to the microbial environment in conventional
breeding conditions. Nonetheless, our data show that transcrip-
tomic differences between DC subsets in sheep, mouse, and human
appear to emerge “above” the tissue microenvironmental influences
and pertain to skin, a major site for vaccination and exposure to
pathogens.
Some of the genes specifically expressed at higher levels by

sheep CD26+ L-DCs as compared with CD262 L-DCs showed
a reciprocal expression pattern between mouse and human DC
subsets. CD36 is well known to be expressed at higher levels by
mouse CD8a+ DCs (49, 50). It may contribute to their exquisite
ability to engulf apoptotic bodies (51), although it is not required
for cross-presentation (49, 50). However, on the contrary, CD36 is
expressed at higher levels by sheep CD262 and human BDCA1+

DCs. Similarly, although they are used as bona fide markers for

FIGURE 4. Human BDCA3+ blood DCs are SIRPa2CD26+. A, Expres-

sion of the mRNA for CD26 and SIRPa in different leukocyte subsets. The

origin and analysis of the microarray data for human leukocyte subsets have

been described previously (22). B, Expression of CD26 on human blood

DC subsets. PBMCs were isolated by Ficoll-Hypaque density gradient cen-

trifugation (Amersham Biosciences, Uppsala, Sweden) from whole-blood

samples obtained from normal healthy volunteer donors through the Eta-

blissement Français du Sang according to the French ethics committee on

human experimentations. PBMCs were stained with FITC-conjugated anti-

CD3, CD14, CD19, or CD20 (lin3; Miltenyi Biotec), allophycocyanin-

conjugated anti-CD141 (BDCA3), CD1c (BDCA1), or CD303 (BDCA2)

(Miltenyi Biotec), PE-conjugated anti-CD26 (M-A261; BD Biosciences),

or isotype control (MOPC-21; BD Biosciences) and LIVE/DEAD Fixable

Aqua Dead Cell Stain Kit (Invitrogen) for exclusion of dead cells. The

staining for CD26 as compared with that of the isotype control was then

examined in the gates for BDCA3+ DCs (lin32CD141+ live cells), BDCA1+

DCs (lin32CD1c+ live cells), and BDCA2+ DCs (lin32CD303+ live cells,

pDCs) and is shown as a histogram overlay
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CD8a+-like DC subsets in mouse, CD103 and CD207 (langerin)
also show contrasting gene expression patterns between species,
the first being expressed to higher levels on human pDCs, and the
second on human BDCA1+ DCs (data not shown). It is also well
known that mouse pDCs express CD11c whereas human pDCs do
not. In fact, CD11c relative expression across leukocyte subsets is
strikingly different between mouse and human (data not shown).
These examples illustrate how the use of one single molecule or
even of a combination of a few markers can be very misleading
when trying to establish the similarity between different cell types.
This is not only the case for cross-species comparison but also for
the classification of potentially novel cell types in a given species
(22). Major differences can even be observed when comparing the
same cell subset between different inbred mouse lines as illus-
trated by strain differences in CD207 and CD103 expression on
splenic and lymph node CD8a+ DCs (45, 52). In contrast, com-
parative genomics appears as the most potent and unbiased
method to predict relationships between cell types, because it is
based on the analysis of the whole gene expression program and
hence allows evaluation of the overall proximity between cell
types despite the specificities inherent to differences between their

tissue of residency, between animal strains, or between vertebrate
species. Comparative genomics also allows identification of the
most relevant markers to identify a given cell type across species
based on a highly selective and conserved expression profile, such
as XCR1 for sheep CD26+, mouse CD8a+, and human BDCA3+

DCs (24). Once predicted based on gene expression programs, the
relationships between cell types can then be tested through func-
tional analyses as performed here and through ontogenetic studies.
In addition to delineating similarities between DC subsets by

using a global transcriptomic approach, we established that the
sheep CD26+ L-DCs were more efficient than their CD262 coun-
terparts for activation of autologous CD8+ T cells against soluble
OVA. A comparative CD8+ T cell activation with a MHC class
I-specific OVA peptide could not be done, due to a lack of in-
formation on epitopic peptide in the sheep model and absence of
data on the MHC class I typing in our breed. In any event, our data
strongly support that this finding corresponds to a high efficacy for
cross-presentation in the CD26+ L-DCs because they selectively
express characteristic features known to be associated with this
function in mouse DCs, such as higher endosomal pH, efficient
endosomal to cytosolic translocation of Ags, capture of apoptotic

