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Abstract

Background: Dendritic cells (DCs) comprise heterogeneous populations of cells, which act as central orchestrators of the
immune response. Applicability of primary DCs is restricted due to their scarcity and therefore DC models are commonly
employed in DC-based immunotherapy strategies and in vitro tests assessing DC function. However, the interrelationship
between the individual in vitro DC models and their relative resemblance to specific primary DC populations remain elusive.

Objective: To describe and assess functionality and applicability of the available in vitro DC models by using a genome-wide
transcriptional approach.

Methodss: Transcriptional profiling was performed with four commonly used in vitro DC models (MUTZ-3-DCs, monocyte-
derived DCs, CD34-derived DCs and Langerhans cells (LCs)) and nine primary DC populations (dermal DCs, LCs, blood and
tonsillar CD123*, CD1c" and CD141" DCs, and blood CD16* DCs).

Results: Principal Component Analysis showed that transcriptional profiles of each in vitro DC model most closely
resembled CD1c* and CD141* tonsillar myeloid DCs (mDCs) among primary DC populations. Thus, additional differentiation
factors may be required to generate model DCs that more closely resemble other primary DC populations. Also, no model
DC stood out in terms of primary DC resemblance. Nevertheless, hierarchical clustering showed clusters of differentially
expressed genes among individual DC models as well as primary DC populations. Furthermore, model DCs were shown to
differentially express immunologically relevant transcripts and transcriptional signatures identified for each model DC
included several immune-associated transcripts.

Conclusion: The unique transcriptional profiles of in vitro DC models suggest distinct functionality in immune applications.
The presented results will aid in the selection of an appropriate DC model for in vitro assays and assist development of DC-
based immunotherapy.
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umbilical cord blood or peripheral blood, as well as CD14*
monocytes [3-7]. Although much has been gained with the
development of in vitro DC models from primary precursors, these
models are restricted by the heterogeneity derived from donor-to-

Introduction

Dendritic cells (DCs) orchestrate immune responses by initiating
and regulating T-cell responses. Immense efforts are being made

to fully understand their physiology, as well as to develop DC-
based immunotherapy [1] and predictive test systems [2].
However, the use of primary DCs is limited by their scarcity
(<1% in peripheral blood) so to circumvent this, DCs derived
vitro are commonly employed. Model DCs can be differentiated
from various precursors, such as the CD34" cells in bone marrow,
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donor variability and the requirement for donor material. Being a
myeloid cell line, MUTZ-3 DCs do not suffer from these
limitations [8,9] and have proven valuable as cell basis in test
assays predicting sensitization [10,11] as well as for cancer vaccine
development [12].
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Several DC models are widely used to understand the
physiology of primary DCs. However, the interrelationship
between distinct DC models is not clarified and neither is their
relative resemblance to specific primary DC populations. The
latter task is complicated by the complexity of the i viwo DC
network, where several subtypes with unique phenotypic and
transcriptional profiles have been identified in different organs. By
far the most abundant populations in blood and tonsils are the
CD1c" myeloid DCs (mDCs) and the CD123" plasmacytoid DCs
(pDC), however, other populations, such as the CD16* DCs in
blood and the CD141* DCs in blood and tonsils, have also been
identified [13,14]. In skin, two main subtypes have been described,
i.e. the Langerin/CD207" epidermal Langerhans cells (LC) and
the DC-SIGN/CD209* dermal DCs (DDC) [15]. Transcriptional
studies of DC subsets have proven valuable in understanding DC
subset relationships. For example, Robbins et al. performed
transcriptional analyses of primary DC subsets from mice and
humans and suggested human CD141* DCs to be counterparts of
mouse CD8* DCs, [16]. Also, Haniffa et al. used a transcriptional
approach to demonstrate that CD141* DCs isolated from skin are
closely related to their counterparts in blood and homologous to
mouse CD103" or CD8" DCs [17]. Regarding i vitro DC. models,
Robbins et al. showed that MoDCs were more closely related to i
vitro derived macrophages than to primary blood DCs; however,
no primary DCs isolated from tissues were included in that
analysis and neither were other DC models. Thus, resemblance of
wn vitro DC models to each other and to primary tissue-DC subsets
remains unclear.

Development of cell-based in vitro test systems for prediction of
allergenicity of chemicals is urgently required to limit animal
testing. The 7th Amendment to the Cosmetics Directive bans
testing of cosmetic ingredients on animals in EU from 2013, yet
the REACH (Registration, Evaluation and Authorization of
Chemicals) legislation require that all chemicals are assessed for
hazardous effects [18]. The central role of DCs in immune
regulation, and in the sensitization process in particular [19],
supports their use in predicting allergenicity i wvitro. However,
large cell numbers will be required and thus, test assays will be
based on model DCs that mimic the detrimental response by
primary DCs to sensitizing agents. To evaluate the applicability of
individual DC models in allergenicity test assays, comparisons of in
vitro DC models as well as understanding their resemblance to
primary DC populations is warranted.

In vitro DCs are attractive tools in order to redirect detrimental
or inadequate immune responses, and adoptive transfer of model
DCs is being explored in treatment of e.g. cancer, autoimmunity
and infectious diseases (reviewed in [20-23]). In immunothera-
peutic applications, the suitability of specific model DCs depends
on their ability to acquire desired attributes upon in vitro
modulation. For example, induction of stable stimulatory or
suppressive model DCs is of utmost importance as this determines
whether immunity or tolerance is induced [24,25]. Also, the ability
to internalize antigen is vital in order to induce antigen-specific
adaptive responses. Although the potential of DC-based immu-
notherapy has been recognized and explored for several years,
clinical efficacy is still limited [20,26]. However, identifying
characteristics of specific DC models may direct further develop-
ments, leading to improved efficacy.

In the current study, global transcriptional analysis was used in
order to understand functionality and applicability of i vitro DCis.
Profiling of monocyte-derived DCs (MoDCs), CD34*-derived LCs
(CD34-1.Cs), CD34"-derived DCs (CD34-DCs) and MUTZ-3
DCs gained insight into their interrelationship, as well as their
resemblance to an array of primary DC populations. Furthermore,
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155 immune-related genes expressed by i witro DCs were
identified and expression levels were compared to ex viwvo DC
populations. Finally, transcriptional signatures were identified for
individual DC models, indicating functional diversity. The
presented data give insight into DC physiology and the suitability
of distinct DC models in test assays, as well as in immunotherapy.

Methods

Ethics Statement

Written informed consent was obtained from blood donors and
from parents of underage donors of tonsils. The data was analyzed
anonymously. Regarding cord blood donation, written informed
consent was given by the mothers and the study was approved by
the ethical commission of the University of Antwerp, Belgium.
Human skin specimens were obtained from healthy donors
undergoing corrective breast or abdominal plastic surgery after
verbal informed consent according to the Dutch Code for
secondary use of anonymous rest material.

Isolation of DC subsets from human peripheral blood,
tonsils and skin

Isolation of blood and tonsillar DC subsets has been described
previously [14]. Briefly, tonsils, obtained from children undergoing
tonsillectomy, were minced and incubated with 2 mg/ml collage-
nase IV and 100 U/ml DNase I for 15 min at room temperature.
Mononuclear cells were isolated from the tonsillar single-cell
suspensions or leukocyte-enriched buffy coats by Ficoll-Paque
(Amersham Biosciences, Uppsala, Sweden) density gradient
centrifugation. B cells, T cells and monocytes were depleted and
negatively selected cells enriched for DCs were incubated with
FITC-conjugated mAbs against CD3 (BD Bioscience, San Jose,
CA), CD14 and CDI19 (DakoCytomation A/S, Glostrup, Den-
mark), APC-conjugated anti-HLA-DR (BD Bioscience) and either
PE-conjugated mAb against CD141 (Miltenyi Biotech, Bergisch
Gladbach, Germany) or CD123 (BD Pharmingen, San Diego,
CA). The DC-enriched cells from peripheral blood were also
labeled with PE-conjugated CD16 mAb (BD Bioscience). CD1c*
DCs were incubated with a lineage specific PE-labeled antibody
cocktail (DakoCytomation A/S), HLA-DR-APC (BD Bioscience)
and CD1c-FITC (Miltenyi Biotech). Gating strategy for sorting of
specific DC subsets from blood and tonsils is described in detail in
Lindstedt et al. 2005 [14]. Briefly, upon gating of live cells in
forward and side scatter, lineage negative and HLA-DR"=" DCs,
positive for either CD1c, CD141, CD123 or CD16 were gated and
sorted on a FACSDiVa or a FACSAria (BD Bioscience). Dermal
dendritic cells and Langerhans cells were isolated from human skin
specimens obtained from healthy donors undergoing corrective
breast or abdominal plastic surgery, as previously described [27].
Briefly, split thickness slices of skin containing both the epidermis
and the dermis were isolated using a dermatome, cut in pieces
(0.5 cm?) and incubated with 2.4 U/ml Dispase II (Roche
Diagnostics, Mannheim, Germany) for 30-60 minutes at 37°C.
The epidermis and dermis were separated with tweezers and
washed. To isolate LC, the epidermal sheets were incubated with
PBS containing 0,05% (v/v) trypsin (Invitrogen Life Technologies,
Carlsbad, CA) for 10 minutes at 37°C, and the epidermal single-
cell suspension was enriched for LC by density centrifugation over
Lymphoprep (Nycomed AS, Oslo, Norway) and CDla-guided
magnetic cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach,
Germany). To isolate dermal DC, the dermis was incubated with
PBS containing 0.48 U/ml Dispase and 6 mg/ml Collagenase A
(Boehringer Mannheim, Mannheim, Germany) at 37°C for

January 2013 | Volume 8 | Issue 1 | 52875



2 hours, after which single cell suspension was enriched for dermal
DC by CDla-guided magnetic cell sorting (MACS).

