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Summary
Dendritic cells (DCs) operate as the link between innate and adaptive
immunity. Their expression of pattern recognition receptors (PRRs), such
as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), enables
antigen recognition and mediates appropriate immune responses. Distinct
subsets of human DCs have been identified; however their expression of
PRRs is not fully clarified. Expressions of CLRs by DC subpopulations, in
particular, remain elusive. This study aimed to identify and compare PRR
expressions on human blood DC subsets, including CD1c+, CD141+ and
CD16+ myeloid DCs and CD123+ plasmacytoid DCs, in order to understand their capacity to recognize different antigens as well as their responsiveness to PRR-directed targeting. Whole blood was obtained from 13
allergic and six non-allergic individuals. Mononuclear cells were purified
and multi-colour flow cytometry was used to assess the expression of 10
CLRs and two TLRs on distinct DC subsets. PRR expression levels were
shown to differ between DC subsets for each PRR assessed. Furthermore,
principal component analysis and random forest test demonstrated that
the PRR profiles were discriminative between DC subsets. Interestingly,
CLEC9A was expressed at lower levels by CD141+ DCs from allergic compared with non-allergic donors. The subset-specific PRR expression profiles suggests individual responsiveness to PRR-targeting and supports
functional specialization.
Keywords: C-type lectin receptors; human dendritic cell subsets; pattern
recognition receptors; Toll-like receptors.

Introduction
Dendritic cells (DCs) are professional antigen-presenting
cells that induce immunity upon detection of pathogens,
while maintaining tolerance in response to innocuous
molecules.1 Recognition of microbes is enabled by the
expression of pattern recognition receptors (PRRs) that
bind conserved pathogenic structures associated with various microorganisms including bacteria, viruses, parasites
and fungi.2,3 Subsequently, DCs become equipped to
induce antigen-specific T-cell responses.

The DCs are equipped with an array of PRRs, including several Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs). Triggering of TLRs induces pro-inflammatory signalling pathways and DC maturation.2 Similarly, some CLRs are capable of inducing signalling
cascades that induce DC activation (reviewed in ref. 4).
In addition, CLRs can modulate signalling induced by
TLRs. Furthermore, in contrast to TLRs, CLRs can mediate antigen internalization.5,6 Each PRR can recognize
several different pathogens and also, several PRRs can be
engaged by a specific pathogen. Hence, the overall PRR

