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Introduction

Dendritic cells (DCs) are bone marrow-derived specific
antigen-presenting cells that have critical role in the
initiation and polarization of effector immune responses
[1–3]. DCs reside specifically in the mucosal compart-
ments at the interface between the environment and the
organism, compartments where they constitutively
sample antigens [4]. Depending on the nature of the anti-
genic content, DCs orchestrate the immune response,
maintaining tolerance to self and harmless antigens and
eliciting adequate immune response against pathogen
and ⁄ or danger signals. Initiation of an adaptive immune
response represents the hallmark of DC function. To fulfil
their destiny, DCs constantly migrate between body com-
partments, particularly between mucosal surfaces and
regional lymph nodes [5]. DCs are, therefore, detectable
both in peripheral blood, representing the systemic
response of organism, and in the bronchoalveolar lavage
fluid (BALF), representing a mucosal surface sample. In
both of these compartments, DCs form a small, but

well-defined population, representing approximately
0.5% of leucocytes (CD45+) [6]. The lung is the largest
epithelial surface in the body and is exposed to an enor-
mous challenge of microbes and other environmental
antigens [7]. Owing to the obvious importance of lung
DCs, there have been several attempts to characterize DC
subsets in the lungs [7–10]. Recent work by Ten Berge
[9] improved the methodology for working with the
BALF’ DCs isolated from patients’ samples. There are,
however, still only a few reports on lung DCs, particu-
larly from human studies [11]. There is also not a con-
sensus on the subsets of DCs that reside in the lungs [9,
12, 13], especially in pathology.

Therefore, we initiated the study on lung DCs in
respiratory allergy. We present the development of a fea-
sible flow cytometry-based method for the parallel inves-
tigation of DC subsets in the peripheral blood and BALF
of asthma patients. In the peripheral blood as well as in
the BALF, plasmacytoid DCs (pDCs) and myeloid DCs
(CD16) mDCs) do not account for the total DC popula-
tion. Another subpopulation of CD16+ mDCs was

*Department of Immunology, Second Faculty

of Medicine, Charles University and University

Hospital Motol, Prague, Czech Republic; �Life

Technologies Czech Republic, Prague, Czech

Republic; and �Department of Paediatrics,

Second Faculty of Medicine, Charles University

and University Hospital Motol, Prague, Czech

Republic

Received 12 July 2011; Accepted in revised
form 7 October 2011

Correspondence to: A. Sediva, Second Medical

Faculty, Charles University of Prague,

University Hospital Motol, V úvalu 84, 150 09
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Abstract

Dendritic cells (DCs) are specific antigen-presenting cells that play critical
roles in the initiation and polarization of immune responses. DCs residing in
the lungs might be detected in the bronchoalveolar lavage fluid (BALF). We
analysed DC compartment in the peripheral blood and BALF of patients with
allergy and in controls. Plasmacytoid and four distinct subsets of myeloid DCs
[characterized by the expression of blood dendritic cell antigen (BDCA)-1+

and -3+ and CD16 positivity or negativity] were detected in both tested com-
partments. We further evaluated the expression of C-type lectins [mannose
receptor (MR), dendritic cell-specific intercellular adhesion molecule-3-grab-
bing non-integrin (DC-SIGN) and dendritic and epithelial cells (DEC)-205]

relevant to the pathogenesis of asthma. Interestingly, we found a selective
increase in the frequency of myeloid DC-expressing BDCA-3 and MR particu-
larly in BALF from allergic patients. Specific and highly statistically signifi-
cant increase in BDCA-3+ and ⁄ or MR+ DCs brings a novel characteristic to
BAL analysis in allergic patients.
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already described in peripheral blood [8, 14, 15]. In addi-
tion to measuring the individual subsets of DCs, we also
analysed the expression of lectins dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN), dendritic and epithelial cells (DEC)-205 and
mannose receptor (MR). These molecules with pattern
recognition receptor (PRR) function have crucial roles in
respiratory tract diseases [10, 13, 16].