Generation of in vitro-derived DCs

MoDCs were differentiated from peripheral blood monocytes
(purified using CD14 positive selection by MACS) by culturing
cells in rhIL-4 (50 ng/ml) and rhGM-CSF (150 ng/ml) for 7 days,
as described previously [28]. CD34" progenitor-derived dendritic
(CD34-DC) and Langerhans-like cells (CD34-LC) were differen-
tiated from cord blood. CD34"-cell isolation and culture
procedures have been described before [29]. Briefly, human cord
blood samples were collected from the umbilical blood vessels of
placentas of normal, full-term infants. Mononuclear cells were
separated from the cord blood by density gradient centrifugation
and subsequently CD34" progenitor cells were extracted by
positive immunomagnetic selection (MACS). These cells were
cultured for 12 days in Iscove’s modified Dulbecco’s medium
(IMDM) containing 10% (v/v) fetal bovine serum, 500 ng/ml
rhGM-CSF (Gentaur, Brussels, Belgium), 50 ng/ml rhSCF
(Biosource, Nivelles, Belgium), 2.5 ng/ml rhTNF-o (Roche, Basel,
Switzerland), and 34 ng/ml rhll-4 (Biosource) to induce prolif-
eration and differentiation towards immature CD34-DC, accord-
ing to the method described by Lardon et al. [30]. To obtain
Langerhans-like cells (CD34-LC), 5 ng/ml rhTGF- (Gentaur)
was additionally added to the medium from the first day of culture.

The human myeloid leukemia-derived cell line MUTZ-3
(DSMZ, Braunschweig, Germany) was maintained in o-MEM
(Invitrogen, Paisley, UK), supplemented with 20% (v/v) fetal
bovine serum (Hyclone Laboratories, Logan, UT) and 40 ng/ml
rhGM-CSF (Leukomax) (Novartis, Basel, Switzerland), as de-
scribed [31]. To generate dendritoid cells, MUTZ-3 cells (1x10°
cells/ml) were differentiated in the presence of rhGM-CSF
(150 ng/ml) and rhIL-4 (50 ng/ml). Medium was exchanged
every 2-3 days. After 7 days, cells were incubated with anti-CD1a-
FITC (DakoCytomation A/S) and HLA-DR-PE (BD Bioscience)
and live cells, gated based on forward and side scatter properties,
were subsequently gated for HLA-DR and CD1a positivity (figure
S1b) and FACSAria sorted to generate highly pure CDla" cells,
referred to as MUTZ-3 DCs.

Preparation of cRNA and gene chip hybridization

RNA isolation and gene chip hybridization was performed as
previously described [14]. Briefly, cell pellets of freshly isolated
primary DCs, @ wvitro differentiated MoDCs, CD34-DCs and
CD34-LGCs, from 3 different donors, as well as i vitro-derived
MUTZ-3 DCs in triplicates, were dissolved in TRIzol Reagent
(Life Technologies) and stored at —20°C. After chloroform
extraction, total RNNA was precipitated in isopropanol, rinsed
with 70% ethanol, lyophilized, and dissolved in 10 pl of distilled
water. Iragmentation, hybridization, and scanning of the Human
Genome U133 Plus 2.0 Arrays were performed according to the
manufacturer’s protocol (Affymetrix, Santa Clara, CA). The
preparation of labeled cRNA was performed according to the
Two-cycle Eukaryotic Target Labeling assay protocol, using the
GeneChip Expression 3’ amplification two-cycle labelling and
control reagents kit (Affymetrix). Briefly, cDNA was generated
from total RNA (>10 ng for all samples, in accordance with the
GeneChip® Expression Analysis Technical Manual), using Super-
Script II (Life Technologies, Carlsbad, California) and a T7-
oligo(dT) promoter primer (Affymetrix). After a second-strand
cDNA synthesis, cDNA was converted to cRNA by an i wvitro
transcription reaction (Life Technologies). Thereafter, the cRNA
was purified using RNeasy Mini kit (Qiagen, Hilden, Germany),
and the yield was controlled with a spectrophotometer. A second
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cycle of cDNA synthesis was performed, followed by the same
cleanup as above and a second w vitro transcription reaction cycle
with biotin-labelled ribonucleotides and T7 RNA polymerase.
Labelled cRNA was purified, using RNeasy Mini kit (Qiagen),
quality controlled with Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA), and denatured at 94°C before
hybridization of 10 pg of the purified material. The samples were
hybridized to Human Genome U133 Plus 2.0 Arrays at 45°C for
16 h by rotation (60 rpm) in an oven. The arrays were then
washed, stained with streptavidin-PE (Invitrogen Molecular
Probes), washed again, and scanned with a GeneArray Scanner
(Affymetrix).

Microarray data analysis

All cell types included in the transcriptional study and
abbreviations used can be viewed in Table 1. Fluorescence
intensity was analyzed using the GeneChip Operating Software
(GCOS) 1.1 (Affymetrix), and scaled to a target value of 100. Data
was uploaded into Expression Console 1.1 (Affymetrix), normal-
ized with the MAS5 algorithm and for graphics, log transformed
data (Robust Multi-Array (RMA)) was used. To ensure that other
cell types were not contaminating the samples, mRNA encoding
typical markers of T-cells, B-cells and NK-cells (CD3D, CD3E,
CD3G, CD3z, CD8a, CD8b, TCRa, CD19 and CD56) were
confirmed to have intensities <200, considered to be below
positive expression (MAS5 normalized data) (data not shown).
Background noise in the dataset was eliminated by a 20"
percentile cutoff in intensity signals, resulting in lists of 51,191
genes. (Microarray data generated from model DCs has been
uploaded to ArrayExpress, accession number E-MEXP-3787.)
Transcripts differentially expressed among all samples, as well as
among i vitro DG models and ex viwo primary DC populations
separately, were identified in Qlucore Omics Explorer 2.0
(Qlucore AB, Lund, Sweden) using ANOVA analysis with a p-
value cutoff at <10~° (corresponding to p<<0.05 after Bonferroni
correction). Furthermore, transcripts shared by the latter two
groups were identified. Relationships among samples and popu-
lations were analyzed using principal component analysis (PCA).
Briefly, PCA transforms a large set of parameters (transcripts in
this case) into three summary variables (main components) which
are illustrated as three axes (described in more detail in [32]). PCA
is commonly used to analyze multidimensional data (reviewed in
[33]) as it creates a 3D image that can instantly be interpreted in
terms of interrelationship among samples. Similarities of replicate
samples were demonstrated by the i-Nearest Neighbors (k-NIN)
algorithm (2-NN in this case) which is the Euclidean distance in
gene space between samples. Furthermore, relationships between
cell populations were demonstrated by the minimal spanning tree
analysis (lines connecting the different populations). Additionally,
hierarchical clustering was performed using Cluster 3.0, based on
complete linkage and Euclidean distance measure [34], and
heatmaps were subsequently produced using Java Treeview 1.0.12
[35]. In this manner, heatmaps were created to visualize profiles
based on transcripts differentially expressed among all samples,
among i vitro DC samples, and among ex vivo DC samples,
respectively. Also, a dendogram of @ wvitro DC samples was
produced in JMP (SAS Institute Inc., Cary, NC, USA) by
hierarchical clustering of the differentially expressed transcripts
using complete linkage.

To understand immunological features of i vitro DC models,
gene expression was analysed to identify transcripts encoding
TLRs, receptors, chemokines, lectins, TNF molecules, interleukins
and CD antigens (based on information in Ingenuity pathway
analysis (IPA, Ingenuity Systems, Mountain View, CA, USA) and
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NetAffx (Affymetrix)). Transcripts expressed by one or more  vitro
DC models (MAS5 normalized data, average intensity >200) were
selected and intensity levels graded on a four step scale based on
average expression intensity. Corresponding expression levels by ex
vivo blood, tonsil and skin DCs were additionally extracted from
the microarray data and assigned similarly. Also, PCA analysis was
performed based on the identified immune-related transcripts.

In order to pinpoint specific characteristics of the individual DC
models, transcriptional signatures were identified. To this end,
transcripts were selected based on three criteria: 1) Intensity level
>2 fold higher as compared to each of the other  vitro DC models
(calculated as the ratio of mean signal intensity of MAS)
normalized data) 2) Statistical significance (p<<0.05, student’s t-
test) in each comparison 3) Mean intensity level >200. CD34-DCs
and CD34-LCs were additionally compared together versus
MoDCs and MUTZ-3 DCs.