Abbreviations: APC, allophycocyanin; AUC, area under the curve; CLEC, C-type lectin domain family; CLECSF, C-type lectin
superfamily member; CLR, C-type lectin receptors; DC, dendritic cell; DCIR, dendritic cell immunoreceptor; DC-SIGN, dendritic
cell-specific ICAM-3-grabbing non-integrin 1; Dectin, dendritic cell-associated C-type lectin; FMO, fluorescence minus one;
mDC, myeloid dendritic cell; MR, macrophage mannose receptor 1; PCA, principal Component Analysis; pDC, plasmacytoid
dendritic cell; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; PRR, pattern recognition receptors; SVM, support vector
machine; TLR, Toll-like receptor
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expression enables a tailored immune activation in
response to specific pathogens.
The CLRs are attractive targets for antigen delivery and
immune response modulation. In vivo targeting of CLRs
has been shown to induce antigen-specific T-cell responses
in mice.7–9 Furthermore, in vitro studies on human DCs
have demonstrated that antigens targeted to, for example,
DC immunoreceptor (DCIR), CD205/DEC205, CD209/
dendritic cell-specific intercellular adhesion molecule
3-grabbing non-integrin 1 (DC-SIGN), C-type lectin domain
family 9A (CLEC9A) and CD301/ C-type lectin superfamily member 14 (CLECSF14) result in antigen presentation
to T cells.10–15 Clinical trials targeting CD205/DEC205 and
CD206/macrophage mannose receptor 1 (MR) in vivo are
on-going to treat patients with cancer and HIV infection,16–19 but results from these studies have not yet been
reported. Nevertheless, immunization of non-human primates with HIV antigen targeted to CD205/DEC205
induced T-cell immunity,20 whereas CD301/CLECSF14targeted antigen has been shown to induce suppressive
T-cell responses.12 Taken together, CLRs are promising
targets for induction/boosting of inadequate responses as
well as for inhibition of detrimental immune responses.
Four DC subsets have been identified in human blood
including CD123+ plasmacytoid DCs (pDCs) as well as
CD1c+, CD141+ and CD16+ myeloid DCs (mDCs),21 and
data supporting functional specialization have emerged.
For example, pDCs are important producers of interferona in response to viruses22 and have additionally been
implicated in the induction of tolerance.23 CD1c+ mDCs
are potent T-cell stimulators in mixed lymphocyte reactions,21 whereas CD141+ DCs are superior at cross-presenting viral antigens from necrotic cells24 and CD16+
DCs are thought to have a pro-inflammatory role.25
Although the extent to which blood DC subsets reflect tissue DCs is not fully clarified, blood DCs are considered
suitable for studies of human DC biology.26 Levels of PRR
mRNA in blood DC subsets have been investigated,25,27
whereas data on PRR protein levels is very scarce. As protein levels can be explained by mRNA levels to only about
50% in multicellular organisms,28 assessments of PRR protein expression by human DC subsets are warranted.
The involvement of specific DC subsets in allergic
responses is not well understood. Reports have suggested
that pDCs, CD1c+ DCs as well as CD141+ DCs are associated with allergic diseases.29–32 Several PRRs have recently
been implicated in the process. For example, CD284/
TLR4, CD209/DC-SIGN, CD206/MR and dendritic cellassociated C-type lectin 2 (Dectin-2) have been shown to
interact with allergens such as house dust mite, cat, dog
and peanut, and have additionally been implicated in
allergen-specific T helper type 2 polarization.33–40 Delineating surface expression of allergen-interacting PRRs by
distinct DC subsets can provide insight into their capacity
to interact with allergens.
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In this study, we used multi-colour flow cytometry to
analyse the expression of 10 CLRs and two TLRs on distinct blood DC subsets from allergic and non-allergic
donors. The PRR expressions were analysed with regards
to allergic status as well as to study distinctions among
specific DC subsets to understand their capacity to recognize antigens and their responsiveness to PRR-targeting
for modulation of immunological responses.

Materials and methods
Subjects and staining procedures
Nineteen donors participated in the study, of whom six
were non-allergic and 13 were diagnosed with allergic rhinitis. Allergic donors tested positive for one or several
respiratory allergens in skin prick tests (Table 1) and had
a history of allergic rhinitis. Samples were taken outside
the pollen season and all donors experienced no or low
levels of symptoms (nasal congestion and runny nose
symptoms scored on a 0–9 scale, see Table 1). The study
was approved by the regional ethics committee and
informed consent was obtained.

Sample preparation and staining procedures
Peripheral blood mononuclear cells were isolated from
whole blood by Lymphoprep (Medinor, Liding€
o, Sweden)
density gradient centrifugation and washed twice before
antibody staining. Selection of which PRRs to include in
the analysis was based on DC subset-specific gene expression profiles,27 availability of commercial PRR-specific
antibodies and on PRR involvement in allergic
responses33–40 (PRR antibodies are listed in Table 2). For
the most part, antibodies against PRRs were conjugated
with FITC, Alexa Fluor 488 or phycoerythrin (PE). Unconjugated antibodies against PRRs were detected using
either rabbit anti-mouse PE (Dako Cytomation, Glostrup,
Denmark) or goat anti-rabbit FITC (BD Biosciences, San
Jose, CA). To identify DC subsets, samples were additionally stained with an antibody cocktail including CD1c-PE,
CD141-biotin (Miltenyi Biotec, Bergisch Gladbach, Germany), HLA-DR-Peridinin chlorophyll protein (PerCp)Cy5.5 (Biolegend, San Diego, CA), CD3-allophycocyanin
(APC), CD14-APC and CD19-APC (Invitrogen, Carlsbad,
CA) or a cocktail including CD123-biotin, CD16-PE-Cy7
(BD Biosciences), HLA-DR-PerCp-Cy5.5, CD3-PE (BD
Biosciences), CD14-PE and CD19-PE (Dako). The PRRs
targeted with PE-conjugated antibodies were instead
stained with antibody cocktails including HLA-DRPerCp-Cy5.5 and either CD123-biotin, CD16-PE-Cy7,
CD3-FITC (BD Biosciences), CD14-FITC (Invitrogen)
and CD19-FITC (Dako) or CD1c-FITC, CD141-biotin,
CD3-APC, CD14-APC and CD19-APC. Biotin-labelling
was subsequently detected with streptavidin-APC-Cy7
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288
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Table 1. Donor characteristics
Donor