Patients and methods

Patients. We analysed DC subsets in peripheral blood
and BALF in allergic patients and healthy controls, and
characteristics of the groups are shown in Table 1.

Peripheral blood samples: Peripheral venous blood was
collected from 11 patients with asthma and ⁄ or allergic
rhinitis (pollinosis) and 10 healthy donors into EDTA
tubes. Total serum IgE and specific IgE antibodies
(against inhaled allergens – birch, grass and tree pollen)
were elevated in all allergic patients (Table 2). All
healthy controls had a total serum IgE in normal range
and did not have any allergic history.

Bronchoalveolar lavage fluid samples: BALF was
obtained during fibre-optic bronchoscopy from seven
patients with asthma. Four children with non-allergic
diseases (interstitial lung fibrosis, Kartagener’s syndrome,
lung vasculitis and atelectasis of right middle lobe)
served as a control group.

Informed consent was obtained from all patients and
controls prior to blood collection and bronchoscopy.

Bronchoalveolar lavage fluid. BALF was performed using
a flexible fibre-optic bronchoscope (Olympus, Hamburg,
Germany) placed in the right middle lobe. BAL fluid was
collected in siliconized tubes to prevent cell adherence
and was kept at 4 �C. BAL fluid was filtered through
sterile gauze and centrifuged for 5 min at 266 g at 4 �C.
The supernatant was removed, and the cells were subse-
quently resuspended in 300 ll phosphate-buffered saline
(PBS) supplemented with 1% foetal bovine serum at
4 �C and stained with monoclonal antibodies.

Staining of dendritic cells. One hundred microlitres of
whole peripheral blood and 100 ll of BALF cell suspen-
sion were stained with monoclonal antibodies for 30 min
at 4 �C. Subsequently, red blood cells were lysed, cells
washed in 3 ml PBS with 2 mmol EDTA, and analysed.
We set up an eight-colour flow cytometry panel for
simultaneous detection of all DC subsets in one sample
tube [17]. We used following monoclonal antibodies:
CD3-FITC, CD19-FITC, CD20-FITC, CD56-FITC, CD14-
Dyomics590, CD16-Alexa700 (all from Exbio, Prague,
Czech Republic), CD45-Pacific Blue (Dako, Glostrup,
Denmark), human leucocyte antigen (HLA)-DR-PerCP
[Becton Dickinson (BD), Heidelberg, Germany], CD123-
PECy7 (eBioscience, San Diego, CA, USA), CD11c-APC
(Invitrogen, Paisley, UK), blood dendritic cell antigen
(BDCA)-1-PE (Miltenyi Biotec, Bergisch Gladbach,
Germany), BDCA-3-PE (Miltenyi Biotec), BDCA-1-APC
(Miltenyi Biotec), BDCA-3-APC (Miltenyi Biotec), MR-
PE (BD), DC-SIGN-PE (R&D Systems, Minneapolis,
MN, USA) and DEC-205-PE (BD). All antibodies were
titrated to determine the optimal concentrations. A line-
age cocktail (CD3, CD19, CD20 and CD56) was used to
exclude other leucocytes subpopulations (T and B lym-
phocytes, NK cells). Antibody-capture beads (BD) were
used for single-colour compensation controls for each
reagent used in this study. Gating controls were deter-
mined using fluorescence minus one (FMO) controls for
CD14, CD16 and lectins.

At least 300 000 events were acquired on FACSAria�
(BD) and subsequently analysed using FLOWJO software
(Treestar, Ashland, OR, USA). All samples were pro-
cessed and analysed immediately after blood sampling.

Statistics. The Mann–Whitney test was used for statis-
tical analysis, and P < 0.05 was considered to be signifi-
cant. Data are expressed as median with range.

Table 1 Characteristics of patients and control group.