Results and Discussion

In vitro and ex vivo DC phenotypes

Differentiated MUTZ-3 DCs, MoDCs, CD34-DCs and CD34-
LCs showed appropriate and immature phenotypes with expres-
sion of CD1a and HLA-DR, whereas CD86 expressions were low
(figure S1, S2 and S3, respectively). Furthermore, CD34-LCs and
CD34-DCs were shown to lack CD83 expression and in contrast
to CD34-DCs, CD34-LCs expressed CD207/Langerin (figure S2).
Phenotypes of primary DCs have been published previously
[14,27]. In brief, tonsillar and blood DC subsets were shown to
have immature phenotypes based on their lack of CD80 and low
expression of CD86 [14]. Furthermore, LCs have been demon-
strated to express CD207/Langerin and to be immature with low
CD83 and CD86 expressions [27]. Although DDCs showed a
similar low level of CD86, these cells were shown to express higher
levels of CD83, before as well as after FACS sorting, and thus may
be of a more activated phenotype.

Relationship of in vitro and ex vivo DCs

In total, 51,191 genes were expressed by & vitro DG models and
ex vwo DC  populations after background noise elimination
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Table 1. Human cell types included in the transcriptional study and abbreviations used.

Abbreviation Cell types compared
In vitro models

MUTZ3-DC MUTZ3-derived dendritoid cells (CD1a", differentiated with GM-CSF and IL-4)

MoDC Peripheral blood monocyte-derived DC (CD1a*/CD14~, differentiated with GM-CSF and IL-4)

CD34-DC Cord blood CD34" progenitor cell-derived DC (differentiated with IL-4, TNF-o. , GM-CSF and SCF)

CD34-LC Cord blood CD34" progenitor cell-derived Langerhans cells (differentiated with IL-4, TNF-o,, GM-CSF, SCF and TGF-B)
Ex vivo populations

tPDC Tonsillar plasmacytoid DC (Lin~/HLA-DR*/CD123%)

bPDC Blood plasmacytoid DC (Lin~/HLA-DR*/CD123")

tCD1c-DC Tonsillar CD1c* DC (Lin~/HLA-DR*/BDCA-17)

bCD1c-DC Blood CD1¢* DC (Lin~ /HLA-DR*/BDCA-1%)

tCD141-DC Tonsillar CD141* DC (Lin~/HLA-DR*/BDCA-3")

bCD141-DC Blood CD141* DC (Lin~/HLA-DR*/BDCA-3%)

bCD16-DCs Blood CD16" DC (Lin /HLA-DR*/CD16")

DDC Dermal DC (CD1a*/DC-SIGN*)

LC Epidermal Langerhans cells (CD1a*/Langerin™)

doi:10.1371/journal.pone.0052875.t001

(Affymetrix control genes excluded). The PCA analysis performed
on these transcripts showed excellent replicate resemblance
(Figure la). In vitro DC models formed a separate cluster and
thus, based on the entire set of expressed transcripts, individual
model DCs showed extensive similarity to each other. Neverthe-
less, minimal spanning tree analysis (lines connecting samples -
length corresponding to similarity) demonstrated that gene
expression profiles of i vitro differentiated DC models were most
closely related to primary mDCs isolated from tonsillar tissue
(Figure la). In addition to analysis based on all expressed
transcripts, ANOVA analysis was performed in order to identify
differentially expressed transcripts among DC samples. Using all
samples and a p-value cutoff of <107° identified 18,590
transcripts. Again, PCA analysis demonstrated excellent replicate
similarity and @ vitro DCs connected to tonsillar mDCs upon
minimal spanning tree analysis (Figure 1b).

To obtain a graphical outline of i wvitro and ex vivo DCs’
transcriptional profiles, a heatmap was created, based on
hierarchical clustering performed on differentially expressed genes,
using Euclidean distance and complete linkage (Figure 1c). CD34-
DCs and CD34-LCs shared many expressed genes among
themselves, in line with these DC models being derived from the
same precursor cell. In contrast, when compared to MoDCs and
MUTZ-3 DCs larger deviations were apparent. Also, transcripts
expressed by i vitro DCs showed different patterns across primary
DC populations. Regarding primary DCs, transcriptional profiles
of mDC populations from the same source or tissue (blood, tonsil
or skin, respectively) showed extensive similarities, suggesting large
micro-environmental influences on mDCs. In contrast, pDCs
appeared more rigid to environmental influence, as the tran-
scriptomes of pDC from blood and tonsils displayed large
resemblance.

Heterogeneous gene expression profiles among in vitro
DC models, as well as among ex vivo DC populations
To appreciate differences between distinct i vitro DC models
and to understand the degree to which model DCs reflect
differences among ex viwo DC populations, transcripts differentially
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Figure 1. Resemblance of /n vitro DC models with skin, tonsillar and peripheral blood DC populations. Resemblance demonstrated by
principal component analysis (PCA) of expressed transcripts (A. 51,191) and differentially expressed transcripts (B, 18,590) identified by ANOVA
p<10~° (corresponding to p<<0,05 after Bonferroni correction). Replicate similarities visualized using k-Nearest Neighbors (k-NN) algorithm (k=2 in
this case) and relationships between cell types demonstrated by minimal spanning tree analysis (lines connecting the different populations). Axes
(marked 1, 2 and 3) correspond to the three main components in the PCA analysis and numbers in brackets correspond to percentage of total
variation contained within each component. C) Heatmap visualizing gene expression profiles of differentially expressed genes (18,590) upon

hierarchical clustering with complete linkage and Euclidean measure. Colors represent high (red) and low (green) normalized intensity.

doi:10.1371/journal.pone.0052875.g001

expressed among i wvitro, as well as transcripts differentially
expressed among ex vivo populations, were identified. ANOVA
analysis (p<<10~°) demonstrated that 892 and 9055 transcripts
differed among i vitro DCs and ex vivo DCs, respectively. The
higher number of transcripts differing between ex wviwo DC
populations was in line with more samples being compared in
that set. Heatmap visualization of transcripts differing among
vitro DCs demonstrated variability across ex vivo DC populations
(Figure 2a). Moreover, clustering on transcripts differing among ex
vivo DC populations (9055) showed discrepant expression levels
across m wvitro DG samples, although regions of overall low
expression by i wvitro DCs were also identified (Figure 2b).
Importantly, 435 of the 892 transcripts differing among in vitro DC
models were additionally found to differ among ex vivo DCs (data
not shown). Taken together, although the overall gene expression
profiles of i vitro DCs were more similar to other model DCs than
to primary DCs (Figure la and b), there may be important
differences that can affect specific functionality. Consequently,
individual model DCs could differentially reflect specific features
of primary DCs. To understand the applicability of distinct i vitro
DC models, further insight into expression of immune-related
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transcripts by @ vitro DC models as well as ex vivo DC subsets is
required.

Overall relationship of in vitro DC models

Hierarchical clustering was performed in order to investigate
the relationships between i vitro DC subsets and their functional
specialization. In line with the PCA analyses, unsupervised
hierarchical clustering of genes differentially expressed by i vitro
DGCs (892 genes) demonstrated excellent replicate performance
(Figure 3). Additionally, MUTZ-3 DCs formed a separate branch,
whereas DCs differentiated from donor-derived cells clustered
together.

Immune-related transcripts expressed by in vitro DC
models and identification of transcriptional signatures
To pinpoint specific features of the distinct i vitro DC models as
compared to other model DCis, transcriptional signatures were
identified for each DC model (Figure 4). Sets of 355 and 341
model-selective transcripts were identified for MUTZ-3 DCs and
MoDCs, respectively. In line with CD34-DCs and CD34-LCs
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Figure 2. Heatmaps visualizing gene expression profiles of in vitro DC models and ex vivo DC populations. Hierarchical clustering on
differentially expressed transcripts (ANOVA p<<10~%, corresponding to p<<0,05 upon Bonferroni correction) among in vitro DCs (A. 892 transcripts)
and ex vivo DCs (B. 9,055 transcripts), using complete linkage and Euclidean measure. Colors represent high (red) and low (green) normalized

intensity, respectively.
doi:10.1371/journal.pone.0052875.g002

being derived from the same precursor cell, less signature genes
were identified for these DC models (34 and 89 transcripts,
respectively), and when analyzed together 229 transcripts were
identified. Identification of distinctive transcriptional signature
profiles of i wvitro DC models is consistent with the heatmap
visualizations of differentially expressed transcripts (Figure 2 and
3).

To gain insights into specific DC models’ immune functionality
and similarity to ex viwo DC populations, expression of immuno-
logically associated transcripts were outlined. Important categories
of immune-related transcripts were selected and filtered based on
expression by one or several DC models. The resulting list of 155
transcripts is presented in Table 2 and corresponding expression
levels in ex vivo DC populations are additionally shown.