Status

Sensitizations (skin prick test)

Symptom score1 (0–9)

Sex

Age

Don
Don
Don
Don
Don
Don

1
2
3
4
5
6

Allergic
Allergic
Allergic
Allergic
Allergic
Allergic

1
0
0
0
4
1

F
M
M
F
M
F

38
30
30
36
23
41

Don
Don
Don
Don
Don
Don
Don
Don
Don
Don
Don
Don
Don

7
8
9
10
11
12
13
14
15
16
17
18
19

Allergic
Allergic
Allergic
Allergic
Allergic
Allergic
Allergic
Non-allergic
Non-allergic
Non-allergic
Non-allergic
Non-allergic
Non-allergic

Birch, Timothy grass
Birch, Timothy grass, Cat
Birch, Timothy grass
Birch, Timothy grass, House dust mite, Cat, Dog
House dust mite, Mould (Aspergillus), Cat, Dog
Birch, Mugwort, House dust mite, Moulds
(Cladosporium, Alternaria)
Birch, Timothy grass, Mugwort
Birch, Timothy grass, Cat, Dog, Horse
Birch, Timothy grass, Mugwort, Dog, Cat
Birch, Timothy grass, Mugwort, Dog
Birch, Timothy grass
House dust mite, Birch
Birch, Timothy grass, House dust mite, Cat, Dog
–
–
–
–
–
–

2
0
0
0
0
2
0
0
0
0
0
0
0

M
F
M
F
M
F
F
M
F
F
M
F
M

27
24
25
30
23
24
24
30
42
41
39
51
35

1

Nasal congestion and runny nose symptoms scored on a 0–9 scale.

(BD Biosciences). Guidelines for accurately setting the
boundary gates for positivity in multi-colour flow cytometry samples were followed.41 Importantly, for every
donor and each PRR staining, fluoroscence minus one
(FMO) controls were applied by staining samples identically except for the PRR antibodies which were excluded.
FMO stainings are recommended as controls in multicolour flow cytometry instead of isotype staining because
the remaining fluorochromes generally give rise to higher
background signal than unspecific binding and because
perfect matching of the isotype antibody is virtually
impossible.42 Additionally, unspecific binding was minimized by blocking all samples with mouse IgG antibodies,
either before adding any antibodies, or after staining with
secondary antibodies in cases where indirect stainings
were performed. Washing was performed between each
staining step and cells were subsequently resuspended
carefully to ensure accurate antibody dilutions and either
the same lot of antibodies was used for all stainings or
new lots were compared to confirm identical performance. Samples were run on FACS Canto (BD Bioscience) and the flow cytometer performance was checked
daily using Cytometer Setting and Tracking beads (BD
Bioscience). Equal performance from time to time was
ensured by using the Application Setting feature of the
instrument.