Number (n)

Total

number

Children

Male ⁄ female

Adults

Male ⁄ female

Blood

Asthma ⁄ allergic rhinitis 11 1 ⁄ 1 2 ⁄ 7
Healthy donors 10 0 ⁄ 1 3 ⁄ 6

Bronchoalveolar lavage (BAL)

Asthma 7 3 ⁄ 4 0

Controls 4 1 ⁄ 3 0

Dendritic cell subsets were investigated in peripheral blood in allergic

patients with bronchial asthma or allergic rhinitis (n = 11) and healthy

controls (n = 10). BAL was acquired from seven asthmatic children.

Because of the limited diagnostic reasons for bronchoscopy in childhood,

we chose four controls for BAL analysis with non-atopic diagnosis.

Table 2 Laboratory markers in allergic patients and healthy controls measured in peripheral blood and bronchoalveolar fluid.

Peripheral blood Bronchoalveolar lavage

IgE total C-reactive protein Macrophages Lymphocytes Neutrophils Eosinophils

Range (UI ⁄ ml) Range(mg ⁄ l) Range (%) Range (%) Range (%) Range (%)

Allergic patients 30.6–491 <8.0 14.4–97.6 0.4–58 0.2–84.4 0.4–0.8

Controls 0–10.1 <8.0 19.4–73.6 4.4–80 0.3–17.2 0
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Results

Identification of DC subsets in the peripheral blood and BALF

by eight-colour flow cytometry

The plasmacytoid DCs (pDCs) were characterized as
CD45+, lineage-negative (CD3), CD19), CD20), CD56)),
CD14), CD16), HLA-DR+ and CD123+CD11c). mDCs
were characterized as CD45+, lineage-negative (CD3),
CD19), CD20), CD56)), CD14), HLA-DR+ and CD11c+

CD123). These cells were then divided into CD16+ and
CD16) subgroups. In both subgroups, the expression of
lectins (BDCA-1, BDCA-3, MR, DC-SIGN and DEC-
205) was analysed.

First, we identified ‘classical’ myeloid DCs (CD16)

mDC) and pDCs in the peripheral blood and in the
bronchoalveolar lavage using flow cytometry. Gating
strategy is shown on a representative flow cytometry
analysis [18, 19] (Fig. 1). Allergic patients had signifi-
cantly lower frequency of pDCs in the BALF when
compared to the blood. On the other hand, we found

a significant increase in CD16) mDCs in the BALF of
allergic patients compared to the blood (P < 0.05)
(Fig. 2A, B).

We detected CD16+ mDCs in samples from both PB
and BALF in patients and controls (Fig. 1). We did not
find any significant differences in CD16+ mDCs between
patients and controls, or between blood and BALF, but
the relative number of CD16+ mDCs seemed to be
decreased in the BALF compared to the peripheral blood
in both groups (Fig. 2C). CD16+ mDCs are more fre-
quent than CD16) mDCs in the peripheral blood from
patients and controls.

Differential expression of BDCA-1 and BDCA-3 in allergic

patients in BALF

Myeloid DCs can be further subclassified according to
the expression of BDCA-1 and BDCA-3. In humans,
CD16)BDCA-1+ cells are termed mDC1 and CD16)

BDCA-3+ represents mDC2 [4, 20]. We analysed the
expression of BDCA molecules on both CD16) and

Figure 1 Flow cytometry analysis of dendritic cell (DC) population from whole blood and bronchoalveolar lavage. First, white blood cells were gated

based on side scatter (SSC) and CD45 expression, and this was followed by exclusion of T and B lymphocytes, NK cells and granulocytes (CD3,

CD19, CD20, CD56 negative) and the inclusion of human leucocyte antigen-DR+ cells. In case of peripheral blood, lympho-monocytes were gated

based on forward scatter and SSC. In case of bronchoalveolar lavage fluid (BALF) samples, the alveolar macrophages (AM) and CD14+ monocytes were

excluded. Plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) were distinguished based on the expression of CD123 and CD11c, respectively. Subse-

quently, gating of mDCs (CD11+ cells) was based on the expression of CD16. mDCs were divided into ‘classical’ mDC (CD16)) and CD16+ mDCs.