PCA analysis on the 155 identified transcripts showed that =
vitro DCs clustered together and were most closely related to
tonsillar mDCs, (data not shown), in line with PCA analyses on
expressed and differentially expressed genes (Figure la and b).
This supports the previous suggestion that developing model DC

E MUTZ-3 DC

E CD34-DC

L cp3a-ic

MoDC
{

Figure 3. Hierarchical clustering of in vitro DCs. Clustering using
complete linkage algorithm on differentially expressed transcripts (892),
identified by ANOVA (p<10~%, corresponding to p<0,05 upon
Bonferroni correction), demonstrates relationships among in vitro DC
models.

doi:10.1371/journal.pone.0052875.9003
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equivalents of specific ex viwo DC populations may require
additional signals, such as influence of tissues-specific micro-
environmental factors. Nevertheless, differential expression was
demonstrated across i vitro DC models for several immune-related
transcripts, and similarly among ex vivo DCs (Table 2). Important-
ly, the identified model DC signatures included several immuno-
logically associated molecules (highlighted in red in Figure 4).
Thus, individual DC models can be expected to have different
abilities to respond to specific stimuli, as well as to stimulate
immune responses downstream of DCs. Consequently, suitability
of DC models in different applications should be judged on a case-
by-case basis and be decided by the expression of transcripts
relevant to the research question. Also, attempts to develop model
DCs with enhanced resemblance to specific primary DC
populations, by exposing them to tissue-specific factors, may have
model-specific outcomes. Of note, MUTZ-3 DCs, which have the
great advantage of not being dependent on donor material,
express numerous immune-related transcripts (Table 2), support-
ing their suitability in immune applications.

Applicability of individual DC models based on
expression of immune-related transcripts and signatures

A large number of immune-related transcripts were found to
differ across both i vitro DC models and ex vivo DC populations. In
addition, immunologically associated transcripts were listed within
the distinct signatures of i vitro DC models. Accordingly, it is likely
that individual model DCs mimic functionality of ex viwo DC
populations differently.

Many transcripts coding for receptors mediating antigen-
interactions, such as Fc receptors, TLRs and C-type lectin
receptors, were differentially expressed among DC models and
primary DC populations. MoDCs and CD34-DCs were shown to
express mRNAs encoding Fcy-receptors (FcgR) (Table 2 and
Figure 4). Moderate to high levels of FCGR24, FCGR2B and
FCGR2(C were demonstrated in MoDCs, reflecting levels in
primary skin-DCs, whereas CD34-DCs showed lower levels in
similarity to primary CD1c" tonsillar and blood DCs (Table 2).
Fcy receptors regulate ongoing immune responses via IgG-
mediated antigen uptake [36], and whereas FCGR24 and FCGR2C
encode receptors inducing activating signals, FCGR2B code for an
inhibitory receptor. Levels of Toll like receptor (TLR) 1, TLR2, TLR4
and TLR8 differed across in vitro DCs as well as across ex vivo DC
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MUTZ-3

ACAD11, ADORAS, AIFM1, AKR7A2, AKR7A2, ANKDD1A, ANKRD36B,
ANKRD9, APOB48R, ARHGAP27, ARHGEF7, ASNS, ASPHD2, ATF3,
ATP1B1, B3GNTL1, BATF3, BID, BIRC7, BTBD12, C100rf33, C100rf97,
C110rf80, C120rf35, C120rf5, C130rf18, C10rf93, C1RL, C6orf211,
CAMTA1, CBS, CBY1, CCDC126, CCND1, CCND2, CCND3, CD164,
CD226, CD300A, CD300LG, CD87, CDKSRAP2, CEPE8, CFI, CHCHD7,
CLDN23, CLEC1A, CLEC4F, COLEC12, CPNE3, CPOX, CPS1, CSRP2,
CTGLF1, CTGLF6, CTTNBP2, CTTNBP2NL, CYB5B, CYSLTR1, DDIT4,
DECRZ2, DFFA, DHRS9, DHTKD1, DKFZP56400823, DKK2, DPEP1, DSGZ2,
DTX4, DUSP8, EFNB3, EPHB3, EXOC3, EYA3, FAM110A, FAM153A,
FER1L3, FKBP1A, FLJ40113, FSCN1, GALNT4, GAS5, GCH1, GIPCH,
GNAI1, GNGT2, GPATCH2, hCG_1815491, HDDC2, HIST1H2AC,
HIST1H2BD, HIST1H2BK, HK3, HN1, HOXA1, HOXB3, HUWE1, IFI6, IFIT1,
IFIT3, IFITM1, IFITM2, IFITM3, IL18BP, IL1R2, IL411, IL8, INTS3, IRF7,
ISG15, ITGB2, JAG1, KAT2B, KRT14, KRT16, KRT17, KRT9, LANCL2,
LATS2, LBH, LGALS3BP, LINCR, LMNA, LOC100131062, LOC100132288,
LOC100134560, LOC388796, LOC653188, LOCE92247, LPAR2, LTA4H,

MLX, MPEG1, MX1, MX2, MYBL1, MYO1G, MYT1, NCOA3, NEDD4,
NFATS, NIPA1, NP, NRARP, NRBP2, NRN1, NTN1, OAS2, OAS3, OBFC2A,
OBSL1, OSBPL6, P2RY14, PAPLN, PAPSS2, PCM1, PCM1, PCMTD2,
PDGFA, PDGFB, PDLIM2, PDSS1, PGA3, PGM2L1, PHACTR1, PHLDAZ,
PPCDC, PPIC, PPIF, PPP2R4, PRELID1, PRKCZ, PROS1, PTCH1, PTEN,
PTGS2, PTPLA, PTPRM, PTRF, RAB24, RECK, RGS10, RGS18, RHOC,
RNASE4, RND3, RNF149, RNF149, RPL23, RWDD1, S100A9, SCAMPS,
SEC31A, SEPW1, SERPINH1, SESN1, SF3B14, SIGLEC1, SIGLEC11,
SLAMFS, SLC12A7, SLC22A18, SLC38A1, SLC38A1, SLC39A14, SMA4,
SNCA, SNX22, STK10, SUSD2, SYNJ2, TAF9B, TBC1D9, TBCA, TCF7L2,
TCTN3, TEX10, TMEM2, TncRNA, TNF, TNNT1, TOR1B, TOX, TRIO,
TSHZ1, TTC13, TUBB2A, UBASH3B, UBE2F, UCKL1, UPF2, USP53,
WDFY2, WDR40A, WDR41, VPS13A, XAF1, XDH, ZNF195, ZNF226,
ZNF84, 208999_at, 226627 _at, 1556778_at, 1558438_a_at, 1558695_at,
1560500_at, 204552_at, 214989_x_at, 216565_x_at, 217629 _at,

222358 _x_at, 225239 _at, 225543_at, 226125_at, 226223_at, 226485_at,
227087_at, 227210_at, 227368 _at, 228006_at, 228159_at, 229040_at,
229041_s_at, 229066_at, 229490_s_at, 229615_at, 230451 _at, 231291_at,
232406_at, 233228_at, 233921_s_at, 235078_at, 235274_at, 235286 _at,
235695_at, 235705_at, 236778 _at, 236836_at, 236923 _x_at, 237441_at,
237483 _at, 237544 _at1