Analyses
Samples were analysed using FCS EXPRESS (De Novo Software, Los Angeles, CA) and DC subsets were gated as
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288

Table 2. Antibodies used to assess pattern recognition receptor
expressions
Antibody

Company

CD282/TLR2-PE
TLR4-PE
CLECSF14-Alexa 488
CD206-PE
CD207-PE
CD205-FITC
Dectin-1-FITC
CLECSF6
Dectin-2
MRC2
CLEC9A
CD209

Biolegend, San Diego, CA
Biolegend
Dendritics, Lyon, France
Beckman Coulter, Brea, CA
Beckman Coulter
eBioscience, San Diego, CA
AbD Serotec, Kidlington, UK
RnD Systems, Minneapolis, MN
RnD Systems
Abcam, Cambridge, UK
RnD Systems
Abcam

outlined in Fig. 1. For each donor, the signals from PRR
staining and FMO controls were analysed for the specific
DC subsets (representative analyses shown in the Supporting information, Fig. S1). Boundary for positivity was
based on FMO control samples (stained identically but
without the respective PRR antibody), and net percentage
of positive cells was calculated. Based on the results, PRR
profiles were outlined for each DC subset. To investigate
whether or not the overall PRR profiles were distinct in
allergic and non-allergic subjects, the two groups were
compared using a Support Vector Machine (SVM)43 and
the leave-one-out cross-validation procedure.44 Briefly,
the leave-one-out method uses all but one donor profiles
to train the SVM and then tests the SVM using the left
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out profile. A decision value is assigned by the SVM and
the procedure is repeated until each profile has been used
as the test profile once. The decision values are used to
create a Receiver operating characteristic curve, a graphical plot where the area under the curve (AUC) corresponds to the ability of the SVM to discriminate between
the allergic and non-allergic donors, and AUC = 1 reflects
perfect separation. In addition, individual comparisons of
non-allergic versus allergic subjects were performed for
each PRR and each DC subset using Mann–Whitney test
in GRAPHPAD PRISM software (GraphPad Software, La Jolla,
CA). In these comparisons, six non-allergic donors were
used in all cases and 13 allergic donors for all PRRs
except CD280/MRC2 (n = 12), CLEC9A, CD282/TLR2,
CD284/TLR4 (n = 10) and Dectin-2 (n = 9). In cases
where allergic and non-allergic donors were shown to
express PRRs similarly (i.e. all PRRs except CLEC9A),
further analyses were performed with the entire set of
donors as one group, whereas only non-allergic donors
were used otherwise. Next, differences in PRR expression
between individual DC subsets were assessed in GRAPHPAD
using analysis of variance followed by Bonferroni correction for multiple testing. Furthermore, whether or not the
PRR profiles were distinctive for specific DC subsets and
able to discriminate between the subsets was assessed
using principal component analysis (PCA). Briefly, PCA
transforms a large set of parameters (expressions of 12
PRRs in this case) into three summary variables (main
components), which are illustrated as three axes
(described in more detail in ref. 45). PCA is commonly
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Figure 1. Gating strategy for identification of distinct dendritic cell
(DC) subsets in human blood. Mononuclear cells were gated for viable cells in forward and side scatter, and DC subsets were thereafter
identified within Lin-HLA-DR+ gated cells (upper dotplot) based on
their unique expression of CD123, CD16, CD1c or CD141, respectively (lower dot plots).
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Results
Allergic and non-allergic subjects exhibit nondiscriminative PRR profiles
To analyse whether or not blood DC subsets (identified
as shown in Fig. 1) from allergic and non-allergic donors
display different PRR profiles, the SVM algorithm and
the leave-one-out cross-validation procedure43,44 were
applied for each DC subset. A value of AUC = 1 corresponds to perfect discrimination between the two groups,
but as shown in Fig. 2, none of the DC subsets obtained
AUC values close to one. Hence, the overall PRR expression profiles of DC subsets were similar for allergic and
non-allergic individuals.