FIGURE 5. CD26+ L-DCs are superior to

CD262 L-DCs for activation of CD8+ T cell

responses and induction of IL-22 mRNA

synthesis in cocultures with naive CD4+

and CD8+ T cells. Immunomagnetically

selected L-DCs (gray), CD26+ L-DCs

(black), and CD262 L-DCs (white) (.85%

purity, 5 3 104) were cocultured with allo-

geneic naive CD4+ or CD8+ T cells (.85%

purity, 53 105). A, After culture for 5 d, the

percentages of divided CD8+ and CD4+

T cells were obtained from loss of the CFSE

signal in 7-aminoactinomycin D2 cells

(three independent experiments with CD8+

T cells and with CD4+ T cells involving dif-

ferent DC and T cell donors are shown).

pp , 0.05 with unpaired t test. See Supple-

mental Fig. 3 for the FACS profiles.B, T cell/

DC cocultures were collected for RNA

extractions that were subjected to qRT-PCR

for IFNg, Il13, and Il22 gene detection nor-

malized to GAPDH. Levels of cytokine gene

expression were calculated relative to the

level of cytokine gene expression in the

CD26+ L-DC/T coculture of the respective

DC donor (arbitrary units). The difficulty

obtaining sufficient numbers of naive cells

from the T cell and DC subset cells required

that several naive T cell/L-DC couples, from

independent sheep surgeries, were used to

generate the qRT-PCR data. Each symbol

shape represents a distinct L-DC/naive T cell

donor. ppp , 0.01; pppp , 0.001, paired

t test. C, CADM1 expression (thin line) on

CD26+CD1b+ and CD262CD1b+ gated DCs

relative to control staining (thick line).

The Journal of Immunology 3321

 on February 1, 2012
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org/


bodies, and specific high expression of CLEC9A. Due to the lim-
itation of the sheep model, we had to evaluate the ability of CD26+

DCs to activate CD8+ T cells against exogenous Ags with autol-
ogous memory/effector T cells. Because cross-presentation by
DCs is much less efficient with memory than naive CD8 T cells
(53) and mature DCs are impaired in cross-priming (54), we can
speculate that the intrinsic potential of the semimature CD26+

L-DCs for CD8 T cell activation against exogenous Ag is even
higher than that observed. Finally cross-priming could not be
demonstrated after capture of exogenous apoptotic bodies, which
is a too rare event among the collected L-DCs after injection
(Fig. 8). Whereas the CD262 L-DCs were less efficient than the
CD26+ L-DCs for activation of allogeneic naive CD8+ T cells and
presentation of soluble OVA to CD8+ T cells, they were similarly
efficient at inducing Il13 and IFNg gene activation in allogeneic
naive CD4+ T cells (Fig. 5B). Of note, the lower efficacy of the
CD262 L-DCs in CD8+ T cell activation could not be attributed to

culture-induced cell death in this subset because the ex vivo sur-
vival of CD262 L-DCs was slightly higher than that of CD26+

L-DCs (95.8 versus 91.3% survival, respectively, after 24 h of
culture). Furthermore, BTV-infected CD262 L-DCs performed
as well as the CD26+ L-DCs in BTV Ag presentation to specific
CD8+ T cells (Supplemental Fig. 4). Thus, CD262 L-DCs can be
as good APCs as CD26+ L-DCs in some situations but are clearly
less efficient for allogeneic naive CD8+ T cell stimulation and
cross-presentation of OVA. It remains to be established to what
respect they may perform better than the CD26+ L-DCs.
Altogether, all of the genetic and functional features that dis-

tinguish sheep CD26+ L-DCs from their CD262 counterparts es-
tablish a strong parallelism between the former and murine LT
CD8a+ or non-LT CD103+ DCs. Hence, the CD26+ L-DCs are
functional homologues to mouse LT CD8a+ and non-LT CD103+

FIGURE 6. CD26+ L-DCs are more efficient than CD262 L-DCs at stim-

ulating specific autologous CD8+ T cells in response to soluble OVA. Immu-

nomagnetically selected L-DCs and CD26+ and CD262 L-DCs (.85%

purity, 5 3 104) were incubated with OVA (500 mg/ml). The next day,

CFSE-labeled, OVA-immune efferent lymph-derived autologous enriched

CD8+ T cells (53 105) were added to control and OVA-pulsed DCs. IFN-g

was measured in the supernatants, and OD at 405 nm is reported. pp, 0.02;

ppp , 0.01, unpaired t test. The results shown are from one representative

experiment (sheep #62) out of two performed with different sheep.