Both groups were investigated for the expression of C-type lectins [blood dendritic cell antigen (BDCA)-1, BDCA-3] using histograms. Grey histo-

grams indicate the unstained controls, and white histograms indicate the expression of BDCA-1 or BDCA-3. The results presented here are from one

allergic patient and are representative of 20 blood and 10 BALF samples.
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CD16+ compartments. Four separate populations of
mDCs can thus be identified: CD16)BDCA-1+ (mDC1),
CD16)BDCA-3+ (mDC2), CD16+BDCA-1+ and CD16+

BDCA-3+. All of the DC subsets in patients and controls
were present in the blood and BALF. There were no
significant differences in the distribution of DC subsets
between allergic patients and controls in the peripheral
blood. The most prevalent population of DCs in the
blood in both groups was CD16)BDCA-1+ followed by
both BDCA-3+ subsets (CD16+BDCA-3+ and CD16)

BDCA-3+) and finally the CD16+BDCA-1+ (Fig. 3A).
The distribution of myeloid DC subsets in the BALF
from healthy controls resembled their frequency in the
peripheral blood, with CD16)BDCA-1+ DCs being the
most frequent subset (Fig. 3B). However, there was a
striking difference in the proportion of BDCA-3-express-
ing mDCs in the BALF from allergic patients. While
CD16)BDCA-3+ DCs only represented 0.035 ± 0.024%
(mean ± SD) of CD45+ cells in the peripheral blood,
they accounted for 0.271 ± 0.076% of CD45+ leucocytes
in the BALF (P < 0.001) and represented the most domi-
nant DC population together with CD16)BDCA-1+.
Similarly, the frequency of CD16+BDCA-3+ DCs was
four times higher in allergic patients 0.06 ± 0.052% to
0.244 ± 0.23% (P = 0.07) (Fig. 4A). Moreover, the
expression of BDCA-3+ on DCs in the BALF of allergic
patients was significantly higher than on BDCA-3+ DCs
in the peripheral blood (P < 0.05) (Fig. 4B).

In the BALF from asthma patients, BDCA-3+ DCs,
both CD16+ and CD16), formed strikingly dominant
population significantly increased in comparison with
controls.

Different expression of lectins on the surface of DCs in

peripheral blood and BALF

In addition to the DC-specific lectins BDCA-1 and
BDCA-3, we also analysed the expression of other lectin
molecules implicated in the binding of an allergen to
DCs. DC-SIGN, DEC-205 and MR were all found on
the CD16+ and CD16) DC subsets in the blood and
mainly in the BALF (Fig. 5A). Similar to BDCA-3, there
was a dramatic increase in MR+ CD16+ and CD16)

mDCs in the BALF compared to the peripheral blood in
both groups (P < 0.01 and P < 0.01, respectively). More-
over, the MR expression on CD16) mDC was significantly
increased in the BALF of allergic patients compared to
healthy controls (P < 0.05) (Fig. 5B). Similar results
were found for DC-SIGN and DEC 205 (Fig. 5A).

Discussion

Dendritic cells play the central role in the development
of immune reaction. Their unique capacity to translate
the activation of the innate immune system to the
adaptive immune response puts DCs in a crucial position

Figure 2 Dendritic cell (DC) subsets in the

peripheral blood and bronchoalveolar lavage

fluid (BALF). DCs form a small, but well-

defined population, representing approxi-

mately 0.5% of total leucocytes (CD45+) in

both the peripheral blood and BALF. The

frequency of plasmacytoid DCs (pDCs) (A),

‘classical myeloid DCs (mDCs)’ CD16)mDCs

(B) and CD16+mDCs (C) was investigated.