CLEC9A is expressed at lower levels on CD141+ DCs
from allergic subjects
In addition to comparing overall PRR profiles of allergic
and non-allergic subjects, expression of individual PRRs
by distinct DC subsets was analysed and compared
between the two groups using the Mann–Whitney U-test
(Fig 3, see Supporting information, Fig. S2). Interestingly,
the frequency of CD141+ DCs showing positivity for
CLEC9A was lower on cells from allergic participants
compared with non-allergic controls and the difference
was shown to be statistically significant (Fig. 3). For all
other PRRs, expressions on DC subsets were similar
between allergic and non-allergic subjects. For PRRs
where no differences were detected between allergic and
non-allergic donors, the two groups were merged for further analysis and when CLEC9A data were included, only
healthy donors were used.

105

105

used to analyse multi-dimensional data (reviewed in ref.
46) because it creates a three-dimensional image that can
instantly be interpreted in terms of inter-relationships
among samples. In addition, a random forest algorithm47
was used as an additional method to test whether DC
subsets display distinct PRR profiles. The random forest
algorithm predicts the subset origin of a PRR profile
based on the remaining profiles. This is repeated once for
each profile and results are presented in a table where
perfect prediction would give the total number of donors
(n = 19) along the diagonal.

Expressions of PRRs differ between DC subsets
The present study demonstrates the expression of each of
the CLRs and TLRs investigated by one or more DC subsets (Fig. S1, Figs 4 and 5) and in several cases, expression was shown for the first time. For example, we
demonstrate for the first time that CD301/CLECSF14 is
expressed preferentially by CD1c+ DCs and by a smaller
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288
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1·0

Figure 2. Pattern recognition receptor (PRR)
expression profiles of dendritic cell (DC) subsets do not differ between allergic individuals
and non-allergic controls. Expression of 12
PRRs on distinct DC subsets were analysed
and compared between allergic (n = 13) and
non-allergic (n = 6) individuals using a support vector machine (SVM) algorithm and
leave-one-out cross-validation procedure. The
decision values obtained from the comparisons
are illustrated in receiver operating characteristic curves with the area under the curve
(AUC) value corresponding to the ability of
the SVM to discriminate between the allergic
and non-allergic donors. An AUC value of one
corresponds to perfect separation between
groups, but values close to one were not
obtained for any of the DC subsets and allergic
and non-allergic individuals therefore express
similar PRR profiles.
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Figure 3. Frequency of CD141+ dendritic cells (DCs) expressing CLEC9A differed in allergic donors compared with non-allergic donors.(a)
CLEC9A stainings (black line) as compared with fluorescence minus one (FMO) controls (grey areas) for CD141+ DCs from a representative
non-allergic and allergic individual, respectively. The % of CLEC9A-positive cells (boundary for positivity set based on FMO controls) and median intensities of all CD141+ DCs are presented. (b) Average CLEC9A expression on distinct DC subsets calculated based on net positive cells
(CLEC9A stainings minus FMO controls) of all donors (ten allergic and six non-allergic). Statistical analysis performed using Mann–Whitney
U-test.* = P < 005.

proportion of CD141+ DCs. Also, the entire population
of CD16+ DCs were positive for CD280/MRC2, whereas
half of the CD141+ DCs and almost half of CD1c+ DCs
showed CD280/MRC2 expression. Furthermore, Dectin-2
was shown to be expressed by a fifth of the CD141+ DCs
and by smaller proportions of CD16+ and CD1c+ DCs.
Importantly, statistical analysis demonstrated that one or
more DC subsets expressed a significantly different frequency of positive cells compared with other subsets, for
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288