FIGURE 7. CD26+ L-DCs show slower endosomal acidification and are more sensitive to cyt c treatment than CD262 L-DCs. A, LD lymph cells from

sheep #33 were incubated with FITC-dextran 40,000 (FITC-dextran) and FluoProbes 647-dextran 40,000 (FP647-dextran) for 10 min at 37˚C, extensively

washed, and chased for 0–20 min at 37˚C. Cells were placed on ice, stained with anti-CD26 and CD1b mAbs, and the geometric means of the FITC

(pH-sensitive) and FluoProbes 647 (pH-insensitive) intensities were measured on the gated CD26+CD1b+ and CD262CD1b+ L-DCs. The ratio of the mean

fluorescence intensity emission between both dyes was determined at 0, 10, and 20 min (one measurement per time point in a representative experiment, left

panel). In the right panel, the quenching rate at 20 min was calculated as 12 [(FITC/FluoProbes 647 ratio at 20 min) / (FITC/FluoProbes 647 ratio at 0 min

(pulse)] in three different sheep (sheep L-DCs: n, #66;:, #70; ♦, #33; –, mean). pp, 0.002, paired t test. B, LD lymph cells were cultured alone (control)

or with increasing doses of cyt c (2–30 mg/ml) overnight. They were then stained with anti-CD1b, anti-CD26, and annexin V and analyzed by FACS. The

ratio of annexin V+ cells in cyt c-treated versus control is reported for the CD26+CD1b+ and CD26+CD1b2 L-DCs from six experiments using three

different sheep (d, #55; n, #66; ♦, #33; –, mean). pp , 0.05; ppp , 0.01.

FIGURE 8. CD26+ L-DCs dominantly capture apoptotic bodies in vivo.

CFSE-labeled allogeneic apoptotic PBMCs (3 3 108) were injected in-

tradermally in the skin shoulder of afferently cannulated sheep; the post-

injection overflow of the CFSE+ PBMCs was eliminated at 3 h. The lymph

cells were collected after 18 h and stained for CD1b and CD26 detection.

The percentage of CSFE+ cells within gated CD26+CD1b+ and CD262

CD1b+ L-DCs was monitored before (T = 0) and after injection (T =

18 h). The ratio of the CFSE+ capture in CD26+ CD1b+ versus CD262

CD1b+ was calculated (sheep L-DCs:d, #55; :, #70, used in two distinct

experiments 1 wk apart). pp , 0.05, paired t test.
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DCs. Sheep could thus be a very suitable model for developing
vaccine strategies targeting the cross-priming DC subsets, which
could be evaluated by taking advantage of the possibility to chal-
lenge sheep with their natural intracellular pathogens such as lenti-
viruses and flaviruses. Indeed chimeric Abs to CLEC9A or
DEC205 could be built as single-chain variable fragment multibod-
ies linked to microbial protein targets and used in vaccine strategies
as in the mouse species (10, 55, 56). Of interest, the promise of
chimeric Ab strategy in artiodactyls for the purpose of improved
vaccination has been recently exemplified with an anti-sialoadhesin
mAb in swine (57). Furthermore, XCR1, a cell surface chemokine
receptor that is specifically expressed byCD8a-likeDCs in the three
species (mouse, human, and sheep) and endocytosed upon engage-
ment, emerged as a promisingmolecular target candidate (this study
and Ref. 24). The success of such novel vaccine strategies will de-
pend on multiple parameters including the specificity of the target
molecule expression on DCs and on the appropriate DC subset, the
subcellular compartment of Ag delivery after endocytosis, and the
maintenance of antigenicity after coupling with the Ab moiety.
A salient finding of our functional CD26+/CD262 L-DC study is

the specific induction by the CD26+ L-DCs of the Il22 gene expres-
sion in cocultures with naive CD4+ and CD8+ T cells. IL-22R is
expressed exclusively by epithelial cells including skin, intestine,
and lung (58). IL-22 has been implicated in epithelial cell homeo-
stasis, infection, inflammation, and wound healing, with either
a beneficial or negative effect on the epithelial integrity (46, 59–
62). Recently, IL-22 has been found to be expressed by a distinct
skin homing CCR4+ CCR10+ Th cell subset in human, which seems
to be dedicated to skin patho-physiology (63, 64). IL-22 production
was induced in naive CD4 T cells by human pDCs in an IL-23,
IL-6, and TNF-a–dependant pathway. Yet, CD26+ L-DCs strongly
expressed IL-12p40, IL-6, and TNF-a as detected in the
microarrays and confirmed by qRT-PCR (Fig. 3). Finally, as said
above, APCs expressing CADM1 can engage CRTAM on CD8+