Significant differences between blood and

BALF are indicated by horizontal bars:

*P < 0.05.
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in an immune network [1, 2]. This network is of particu-
lar importance on mucosal and epithelial surfaces, specifi-
cally in the lungs. Lung DCs continuously sample and

present inhaled antigens and induce tolerance to harmless
substances and adequate immune response to pathogens
and other antigens [10]. DCs residing in the lungs con-

Figure 3 Distribution of dendritic cell (DC)

subpopulations in the peripheral blood and

bronchoalveolar lavage. Plasmacytoid DCs

(pDCs) and four populations of myeloid DCs

(mDCs), based on the previously described

characteristics of these cells [CD45+, human

leucocyte antigen (HLA)-DR+, CD11c+,

CD14)], blood dendritic cell antigen (BDCA)-1

or BDCA-3 expression and presence of

CD16, are shown in the peripheral blood (A)

and bronchoalveolar lavage fluid (BALF) (B).

Figure 4 Relative numbers (percentage of

CD45+) of CD16+ blood dendritic cell anti-

gen (BDCA)-3+ and CD16)BDCA-3+ mye-

loid DCs (mDCs) in the peripheral blood and

bronchoalveolar lavage fluid (BALF). The fre-

quency (A) and surface expression (B) of

BDCA-3+ mDCs (CD16+ mDCs and CD16)

mDCs) were analysed in samples from both

the peripheral blood and lungs. Significant

differences between blood and BALF or

between groups are indicated by horizontal

bars: *P < 0.05, **P < 0.01, ***P < 0.001.
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sist of several subsets with specific functions as recently
reviewed [12, 21]. There is, however, still no consensus
on the lung DC spectrum. The situation is particularly
difficult in inflammatory conditions in which the cellu-
larity of the lung tissue and surfaces undergoes striking
changes. Here, we present a feasible flow cytometry-based
method for DC identification in the BALF.

There is a general consensus that two major subsets of
DCs, myeloid (mDCs) and plasmacytoid DCs (pDCs),
reside in the lungs (for detailed review see Ref. [7]).
While pDCs represent a well-characterized subset, mDCs
consist of a heterogenous population. BDCA-1 and
BDCA-3 are considered as specific markers of mDC sub-
sets and were found in samples from both the peripheral
blood and lungs [4, 8]. We developed an eight-colour
flow cytometry method to distinguish pDCs and mDCs,
defined as lineage-negative, CD45+, HLA-DR+, CD11c+,
CD16) and BDCA1+ or BDCA3+. However, applying
these criteria did not cover the total DC lung population
(Fig. 1). Another subpopulation of mDCs, CD16-posi-
tive, is clearly present in samples from both the periph-
eral blood and BALF. In agreement with Piccioli et al.
[22], we analysed pDCs and all four subpopulations of
mDCs, based on BDCA-1 or BDCA-3 expression and
CD16 positivity. All investigated DC populations were
present both in the peripheral blood and in the BALF.

Concerning pDCs, we observed their lower numbers
in allergic lungs. Such finding is consistent with
described role of pDCs in the maintenance of tolerance to
antigens in lungs [23]. The population of mDCs showed
more pronounced differences between allergic and control
subjects. BDCA-1- and BDCA-3-expressing mDCs domi-
nate the DC subpopulations in allergic patients (Fig. 4).
Both CD16+ and CD16) BDCA-3+ mDCs are strikingly
increased in the BALF of patients with allergy. The pres-
ence of BDCA-3+ cells has been previously demonstrated
in lung tissue [4], but the predominance of this subset in
the BALF of allergic patients was not yet shown and is
of particular interest.

The BDCA-3 molecule is identical to thrombomodu-
lin. In a recent study, thrombomodulin (BDCA-3,
CD141) was identified by allergen-induced gene expres-
sion microarray performed on DCs as a gene that was dif-
ferentially induced in allergen-stimulated DCs from
atopic individuals [24]. Furthermore, sorted BDCA-3+

DCs induced a Th2-polarized response, suggesting that
BDCA-3+ expression on DCs may have a significant role

in allergic diseases. BDCA-3+ DCs, in some reports also
referred to as mDC2s, were showed to be more prevalent
in the peripheral blood in atopic individuals (Fig. 2B)
[24, 25]. The presence of this population in the BALF
has not yet been tested. In this context, our results sup-
port the importance of BDCA-3+ DC subset in the
immune reactions in asthmatic lungs.