each of the PRRs investigated (Fig. 4). CD205/DEC205
and DCIR were expressed on a majority of each of the
DC subpopulations, but statistically significant differences
were still detected between subsets. An overall low percentage of DC subsets expressed CD209/DC-SIGN,
CD207/Langerin and CD284/TLR4, with CD141+ DCs
showing the greatest positive proportion with a maximum of 15%. Although transcriptional profiles of CD1c+
and CD141+ DCs showed extensive similarities in a
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previous study,27 the PRR protein profiles presented in
this study demonstrate that these subsets express specific
PRRs to different extents and in many cases, statistical
significance was shown (Fig. 4). For example, in line with
previously published data, blood DC expression of
CLEC9A was shown to be restricted to the CD141+ subpopulation.24 In addition, CD1c+ showed higher frequency of cells positive for CD206/MR, DCIR and
CD301/CLECSF14, compared with CD141+ DCs, whereas
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***
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higher percentage of the CD141+ DC subpopulation
was positive for Dectin-1, Dectin-2, CD209/DC-SIGN,
CD207/Langerin, CD280/MRC2, CD284/TLR4 and
CLEC9A. As evident from the expression profiles for each
DC subset (Fig. 5), an average of at least 20% of the
CD141+ DCs showed positivity for eight out of twelve
PRRs investigated, whereas the corresponding figures for
CD1c+ DCs, CD16+ DCs and pDCs were seven, five and
two out of twelve PRRs, respectively.

Figure 4. Dendritic cell (DC) subsets express pattern recognition receptors (PRRs) differently. Expression of 12 different PRRs on distinct DC
subsets was analysed and % positive cells was compared between DC subsets using analysis of variance followed by Bonferonni correction for
multiple testing. n = 19 for all PRRs except CD280/MRC2: n = 18; CD282/TLR2 and CD284/TLR4: n = 16; Dectin-2: n = 15; CLEC9A: n = 6
(healthy donors only). *P < 005; **P < 001; ***P < 0005.
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The significantly different PRR expressions among distinct DC subsets (Fig. 4) and the different shapes of the
PRR profiles (Fig. 5) led to the hypothesis that DC subsets exhibit discriminative PRR profiles. To test this statistically, PCA was performed. Indeed, the distinct DC
subsets were completely separated in the PCA plot created
(Fig. 6). As an additional statistical analysis, a random
forest test47 was applied. Similarly, the random forest
classifier was able to predict the subset origin of all but
one of the profiles created (see Supporting information,
Fig. S3). The misclassified profile was a CD141+ DC profile of one donor, which was classified as a CD1c+ DC.
Nevertheless, CD141+ and CD1c+ DCs were completely
separated in the PCA plot and were correctly identified
by the random forest classifier in 18 out of 19 cases, and
the subsets can therefore be considered to express PRRs
differently.

Discussion
This study is the most thorough investigation undertaken
so far to assess and compare PRR protein expressions by
distinct human blood DC subsets. It originally demonstrates the protein expressions of several CLRs by distinct
DC subsets, including Dectin-2, CD301/CLECSF14 and
CD280/MRC2. Furthermore, it shows that PRR expression by DC subsets is highly selective and that CLEC9A
expression by CD141+ DCs discriminates between allergic
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288
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Figure 5. Pattern recognition receptor (PRR)
expression profiles of distinct dendritic cell
(DC) subsets. Expressions of 12 PRRs on distinct DC subsets (defined by their expression
of CD1c, CD141, CD16 and CD123, respectively) were analysed and % positive cells is
illustrated in separate graphs for each DC subset. n = 19 for all PRRs except CD280/MRC2:
n = 18; CD282/TLR2 and CD284/TLR4:
n = 16; Dectin-2: n = 15, CLEC9A: n = 6
(healthy donors only).
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23%

Figure 6. Dendritic cell (DC) subsets exhibit distinctive pattern recognition receptor (PRR) expression profiles. Principal component
analysis (PCA) of PRR expression profiles from distinct DC subsets
demonstrated clustering according to the DC subset from which the
PRR profile was obtained. PCA condensed each DC subset donor
profile, made from 12 PRR expressions, into three main components
(which correspond to the axes). In this way, each dot corresponds to
a distinct DC subset profile of a specific donor and in total 19
donors were used. Numbers in brackets correspond to percentage of
total variation contained within each component.