LYBE, MAD1L1, MALAT1, MAN2A1, MAPK9, MDM4, MEGF8, MEIS2, MINA,

MoDC

ABAT, ABHD12, ABL2, ACE, ACP5, ADCYS, AHNAK, ALDH3A2, ALDHOAT,
ANK3, ANKRD20A1, ANXA11, AP2A2, APH1B, AQP3, ARHGAP18,
ARHGAP26, ARID5B, ASCC3L1, ATG16L2, ATM, ATP2B1, ATXN1, AUH,
AVPI1, BLVRA, BLVRB, BSCL2, C14orf119, C170rf44, Clorf162, C1orf63,
C1QB, C2, C200rf108, C200rf111, C210rf81, C20rf18, C20rf24, C3AR1,
C30rf59, C5orf41, C5orf41, C9orf61, CA11, CAST, CBR3, CCDCS0A,
CCDC93, CCL14/15, CCL18, CCL23, CCL26, CCR5, CD163L1, CDH2, CHNZ,
CIB1, CLEC4G, CLK1, CLTB, CPVL, CREBS5, CRYZ, CSF1R, CTDSPL,
CTSB, CTSC, CTSO, CTSS, CXCL16, CYP1B1, DCLRE1B, DDAH2, DDEF1,
DENNDAC, DHRS2, DHRS2, DMXL2, DNASE1L3, DNPEP, DPEP2, DTNA,
DUOXA1, ECOP, EHF, ELL3, ELP2, EMILIN2, EPAS1, FABP5, FAM125B,
FAMB9A, FAMB9A, FCER2, FCGR2A, FCGR2B, FCGR2C, FCHOZ,
FLJ20160, FLJ22662, FLJ27365, FLVCR2, FOLR2, FZD1, FZD2, GAS2L3,
GLIPR1, GLIPR1, GM2A, GNS, GPR155, GSTT1, HDAC4, HEBP1, HLX,
HMOX1, HNMT, HRH1, HSPA1A, HSPAS, HTATIP2, HTATIP2, IFI16, IL27RA,
IQSECH, ISCU, ITGAM, ITGBS, ITPRIPL2, JHDM1D, KCNQ1, KCTD12
KIAA1245, KLF11, LGALS3, LOC100129502, LOC149832, LOC153328,
LOGC284801, LOCB48998, MAF, MAFB, MAP3K4, MAP3K5, MAP3KS,
MBNL2, MBP, MDH1, ME1, METTL7A, MITF, MOCOS, MRAS, MS4A4A,
MS4A6A, MSL3L1, MTMR10, MTSS1, MYO5A, NAGK, NBPF10, NCK1,
NISCH, NME3, NMNAT3, NOTCH2NL, NPL, NR1D2, NUDT16P, P2RYS5,
PAPDS5, PARP14, PDGFC, PDXK, PILRA, PION, PION, PIPOX, PLCB2,
PPFIBP2, PRDM2, PSD3, PTGER3, QKI, RAB34, RAB38, RABGAP1,
RALGPS2, RAMP1, RAP2A, RBM47, RERE, RGL1, RHOQ, RIN2, RNASE1,
RNASET2, RNF13, RNF135, RNF144B, RNH1, S1PR2, SCNYA, SEC14L1,
SEPHS1, SFRS7, SLC11A2, SLC15A3, SLC26A11, SLC30A1, SLC35D2
SLC38AB, SLC39A6, SLC40A1, SLC4BA3, SLC47A1, SLCTAT, SLCTAS,
SLCOZB1, SMAD1, SMCHD1, SNX29, SPINT2, SPPL2A, SRGAP1, ST8SIA4,
STAB1, STAC, SUCNR1, SULF2, SYNJ1, TBC1D2B, TFEC, TGFBI, TLRS,
TMTC1, TRAM2, TREM2, TSPAN33, TTC7A, TTL, TXNIP, USPL1, VAMP4,
WASL, WNT5B, YPEL2, ZBTB38, ZDHHC7, ZNF185, ZNF318, ZNF748,
1557353_at, 1560025_at, 217604_at, 223366_at, 227484_at, 228030_at,
228333 _at, 228479 _at, 228775_at, 229121_at, 229327 _s_at, 230178_s_at,
230333_at, 230741 _at, 231372_at, 232555_at, 235079_at, 235556 _at,
238576_at, 239082_at, 242490 _at

CD34-LC

ACOX1, ADAM19, ALDH2, APOC2 , ARHGEF3, C150rf48, C18orf1, C3,
CCR7, CD109, CD207, CFLAR, CHL1, CLDN1, CSF1, CXADR, DFNAS,
FCGBP, FKBP1B, FPR1, GALM, GPR157, GPX3, HEG1, HIVEP3, HP,
IL22RAZ, KIAA1274, LAMP3, LAYN, LOC100133609, LOXL3, MAFF,

PECAM1, PLA2G4A, PLEK2, PLXNC1, PMEPA1, PROC, SIGLEC10,
SLC7A11, SLPI, SMAD7, SOS1, STAMBPL1, TACSTD1, TACSTD2,
TBC1D8, THBD, TMEM194A, TPSAB1, TRIM32, VASH1, WNT5A, YWHAH,
ZNF827, 1558105_a_at, 225227 _at, 230233_at, 230345_at, 236280 _at,
238967 _at, 240856_at, 241692_at, 244434 _at

MLLT11, MOSC2, MRAP2, MSI2, NDRG2, OLFML3, OLR1, PADI2, PDLIM4,

CD34-DC

ADA, ADFP, ADRB2, ALDOC, ALS2, ANKRD28, ANLN, APOBEC3B,
ARRDC3, ASRGL1, AZU1, BCAT1, CCL3, CCL4, CD2, CD4, CD48, CDBY,
CDCAT7L, CFP, CHML, CHST11, CLEC11A, CLU, CR1, CTSG, CX3CR1,
CXCR4, CYTL1, DAB1, DHFR, DPP4, DTL, DUSP1, EAF2, EGR1, EGR3,
ENOSF1, EPX, ERLIN1, FAM101B, FAM107B, FAM107B, FAM91A2, FOS,
FOSB, FUT4, GBE1, GGT5, GINS2, GNG11, HBA1, HBB, HBG1, HLA-
DQB1/2, HLA-DRB1/2/3/4/5 , IER2, IGFBP7, IL17RB, IL7R, IQGAP2,
IRF2BP2, KIF20B, LBR, LOC284454, LTBP1, MCM2, MOSC1, MPO, MRPSS,
MSRB3, MST150, MYC, NAMPT, NFE2, NFKBIZ, NKG7, NR4A2, NR4A2,
NUCB2, NUCB2, OMA1, PF4, PHGDH, PIM1, PIP5K1B, PLCXD1, PRG3,
PRTN3, PSAT1, RCN1, RHOBTB3, RNASE3, RRM2, S100P, SERPINB1,
SFXN4, SGK1, SLC2A3, SLC5A3, SPARC, STAR, TARP, TCN1, TFR2, TK1,
TMEM173, TRIM16, TSPAN2, WT1, ZBTB24, ZNF395, 222303 _at,
226546_at, 228726_at, 232277_at, 240231 _at

CD34LC and CD34-DC

ACSL1, ADA, AKAP12, AKAP2, ALDH18A1, AMPD3, ANLN, ANP32E, ANP32E, ASPM, ATAD2, ATP8A1, AZU1, BARD1, BEX1, BHLHB2, BPI, BTG1, BTG3,
BUB1B, C100rf58, C110rf75, C14orf1, C1orf186, C50rf13, C50rf29, CBorf129, CCNA2, CCNB2, CCR2, CD2, CD300LF, CDC2, CDCA3, CDCA7, CENPF,
CHAF1A, CHPT1, CKAP4, CKS1B, CLC, CLU, CPA3, CREB3L2, CSTA, CTSG, CYFIP2, CYTL1, DACH1, DHCR7, DHFR, DLGAPS, DNAJC12, DPHS5, DTL,
DUT, EBP, EIF5A, ELA2, EPB41L3, EPX, ERLIN1, FAM107B, FAM46C, FAR2, FDFT1, FEN1, FNDC3B, FRY, FXYD5, GALNT3, GATA2, GGH, GINS1, GINS2,
GOLM1, HADH, HLA-DQB1/B2/DRB1/2/3/4/5, HDC, HIST1H4A, HMGA1, HMGB2, HMGCR, HMMR, HP, IGFBP7, IL17RB, IL1RL1, IRS2, ITM2A, KCNH2,
KIAA0101, KIF11, KIF15, LAIR1, LAMC1, LDLR, LMAN1, LMNB1, LOC648390, MAD2L1, MAGED1, MAN1A1, MCM2, MCM3, MCM4, MCM6, MCM7, MELK,
MGC9913, MLLT11, MPO, MS4A3, MSRB3, MYB, MYC, NCAPG, NDC80, NDFIP2, NFKBIZ, NGFRAP1, NKG7, NUCB2, NUSAP1, ODC1, P2RY8, P4HB,
PALM2-AKAP2, PCNA, PGDS, PGM1, PLACS, PLS3, PLXNC1, PM20D2, PRC1, PRG2, PRG3, PRIM1, PRKDC, PRTN3, PSAT1, PTPN22, PTTG1, PXDN,
RAB27A, RAB27B, RAB37, RACGAP1, RAD51AP1, RETN, RFC5, RGS1, RNASE3, ROBO1, RP6-213H19.1, RRAGD, RRM2, RRM2, SCAMOL, SCD, SCD,
SERPINA1, SERPINBY, SLC22A16, SLC27A2, SLC27A2, SLCOA4C1, SMC4, SORL1, SORL1, SPTBN1, SQLE, SRGN, ST3GAL6, STARD4, STIL, STMN1,
SUV39H2, SVIP, SYNGR1, TARP, TMEM45A, TMEM48, TMEM97, TMPO, TOP2A, TRGC2, TYMS, UBE2C, UCK2, UHRF 1, WBP5, WEE1, VRK1, XRCCEBP1,
ZNRF1, ZWINT, 222294 _s_at, 223358_s_at, 226438_at, 228854_at, 235766_x_at, 236293 _at

Figure 4. Transcriptional signatures of individual /n vitro DC subsets. Signatures identified by expression level >200 and differential
expression in one model as compared to all other in vitro DC models (based on fold difference >2 and statistical significance p<<0,05; student’s T-
test). Comparisons performed on MAS5-normalized data and expression ratio calculated on average of replicates as described in Methods. Selected
immununologically associated transcripts are highlighted in red. Transcripts lacking official gene symbols are identified with respective Affymetrix
Probe Set ID.

doi:10.1371/journal.pone.0052875.g004
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Table 2. Expression levels of immunologically important transcripts in model DCs and primary DCs.
In vitro DCs Ex vivo DCs