Human BDCA-3+ DCs have also been suggested to be
homologous to mouse CD8a+ DCs [26]. In mouse mod-
els, CD8a+ T cells are involved in allergic airway inflam-
mation and induce the production of Th2 cytokines such
as IL-4, IL-5 and IL-13 [27]. These reports further indi-
cate the potential significance of BDCA-3+ DC subset in
the BALF of asthmatic patients.

In addition to DC-specific lectins BDCA-1 and
BDCA-3, we also analysed other lectin molecules on
blood and lung DCs. Immature DCs express a plethora of
specialized cell receptors for patterns associated with for-
eign antigens, such as the C-type lectin carbohydrate
receptors (DC-SIGN, macrophage MR and DEC-205)
[21, 28–30]. Their role in allergen uptake in DCs has
already been described [31–33] and very recently con-
firmed for a larger set of allergens [34].

We describe here a significant increase in the expres-
sion of both MR and DC-SIGN in classical, CD16)

mDCs in BALF of allergic patients, confirming thus the
importance of DCs in antigen ⁄ allergen processing on a
border with external environment. Lung DCs are in an
immature state in situ and express the MR [28]. The MR
expression on DCs is crucial for the Th2 polarization of
an immune response [34], and DC-SIGN expression on
DC surface is also important in DCs–T cells interaction
[29]. These previous studies clearly demonstrate the
importance of the expression of lectins on DCs in allergy;
however, its presence and ⁄ or significance on DCs in the
BALF of allergic patients have not yet been profoundly
investigated. Our findings thus complement recently
published data. Concerning other lectins, DEC-205, with
repeatedly described role in antigen uptake [35], was also
increased in blood CD16+ mDCs and BALF CD16)

mDCs from allergic patients. Such finding might suggest
a systemic nature of allergic response, with distinct roles
for different subsets of DCs in different compartments.

In summary, we present a flow cytometry-based
approach for the detection of DC subsets in the BALF.
There was a striking difference in the proportion of
BDCA-3-expressing mDCs in the BALF of allergic

Figure 5 Surface expression of C-type lectins on CD16+ myeloid DCs (mDCs) and CD16) mDCs in the peripheral blood and bronchoalveolar lavage

fluid (BALF). Here, we show a detailed analysis of C-type lectin receptor expression on dendritic cell (DC) subsets in the peripheral blood and BALF

using histograms (A). The grey histograms indicate unstained controls, and the white histograms indicate the expression of dendritic cell-specific

intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), dendritic and epithelial cells (DEC)-205 and mannose receptor (MR). The fre-

quency of MR-positive mDCs (CD16+ mDCs and CD16) mDCs) and the expression of MR on mDCs (B) were investigated in the peripheral blood

and BALF. Significant differences between the blood and BALF or between groups are indicated by horizontal bars: *P < 0.05, **P < 0.01,

***P < 0.001. The results presented here are from one allergic patient and are representative of 20 blood and 10 BALF samples.
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patients. The proportion of CD16)BDCA-3+ DCs in the
BALF of allergic patients was tenfold higher than in the
peripheral blood. Similarly, the frequency of CD16+

BDCA-3+ DCs was four times higher in patients
(Fig. 4A). Similar to the BDCA-3 molecule, there was a
dramatic increase in MR+ CD16+ and CD16)mDCs in
the BALF of allergic patients compared to the peripheral
blood and the expression of MR on 16) mDCs in the
BALF was significantly increased compared to the healthy
controls (Fig. 5B). Similar results were found for other
two C-type lectins. Specific increase in BDCA-3+ and ⁄ or
MR+ DCs in allergic children, particularly in the BALF,
brings new insight into the pathogenesis of bronchial
asthma and together with the recently published data
supports the role of these molecules in the allergen
uptake and Th2 polarization. The importance of increased
BDCA-3 and MR expression on lung mDCs for the path-
ogenesis of allergic reaction and bronchial asthma
requires further studies.
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