T cells and hence promote IL-22 production by these lymphocytes
in the mouse (43, 44). Thus, the combination of CAMD1, TNF-a,
and IL-6 may be interplaying signals in IL-22 induction in CD4+

and CD8+ T cells by sheep CD26+ L-DCs. This property found in
sheep could interestingly apply to mouse CD8a+ and human
BDCA3+ DCs, although this remains to be tested experimentally
by taking into account parameters that may impact on IL-22 in-
duction by CD8a-like DCs, such as the DC maturation status and
the DC origin (migrated from skin or resident).
Overall, the sum of our data (Table III) establishes substantial

similarities among sheep, human, and mouse DC subsets, suggest-
ing that DC subset functional organization is conserved among

phylogenetically distant mammals. It brings a definitive proof of
concept that validates our comparative genomics approach to hunt
for conserved functions based on conserved molecular pathways
for DC subsets across several mammalian species. This work also
leads us to consider renaming the different DC subsets, based on
surface molecules expressed in common by the homologous DC
subsets, such as CADM1+ or XCR1+ DCs for the CD8a+ DC-like
DCs and SIRP+ DCs for the CD11b+ DC-like DCs. It opens the way
for the development of vaccine strategies targeting CD8a-like DCs
in several mammalian species for the development of a new gener-
ation vaccines against zoonoses, infectious diseases of economical
importance in livestock, and cancer in domestic carnivores, with the
general goal to improve human and animal welfare. It remains to be
determined whether DC subset organization, including pDC and
conventional DC subsets, is found in other nonmammalian verte-
brates and appeared at the same time as specific features of adaptive
immunity.
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P. P. Mertens, E. Bréard, C. Sailleau, S. Zientara, and I. Schwartz-Cornil.
2009. Bluetongue virus targets conventional dendritic cells in skin lymph. J.
Virol. 83: 8789–8799.

34. Pascale, F.,V.Contreras,M.Bonneau,A.Courbet, S.Chilmonczyk, C.Bevilacqua,
M. Epardaud, M. Epardaud, V. Niborski, et al. 2008. Plasmacytoid dendritic cells
migrate in afferent skin lymph. J. Immunol. 180: 5963–5972.

35. Hope, J. C., L. S. Kwong, G. Entrican, S. Wattegedera, H. M. Vordermeier,
P. Sopp, and C. J. Howard. 2002. Development of detection methods for rumi-
nant interleukin (IL)-12. J. Immunol. Methods 266: 117–126.

36. Subramanian, A., H. Kuehn, J. Gould, P. Tamayo, and J. P. Mesirov. 2007.
GSEA-P: a desktop application for Gene Set Enrichment Analysis. Bioinfor-
matics 23: 3251–3253.

37. Lahoud, M. H., A. I. Proietto, K. H. Gartlan, S. Kitsoulis, J. Curtis, J. Wettenhall,
M. Sofi, C. Daunt, M. O’keeffe, I. Caminschi, et al. 2006. Signal regulatory
protein molecules are differentially expressed by CD8- dendritic cells. J. Immu-
nol. 177: 372–382.

38. Dennis, G., Jr., B. T. Sherman, D. A. Hosack, J. Yang, W. Gao, H. C. Lane, and
R. A. Lempicki. 2003. DAVID: Database for Annotation, Visualization, and
Integrated Discovery. Genome Biol. 4: P3.

39. Mellor, A. L., B. Baban, P. Chandler, B. Marshall, K. Jhaver, A. Hansen,
P. A. Koni, M. Iwashima, and D. H. Munn. 2003. Cutting edge: induced indo-
leamine 2,3 dioxygenase expression in dendritic cell subsets suppresses T cell
clonal expansion. J. Immunol. 171: 1652–1655.

40. Vremec, D., and K. Shortman. 1997. Dendritic cell subtypes in mouse lymphoid
organs: cross-correlation of surface markers, changes with incubation, and dif-
ferences among thymus, spleen, and lymph nodes. J. Immunol. 159: 565–573.

41. Moser, M. 2001. Regulation of Th1/Th2 development by antigen-
presenting cells in vivo. Immunobiology 204: 551–557.

42. Mackay, C. R., W. L. Marston, and L. Dudler. 1990. Naive and memory T cells
show distinct pathways of lymphocyte recirculation. J. Exp. Med. 171: 801–817.