Skin

DCs Tonsillar DCs Blood DCs
Probe Set ID Gene Symbol MUTZ-3 MoDC CD34-DC CD34-LC DDC LC tpDC tCD1c tCD141 bpDC bCD1c bCD141 bCD16
Antigen-recognition
204438_at CD206/MRC1 +++ o +++ +H+ = = ++ + - ++ - -
220428 _at CD207/Langerin + = = i+ = HH+ — +H+ - = = —
207277_at CD209/DC-SIGN N IR ++ + - - - - - - - _
203799_at CD302/DCL-1 = +H+ ++ H+ ++ ++ H+ ++
219761_at CLEC1A ++ — — — - - = — — — — — _
206682_at CLEC10A/CLECSF14  +++ NEET S o+ - NI + EE—— -
211709_s_at CLEC11A/CLECSF3 + + ++ + - - = — — — — — _
1552398 a_at CLEC12A/B/DCAL-2  — + ++ + - - - + - = -+ ¥ 4_.+
209732_at CLEC2B/CLECSF2 ++ ++ ++ + At A A +H+ ++ +++ +++ +4+ ++
219947_at CLEC4A/DCIR +H+ H+ +++ A o A ++
1552552_s_at CLEC4C/BDCA2 - - - - - - 4+ - +H+ +++ - + -
1552410_at CLEC4F + = = = = ¥ = + + = = = +
1559065_a_at CLEC4AG + ++ + - - - = — — — - — _
219890_at CLEC5A/MDL1 - - - + A+ — = - - _ _ _
221698_s_at CLEC7A/Dectin-1 ++ H+ ++ H+ A+ H+ - H+ ++
244413_at CLECL1/DCAL-1 ++ ++ - - - - o+ + + - = - =
221019_s_at COLEC12 ++ + + - — - - — - — — — _
211734_s_at FCERTA - o + A +H+ ++ -
204232_at FCER1G +++ +++ ++ ++ +H+ + +++ - ++ ++ ++ ++
206759_at FCER2/CD23 IFF T=EF + = — - - — — = = — —
203561_at FCGR2A - ++ + - o+ - + - - + - S
210889_s_at FCGR2B = T=AF + = HEE A = + = = + = =
211395_x_at FCGR2C - =+ o+ - H+ =+ - + - - + - ++
218831_s_at FCGRT ++ +H+ o+ + + =+ + ++ ++ ++ =+ ++
37408_at MRC2 + + - ++ - - - - + — — + _
224983 _at SCARB2 ++ ++ + + + + + ++ o - ++
206995_x_at SCARF1 + - - — + + - — — — — — —
210176_at TLR1 + - - + - = ++ ++ - = = +
204924 _at TLR2 + + ++ + +H+ - = ++ ++ - ++ - ++
224341_x_at TLR4 — Es — — = - - — — — _ _ +
229560_at TLR8 - ++ - - - - - ++ -+ — + + i
Interleukines and their receptors
209827_s_at IL16 + - - - . - + - + + +
206295_at IL18 - - - + + o+ - ++ ++ - + - -
222868_s_at IL18BP ++ + + - - +=+ - + ++ - + - —
39402_at IL1B ++ - + ++ A+ I - - _ _
212659_s_at ILTRN + - - + - - _ _ - _ _ _
211506_s_at IL8 + = = = =+ + - — = = — — —
207008_at IL8RB + - - + - - = — — — - — _
204912_at ILTORA ++ +H+ +++ H+ +H+ =+ ++
209575_at ILTORB + + + + - -+ + + + + - ++
207160_at IL12A = - — — — = = = — — _ _ _
207901_at IL12B — - - - - [ — — — — _ —_ _
201887_at IL13RA1 ++ H+ +H+ H+ H+ ++ +H+ +
205707_at ILT7RA + + + + — - = + + — + — +
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Table 2. Cont.
In vitro DCs Ex vivo DCs
Skin
DCs Tonsillar DCs Blood DCs
Probe Set ID Gene Symbol MUTZ-3 MoDC CD34-DC CD34-LC DDC LC tpDC tCD1c tCD141 bpDC bCD1c bCD141 bCD16
224361_s_at IL17RB - = ++ + — - - - = = = — —_
202948_at ILTR1 ++ +++ +++ +++ +H+ +++ ++ - + - -
205403_at IL1R2 AHEr A A SARE dEEE AEER = HH+ = -+ = =
205227_at IL1RAP +H+ + + +++ + ++ - — — — — — —
242809_at ILTRL1 = = + + - - - = = = — — —
237493 _at IL22RA2 - - - + - - = A - - - -
222062_at IL27RA + =+ o+ + + = = ++ ++ = ++ = =
206148 _at IL3RA/CD123 - - - - - - - - -
203233_at IL4R + + + + =+ o+ + + + + = =
226333_at IL6R ++ ++ ++ ++ =+ o+ + ++ + ++ ++ -
212195_at IL6ST ++ +H+ +++ A H+ +H+ + + +
226218_at IL7R + + +++ ++ +H+ + = +++ ++ - - -
Signaling molecules
209906_at C3AR1 - +++ ++ + ++ - - + — - - - H+
203104_at CSF1R ++ =+ o+ +++ + +H+ — ++ ++ = ++ = ++
210340_s_at CSF2RA - + - + + - ¥ T + - + -
205159_at CSF2RB ++ H+ ++ H+ H+ H+ ++
1553297_a_at CSF3R - - + - — - - — - — + — —
205579_at HRH1 - A - = = - - — - = = — —
225669_at IFNAR1 + + + + - -+ + + + - — +
204786_s_at IFNAR2 - A - - - = 4 - + + = = +
242903_at IFNGR1 + + - - + + o+ ++ + + + + -
201642_at IFNGR2 ++ ++ ++ ++ =+ o+ + ++ + = + + ++
201105_at LGALS1 ++ +H+ ++ A+ ++ ++ ++ =+ ++
208949_s_at LGALS3 ++ H+ ++ H+ H+ = =+ ++
200923_at LGALS3BP ++ — — — - - - — — — — — _
208933_s_at LGALS8 ++ ++ ++ + = + + + + ++ ++ = +
206631_at PTGER2 - + + + + - - — — — — — 4+
210375_at PTGER3 - ++ - + oo = = - - _ _ _
204897_at PTGER4 + ++ +++ +++ ++ +++ +++ + +++ +++ +H+
224937_at PTGFRN + = + — - - — — = = — —
1552807_a_at SIGLEC10 ++ H+ ++ + H+ - H+ - ++ +++ ++
207113_s_at TNF + - - - A — - - - _ _ _
209295_at TNFRSF10B ++ ++ ++ ++ +H o+ - H+ - H+ ++
227345_at TNFRSF10D + - + + + = = + — = + — —
238846_at TNFRSF11A - + - + — - - — - — — + _
209354 _at TNFRSF14 + + + + oA ++ + + + + A
207643_s_at TNFRSF1A + ++ + + + - + + - — — —
203508_at TNFRSF1B - + + - o+ e + P +
209500_x_at TNFSF12/13 + + + + - + o+ + + ++ +H+ o+ ++
210314_x_at TNFSF13 ++ ++ ++ = +  ++ ++ ++ ++ +H+ o+ ++
223501_at TNFSF13B ++ H+ + +H+ - H+ H+ ++
CD antigens
205055_at CD103 ++ ++ ++ + + ++ ++ A+ +
226545_at CD109 + + + ++ - = = = = - _
201743_at CD14 - - + - - — — — — — —
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Table 2. Cont.
In vitro DCs Ex vivo DCs