and non-allergic individuals. The results support differential functionality of human DC subsets and are relevant
in the context of therapeutic PRR-targeting.
The present study demonstrates differential PRR surface
expressions by the individual DC subsets. Although previous reports have investigated and compared PRR mRNA
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expression by DC subsets,25,27 the present study extends
current knowledge by demonstrating novel PRR expressions, presenting PRR expressions at a protein level, as well
as by comparing DC subsets statistically with regards to
PRR expressions at a protein level. Previous data on
CD284/TLR4 expression by CD141+ DCs is contradictory
as a lack, as well as the presence, of CD284/TLR4 mRNA is
suggested.24,25 In this study, CD284/TLR4 surface expression was detected on a proportion of CD141+ DCs. In
agreement, pulmonary CD141+ DCs have indeed been
shown to express CD284/TLR4 protein and respond to
CD284/TLR4 stimulation.48 MacDonald et al.21 investigated protein expression of a limited set of PRRs on individual DC subsets and similarly to their data, CD205/
DEC205 was detected on all blood DC subsets. By contrast,
in the present study minor proportions of DC subsets were
shown to be positive for CD206/MR, CD209/DC-SIGN
and CD207/Langerin. The current study examined the proportions of positive cells, allowing minor expressions to
become discernible, instead of presenting results for the
entire population,21 which can explain the discrepancies.
In addition to presenting PRR protein expressions by DC
subsets, the presented data provide statistical evidence that
PRR expression profiles are subset-specific and the differential PRR protein expressions support functional specialization among DC subsets.
All DC subsets were shown to express an array of different PRRs. A pathogen generally interacts with several different PRRs (reviewed in refs 2,3), suggesting that a
specific cell responds to a pathogen via several PRRs and
that the ultimate outcome will be balanced by the overall
PRR profile. Moreover, all PRRs except CLEC9A were
detected on more than one DC subset, indicating that a
mixture of DC subsets responds to a specific PRR ligand.
Furthermore, the PRR profiles indicate that response to,
for example, bacterial, viral or fungal pathogens is not DC
subset specific. For example, all DC subsets were shown to
express PRRs recognizing fungal antigens, such as CD282/
TLR2 and/or Dectin-1,3,49 although the Dectin-1-positive
portion of pDCs was low. Also, interactions with viral and
bacterial ligands can be expected by all mDC subsets as
each subset expressed to some extent one or more receptors of CD209/DC-SIGN, CD206/MR, CD207/Langerin,
CD282/TLR2 and CD284/TLR4.3,49 Although the ability to
bind fungal, viral and bacterial pathogens appears to apply
to several DC subsets, PRRs have their specificity and bind
specific species.3,49 As PRR expression profiles were shown
to differ between the distinct mDC subsets, their relative
responsiveness to specific pathogen species may differ.
Furthermore, the proportion of cells expressing a specific
PRR profile is subset-specific, which is evident from the
PCA as well as the random forest test, suggesting that a
particular composition of DC subsets is enabled to
respond to a specific pathogen. Considering that DC subsets have different functionalities,21–25 the unique profiles
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of PRR expression levels may have evolved to fine-tune
immune responses and enable eradication of pathogens.
In summary, the results of the present study suggest that
the overall immune response is balanced both on a specific cell level, based on the PRR profile of individual cells,
as well as on a DC subset level, depending on the composition of DC subsets expressing the PRRs interacting with
a specific antigen.
The CLRs are attractive targets for antigen delivery in
order to modulate immune responses, and in vivo targeting of CLRs in humans is currently being investigated.16
Two strategies currently under investigation are antigen
delivery via CD205/DEC205 for induction of anti-HIV
responses and antigen targeting to CD206/MR for treatment of cancer.16–19 Based on the PRR profiles demonstrated in this study, in vivo targeting of CD205/DEC205
in humans can be expected to affect all four DC subsets.
In vitro, antigen delivered to CD205/DEC205 on monocyte-derived DCs, a model for mDCs,50 has been shown
to mediate MHC class II presentation,10 whereas it has
been shown to inhibit TLR-induced interferon-a production with concurrent T-cell activation by human pDCs.51
However, which subsets of T cells were induced was not
presented in these studies and it is therefore unclear if
CD205/DEC205-targeting on DCs induces suppressive or
stimulatory T-cell responses. In contrast to CD205/
DEC205, the PRR profiles indicate that CD206/MR-directed delivery in vivo would preferentially target CD1c+
DCs, and if these behave in line with monocyte-derived
DCs,52 an immunosuppressive phenotype can be
expected upon CD206/MR cross-linking. Hence, using
CD206/MR for antigen delivery may benefit from additional stimulation to provoke immune activation. Targeting of CLR to inhibit detrimental immune responses has,
to our knowledge not yet been assessed in vivo in
humans. However, targeting CD301/CLECSF14 in nonhuman primates was recently shown to induce antigenspecific CD4+ T cells with a suppressive phenotype12 and
according to the PRR profiles shown in this study,
CD301/CLECSF14-directed delivery in humans can be
expected to preferentially target CD1c+ DCs. Alternatively, pDC targeting may be the most effective strategy
to inhibit detrimental immune responses as reports indicate an intrinsic capacity of this subset to induce regulatory T cells53 and because pDCs are implicated in
tolerance induction.23 In this study, pDCs were shown to
primarily express DCIR and CD205/DEC205, but none
of these were exclusively expressed by pDCs and further
studies are required to characterize the overall outcome
upon targeting of these receptors. Taken together, CLRdirected antigen delivery is a promising approach to
induce as well as to inhibit immune responses and the
PRR profiles demonstrated in this study give clues to
which human DC subsets are affected depending on the
specific PRR that is targeted.
ª 2014 John Wiley & Sons Ltd, Immunology, 142, 279–288