43. Galibert, L., G. S. Diemer, Z. Liu, R. S. Johnson, J. L. Smith, T. Walzer,
M. R. Comeau, C. T. Rauch, M. F. Wolfson, R. A. Sorensen, et al. 2005.
Nectin-like protein 2 defines a subset of T-cell zone dendritic cells and is
a ligand for class-I-restricted T-cell-associated molecule. J. Biol. Chem.
280: 21955–21964.

44. Yeh, J. H., S. S. Sidhu, and A. C. Chan. 2008. Regulation of a late phase of T cell
polarity and effector functions by Crtam. Cell 132: 846–859.

45. Qiu, C. H., Y. Miyake, H. Kaise, H. Kitamura, O. Ohara, and M. Tanaka. 2009.
Novel subset of CD8{alpha}+ dendritic cells localized in the marginal zone is
responsible for tolerance to cell-associated antigens. J. Immunol. 182: 4127–4136.

46. Eyerich, S., K. Eyerich, D. Pennino, T. Carbone, F. Nasorri, S. Pallotta,
F. Cianfarani, T. Odorisio, C. Traidl-Hoffmann, H. Behrendt, et al. 2009.
Th22 cells represent a distinct human T cell subset involved in epidermal
immunity and remodeling. J. Clin. Invest. 119: 3573–3585.

47. Merad, M., and M. G. Manz. 2009. Dendritic cell homeostasis. Blood 113: 3418–
3427.

48. Lindstedt, M., K. Lundberg, and C. A. Borrebaeck. 2005. Gene family clustering
identifies functionally associated subsets of human in vivo blood and tonsillar
dendritic cells. J. Immunol. 175: 4839–4846.

49. Belz, G. T., D. Vremec, M. Febbraio, L. Corcoran, K. Shortman, F. R. Carbone, and
W. R. Heath. 2002. CD36 is differentially expressed by CD8+ splenic dendritic cells
but is not required for cross-presentation in vivo. J. Immunol. 168: 6066–6070.

50. Schulz, O., D. J. Pennington, K. Hodivala-Dilke, M. Febbraio, and C. Reis e
Sousa. 2002. CD36 or alphavbeta3 and alphavbeta5 integrins are not essential for
MHC class I cross-presentation of cell-associated antigen by CD8 alpha+ murine
dendritic cells. J. Immunol. 168: 6057–6065.

51. Albert, M. L., S. F. Pearce, L. M. Francisco, B. Sauter, P. Roy, R. L. Silverstein,
and N. Bhardwaj. 1998. Immature dendritic cells phagocytose apoptotic cells via
alphavbeta5 and CD36, and cross-present antigens to cytotoxic T lymphocytes.
J. Exp. Med. 188: 1359–1368.

52. Shortman, K., and W. R. Heath. 2010. The CD8+ dendritic cell subset. Immunol.
Rev. 234: 18–31.

53. Belz, G. T., S. Bedoui, F. Kupresanin, F. R. Carbone, and W. R. Heath. 2007.
Minimal activation of memory CD8+ T cell by tissue-derived dendritic cells
favors the stimulation of naive CD8+ T cells. Nat. Immunol. 8: 1060–1066.

54. Wilson, N. S., G. M. Behrens, R. J. Lundie, C. M. Smith, J. Waithman, L. Young,
S. P. Forehan, A. Mount, R. J. Steptoe, K. D. Shortman, et al. 2006. Systemic
activation of dendritic cells by Toll-like receptor ligands or malaria infection
impairs cross-presentation and antiviral immunity. Nat. Immunol. 7: 165–172.

55. Nchinda, G., J. Kuroiwa, M. Oks, C. Trumpfheller, C. G. Park, Y. Huang,
D. Hannaman, S. J. Schlesinger, O. Mizenina, M. C. Nussenzweig, et al. 2008.

3324 CONSERVED DC SUBSET ORGANIZATION IN MAMMALS

 on February 1, 2012
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org/


The efficacy of DNA vaccination is enhanced in mice by targeting the encoded
protein to dendritic cells. J. Clin. Invest. 118: 1427–1436.

56. Caminschi, I., M. H. Lahoud, and K. Shortman. 2009. Enhancing immune
responses by targeting antigen to DC. Eur. J. Immunol. 39: 931–938.

57. Revilla, C., T. Poderoso, P. Martı́nez, B. Alvarez, L. López-Fuertes, F. Alonso,
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