Skin

DCs Tonsillar DCs Blood DCs
Probe Set ID Gene Symbol MUTZ-3 MoDC CD34-DC CD34-LC DDC LC tpDC tCD1c tCD141 bpDC bCD1c bCD141 bCD16
205831_at CD2 - - i - - - - ¥ + _ o _ _
207315_at CD226 + + — + — - - — — — — _ _
266_s_at CD24 =+ = A+ ++ - - - - — - - — —
224859_at CD276 + + — + — - - — — — — _ _
211945_s_at CD29 +H+ H+ +++ A H+ H+ A ++
209933_s_at CD300A -+ - + - + + 4+ 4+ ++ ++ + .
228766_at CD36 +H+ H+ ++ + -+ + + o+ = —
203547_at CD4 - - + - + + H+ H+ + +
212063_at CD44 +H+ H+ ++ A H+ H+ +H+
208783_s_at CD46 + +H+ +H+ A +H+ H+ +H+
226016_at CD47 ++ ++ ++ ++ + =+ ++ ++ +++ ++ ++ ++H
204118_at CD48 - - +H+ + +H = 4t H+ A +++
202351 _at CD51 +++ ++H+ ++ +++ +++ - + + = — — —
34210_at CD52 + e ++ A+ o+ ++ H+ -+
203416_at CD53 +H+ H+ +++ A H+ H+ ++
201925_s_at CD55 + - + + A ++ ++ + +H+ o+ +
211744_s_at CD58 + + + + H+ - + + = ++ + ++
212463_at CD59 ++ +H+ ++ + +H - - + - + =+ -
200663_at CD63 +H+ o +H+ A o A ++
209795_at CD69 +++ - +++ ++ A ++H ++ + + - -
208691_at CD71 +++ o +++ A o A ++
209619_at CD74 +++ o +++ A o H+ A ++
202105_at CD79A ++ + ++ ++ + +H o+ ++ ++ ++ o +
205988_at CD84 - + + + + - - + ¥ - - - _
201005_at CD9 - ++ - ++ A — + = + - _ _
202878_s_at CD93 + - + ++ +H -+ +H+ - +H+ +
Chemokines and receptors
206407_s_at ccL13 - +++ +++ ++ - - - — — — _ _ _
205392_s_at CCL14/15 - R - - = - - — — = = — —
207900_at ccL7 - — — + - - = — — — — — —
209924 _at CCL18 = T=AF THRF = — - - — — = = — —
207861_at CcCL22 - ++ + +++ A — +H+ o+ - - - -
210548_at CCL23 = T=AF = = — - = — = = = — _
223710_at CCL26 - ++ - - — - = — — — — — _
205114_s_at ccLs3 - - + - NI T - - - =
204103_at ccL4 - - + - o - ++ + - - - -
214038_at CCL8 - = + = — - - — = = — — —
205098_at CCR1 A A A ++ - - - + — - - — —
206978_at CCR2 + - ++ ++ - = aRRr ++ + +H+  + - =
206991_s_at CCR5 - +H+ o+ + +H+ = +++ ++ + + - -
206337_at CCR7 - - - + - - I = - _ _
219161_s_at CKLF +++ ++ ++ +++ o+ A ++ A +
205898_at CX3CR1 - = ++ = A et _ nn _ o
223454_at CXCL16 - =+ - + - o - + - o
217028_at CXCR4 +H+ + +H+ ++ A H+ H+ +H+
1561226_at XCR1 - - - - - - - - ++ - - + -
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populations. T7LR8 was a MoDC signature transcript (Figure 4)
and among primary DCs, TLR8 was detected in tonsillar and
blood mDCs (Table 2), suggesting a similar ability to respond to
single-stranded RNA [37]. In line with Langerin/CD207 expres-
sion being a hallmark of LC differentiation [38], CD207 mRNA
was detected predominantly in CD34-LC (Figure 4) and in
primary LCs (Table 2), but was additionally expressed by tonsillar
mDCs. Based on recent data, this implies that these DCs are

PLOS ONE | www.plosone.org

1

Table 2. Cont.
In vitro DCs Ex vivo DCs

Skin

DCs Tonsillar DCs Blood DCs
Probe Set ID Gene Symbol MUTZ-3 MoDC CD34-DC CD34-LC DDC LC tpDC tCD1c tCD141 bpDC bCD1c bCD141 bCD16
Maturation/presentation
215346_at CD40 + + - + =+ + = + + - - — -
200675_at CD81 =+ H+ i+ =+ H+ ++ ++ +H+ ++
204440_at CD83 + +++ +++ +++ A +++ +H+ + +++ +++ -+
205685_at CD86 + + + + H+ A — ++ + = ++ + +
206749_at CD1B ++ o +++ +H+ o+ - + - - - - -
205987_at CD1C +H+ H+ +++ A — o = o+ =
210325_at CD1A ++ H+ ++ A - ++ + - - - -
215784_at CD1E +H+ +H+ ++ H+ - H+ = ++ = =
205569_at CD208/LAMP3 - + + ++ A - H+ - - - -
Adhesion
205786_s_at CD11b B A ++ =+ = = + - - + - +
210184_at CD11c - + - + 4 - = R R = ++ + +
208654_s_at CD164 ++ ++ ++ ++ + A+ ++ ++ H+ ++ +
206120_at CD33 ++ +H+ o+ + = = + = = +H+ o+ +
206493_at CD41 - - + - - - - - - - - -
213416_at CD49D +H+ = + + = - 4+ H+ H+ +H+
202910_s_at CcD97 + - + - +H o+ o+ ++ ++ + ++ + +H+
201028_s_at CD99 + ++ + + +H o+ o+ - - ++ + + -
215485_s_at ICAM1 + - - - + = + + - - - -
204949_at ICAM3 P + S SR SEEE AEEE A SR S -+ -+ -+ =+
204563_at SELL - - + - - - 4+ e H+ A +
209879_at SELPLG ++ ++ ++ + + + ++ +++ HE ++
44673_at SIGLEC1 - - - - - - - - - - - -
1552910_at SIGLEC11 + - - - = = = = — - - — -
207224 _s_at SIGLEC7 - - - + - - + + - + - -
Others
202888_s_at CD13 +++ ++ ++ +++ =+ - = + ++ - + +H+ +
230966_at IL411 + = + = +H+ + = + + = = - -
224629_at LMAN1 ++ ++ +++ +++ ++ o+ ++ ++ +++ ++ ++ ++
200805_at LMAN2 ++ ++ ++ ++ + + + + ++ + + +
200901_s_at M6PR ++ e +++ A o A ++
210004_at OLR1 = = = + = = = = = = = =
201819_at SCARB1 + + + - - - - - - - - -
Expression levels of 155 transcripts encoding TLRs, CD antigens, lectins, TNF molecules, chemokines, interleukins and receptors, selected based on positive expression in
any of the in vitro DC models.
Signal intensity levels: —: <200; + : 200-500; ++: 500-1000; +++: >1000.
MoDC - monocyte-derived dendritic cell; DDC - Dermal DC; LC - Langerhans Cell; pDC - plasmacytoid dendritic cell; CD34-DC - In vitro derived dendritic cell (from
CD34" precursor); CD34-LC - In vitro derived Langerhans Cell (from CD34" precursor).
doi:10.1371/journal.pone.0052875.t002

capable of CD207-mediated recognition of fungi [39] and measles
virus [40]. C-type lectin domain family (CLEC) 4, member F was
expressed by primary LCs, tonsillar mDCs and CD16" blood DCs;
however the function of the encoded receptors is currently not
known. Among model DCs, CLEC4F was shown to be uniquely
expressed by MUTZ-3 DCs, suggesting these cells to be an
appropriate i vitro DCs to employ to investigate the role of the
receptor.
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Transcripts encoding interleukins and their receptors showed
different levels and these molecules influence, amongst other
things, DCs’ stimulation of T-cell responses. For example, the
highest levels of Interleukin (IL) 27 receptor alpha (RA) were shown in
tonsillar mDCs as well as CD1c" blood DCs (Table 2). Regarding
in vitro DCs, IL27RA was listed in the MoDCis transcriptional
signature (Figure 4). DC binding of IL-27 is shown to inhibit Thl
responses [41] and such influences appear to be primarily
apparent in these primary DCs and MoDCs. Furthermore,
CD34-DCs expressed significantly higher levels of [L7R than
other DC models (Figure 4), and among primary DCs, the highest
levels were found in DDCs and tonsillar GD1c* DC (Table 2). IL-
7, produced by e.g. stromal cells and keratinocytes [42,43], is
shown to down-regulate DC expression of major histocompatibil-
ity complex class IT and to lead to diminished CD4" T cell
proliferation in mice [44]. However, IL-7 has also been shown to
be necessary for eflicient interactions between T cells with DCs
[45]. Thus, culturing DCs in the presence of IL-7-producing cells
may either enhance or limit the induction of T-cell responses by
CD34-DCs.

Transcripts coding for many other signalling receptors that
influence DC function were differentially expressed by i vitro DCs
and some were additionally identified as signature transcripts. Of
these, several also differed across ex vivo DC samples. For example,
prostaglandin E receptor 3 (PTGER3) was expressed at moderate levels
by MoDCs (Figure 4 and Table 2) and similar levels were
demonstrated in primary DDCs, whereas CD34-DCs and primary
LCs expressed low levels (Table 2). Signalling via the prostaglan-
din 3 receptor may be involved in the expansion of Thl7 cells
through stimulation of IL-23 production by DCs [46,47], thus a
likely feature of these DC models and primary DC populations.
Moreover, i vitro DC models were shown to express different
levels of transcripts coding for chemokines and their receptors
(Table 2 and Figure 4). Consequently, to mimic migratory patterns
of primary DC subpopulations, and their capacity to interact with
other cells, chemokine molecules involved should be identified and
the mRNA expression levels presented herein will aid in the
selection of the appropriate model DC to resemble distinct aspects
of a specific ex vivo DC population.