DC subsets exhibit discriminative PRR profiles
Expressions of PRRs by distinct DC subsets can give
insights into their ability to interact with allergens as several CLRs have been implicated in this process.33,37,38,54
The significantly larger proportion of CD1c+ DCs shown
to express CD206/MR indicates that, in comparison to
other DC subsets, CD1c+ DCs are more prone to CD206/
MR-mediated interaction with house dust mite, cat, dog,
cockroach and peanut allergens.37 In contrast, CD141+
DCs and CD16+ DCs showed the largest proportions of
cells positive for Dectin-2 and CD284/TLR4, suggesting a
pronounced capability to interact with house dust mite
via these receptors.33,38 Moreover, small proportions of
CD141+ and CD1c+ DCs expressed CD209/DC-SIGN,
indicating an ability to interact with peanut allergen.54
Based on the PRR expressions presented in the current
study, it would be interesting to perform functional studies to understand the roles of the specific PRRs on DC
subsets in allergic responses. For example, the influence
of the receptors on allergen internalization and allergenspecific T-cell activation by the specific DC subset could
be assessed. Regarding overall PRR expression on DC
subsets from allergic and non-allergic donors, no overall
differences were found, as evident from the SVM assessment (Fig. 2). However, CLEC9A showed reduced expression on CD141+ DCs from allergic donors compared with
non-allergic donors. Hence, CD141+ DCs from allergic
and non-allergic donors can be expected to interact with
CLEC9A ligands to different extents and allergic donors
may show a diminished response to CLEC9A targeted
antigen delivery.9 Altogether, distinct DC subsets display
allergy-associated PRRs to different extents, suggesting
that they have different capacities to interact with allergens.
In conclusion, expression of twelve different PRRs,
including ten CLRs and two TLRs, was demonstrated on
distinct human blood DC subsets. For each PRR, statistically significant differences were demonstrated between
DC subsets when comparing the proportion of positive
cells. Additionally, selective expression of CLEC9A by
CD141+ DCs was confirmed. Furthermore, CLEC9A
showed lower expression on cells from allergic donors
compared with non-allergic donors. Importantly, each
DC subset was shown to exhibit a distinctive PRR expression profile, suggesting that a fixed composition of DC
subsets is responding to a specific antigen. Altogether, the
presented results suggest subset-specific responsiveness to
pathogens, supporting functional specialization, as well as
subset-specific responsiveness to PRR-directed targeting
for treatment of immunological disorders.
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