The list of immune-related transcripts shown to be expressed by
at least one  vitro DC model additionally demonstrated a set of
genes that were expressed by the entire set of DC types
investigated. These include C-type lectin domain family (CLEC) member
2b and CLEC4a/DCIR, Fc epsilon RI gamma-chain (FCERIG), Fc
Jragment of IgG receptor transporter (FCGRT), IL10RA, ILI3RA1, IL6ST,
colony-stimulating factor beta-chain (CSF2RB), Galectin 1 (LGALSI),
prostaglandin E - receptor 4 (PTGER4), tumor necrosis factor receptor
superfamily, member 14 (INFRSF14), CD103, CD29, CD44, CD46,
CD47, CD52, CD53, CD63, CD71, CD74, CD794, CD81, CD83,
CD164, chemokine-like factor (CKLF), chemokine (C-X-C motif) receptor 4
(CXCR4), intercellular adhesion molecule 3 (ICAMS3), selectin P lLigand
(SELPLG), lectin mannose-binding (LMAN) 1 and LMAN2, and
mannose-6-phosphate receptor (M6PR). Thus, functional assays depen-
dent on these specific genes may be based on any of the  vitro DC
models. For example, activation of DCIR can be assumed to have
an inhibitory effect in all DC subsets [48,49]. However, different
types of DCs may be differentially affected dependent on
responsiveness to the specific stimuli used; ie. the effect of
TLR8-stimulation is inhibited by DCIR triggering in mDCs,
whereas TLR9-stimulation of pDCs is affected. Furthermore, the
expression of PTGER4 by all DC types indicates responsiveness by
all models and primary DCis to prostaglandin E2, which is shown
to promote induction of Th2 responses by DCs [50,51]. Also,
CD81 was expressed by the entire set of DC types investigated, and
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as CD81 has been shown to be involved in DC migration [52],
each DC model investigated can be predicted to have appropriate
CD81-mediated motility. CD83 is a maturation marker that is
pre-formed in immature DCs [53], and the expression of D83 by
all DC types investigated suggests that each DC model shares the
capacity of primary DCs to express surface CD83 upon
maturation and thereby enhance T-cell stimulation [54].

Overall, the presented overview indicates that differences
among model DCs can be expected e.g. in studies dependent on
antigen-receptor expression, responsiveness to certain stimuli,
ability to activate T-cells and ability to migrate towards specific
chemokines. Selection of a DC model for use in co-cultures will be
difficult as conditions are more complex compared to single cell
cultures, and to a large extent undefined. Furthermore, although
the transcriptional profiles of DC samples demonstrated differen-
tial expression of many soluble mediators, such as tumor necrosis
Jactor (TNF), IL8, IL16, and IL6, specific triggers may be required
to induce their secretion. Therefore, functional outcomes related
to these transcripts are difficult to predict. Nevertheless, data
presented herein gives important indications on functional
distinctions among i vitro DC models and also their resemblance
to specific ex viwvo DC populations at steady-state conditions.
Furthermore, the results can guide investigations of mechanisms
underlying functional behavior.

Development of in vitro test assay for prediction of
sensitization

The pivotal role of DCs in allergic responses and the cell
number required suggests that model DCs are appropriate as
cellular basis for alternative i witro test assays for prediction of
sensitization. These should ideally mimic primary DC responses.
However, the transcriptional profiling analysis showed great
diversity among primary DC populations and their importance
for sensitization is not fully clarified. Based on frequency
alterations in peripheral blood and/or airway tissues upon allergen
challenge, CD1c" and pDCs have been argued to be important
antigen-presenting cells in allergic responses [55-57]. Moreover,
increased levels of CD141" DCs have been detected in peripheral
blood of allergic as compared to non-allergic controls, and CD141
is upregulated on MoDCs and pDCs upon allergen challenge,
supporting a role of this receptor [55,58,59]. CD1c" DCs as well as
skin LCs and DDCs may be implicated in the perpetuation of
allergic responses based on expression of the high affinity IgE
receptor (FceRI), which augments Th2 responses [58,60,61].
Expression of Ft epsilon RI alpha-chain (FCERIA) was detected 1n all
models except MUTZ-3 DCs, and high levels were demonstrated
by MoDCs and CD34-DCs. However, involvement of FceRI
during sensitization is unlikelyas no antigen-specific IgEs are
present in this phase. In addition to the role of specific DC
populations, efforts have been made to identify central processes
mvolved in sensitization. For example, DCs have been shown to
promote Th2 responses under the influence of thymic stromal
lymphopoietin (TSLP) and prostaglandin E2 (PGE2) [50,62] and
the effects are mediated via the TSLP receptor and prostaglandin
E receptor 4 (PTGER4), respectively [51]. Taken together,
knowledge on the role of distinct DC populations in the
sensitization process i viwo is incomplete and central aspects to
be mimicked by model DCs remain to be fully defined. However,
PTGER4, was shown to be expressed by each i vitro DC model
analysed (Table 2), thus indicating expression of molecules
important in sensitization. Indeed, MoDCs, CD34-derived DCs
and MUTZ-3 cells have all shown potential to discriminate skin
sensitizers from non-sensitizers [11,63-65]. For example, predic-
tive assays based on CD34-derived DCs [63] as well as MUTZ-3
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cells [11] have been developed with estimated high accuracies
(both assessed by cross-validation). Thus, DC models show great
promise as cell bases in allergenicity test assays and future studies
will demonstrate whether the  vitro assays can be extended to
determine respiratory sensitization by chemicals and proteins.

Applicability of model DCs in treatment of immune
disorders based on transcriptional profiles

Upon employment of @ witro-derived DCs for treatment of
diseases such as cancer, autoimmune diseases and HIV-AIDS,
specific features are required rather than simply primary DC
mimicry. For example, antigen loading and the ability to obtain
stable mature or immature model DCs are important. Thus far,
MoDC is the most commonly employed DC model in this context.
However, MUTZ-3 DCs have the advantage of being donor-
independent and their transcriptional profile can be used for
focused development of modulation strategies.

Induction of antigen-specific responses using DC-based immu-
notherapy is dependent on antigen internalization, and this
process is mediated e.g. via Fc receptors and C-type lectin
receptors. As previously mentioned, MoDCs were shown to
express high levels of several IgG receptors (Table 2) and some
were also identified as signature transcripts (Figure 4), thus
indicating superior IgG-mediated antigen internalization by this
DC model. However, activating signals mediated by FCG2A and
FCGR2C may be counteracted as the inhibitory FCGR2B was also
expressed by MoDCs. Nevertheless, antigen loading by targeting
Fey-receptors on DCs has been shown to increase the eflicacy of
anti-tumour responses in mice [66]. Additionally, based on the
transcriptional profiles, antigen loading via C-type lectin receptors
may be explored (Table 2 and Figure 4). For example, targeting
CLEC4G on MoDCs, CLEC4F on MUTZ-3 DCs and CLEC11A
on CD34-DCs could be useful strategies to mediate antigen uptake
based on the transcriptional signatures identified. However,
among these receptors, only CLEC4G has thus far been shown
to mediate internalization to our knowledge [67]. Importantly,
uptake via C-type lectin receptors have been shown to trigger
immunity or tolerance depending on the specific receptor [68-71]
and targeting different C-type lectin receptors may thus be useful
in treatment of both insufficient and detrimental immune
responses.

Adequate maturation is of vital importance to evoke immunity
and therefore important in model DC based treatment of e.g.
cancer and infectious diseases. This is a delicate matter as
immature DCs induce tolerance [24,25] and excessive stimulation
can lead to exhaustion [72]. The standard maturation cocktail in
MoDC-based immunotherapy of cancer includes IL-1B, IL-6,
TNTF-o and PGE2 [73]. Similarly, this is the most commonly used
DC model and maturation stimuli in treatment of HIV-1,
although only a limited number of clinical trials have thus far
been undertaken [20]. In line with the maturation strategy,
MoDCs express mRNAs which encode receptors responsive to
these mediators (Table 2). Interestingly, TLR7/8-induced matu-
ration has been suggested to improve efficacy of cancer therapy as
it promotes increased secretion of IL-12 [74]. TLR8 was identified
as a MoDC signature transcript (Figure 4), suggesting this strategy
to be primarily suited for MoDCs. Based on the transcriptional
profiles in Table 2, TLR2 and/or TLR4 ligands may additionally
be explored for induction of MoDC maturation. Generally, i vitro
DC models showed distinct transcriptional profiles with regards to
receptors that induce maturation, thus suggesting that successful
maturation strategies are model-specific.

In order to inhibit or limit detrimental immune responses using
DC-based therapy, e.g. in treatment of inflammatory diseases,
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immature status is desirable [24,25]. However, mediators present
at the inflammatory site # vwo may lead to maturation of
immature model DCs and therefore, a more rigid tolerogenic
phenotype is required. Various agents, such as IL-10, TGF-f and
macrophages colony stimulator factor, have been assessed for
development of tolerogenic DCs in treatment of autoimmunity,
but no consensus has thus far been reached [22]. The
transcriptional profiles can be used to improve DC modulation
and/or to choose the appropriate @ vitro DC model to induce
tolerogenic immune responses. For example, stimulation of CD47
as well as IL-7 and IL-27 receptors, expressed at mRNA levels by
wm vitro DG models (Table 2), have been shown to inhibit Thl
responses by DGCs [41,44,75], and treating model DCs with
corresponding ligands may thus be effective for inhibiting Thl-
mediated inflammatory responses. Taken together, the unique
transcriptional signatures and expression of immune-related
transcripts outlined for individual  vitro DC models can direct
future advances in DC-based immunotherapy and thereby
improve clinical efficacy.

Summary

By using global transcriptional analysis we have gained insights
into the relationship and specific characteristics of MUTZ-3 DCs,
MoDCs, CD34-LCs and CD34-DCs, in comparison to each other
as well as to nine primary DC populations from skin, tonsil and
blood. PCA analysis demonstrated that each i vitro DC model was
most closely related to tonsillar mDCs among the ex vivo DCs
populations and induction of transcriptional programs reflecting
other tissue-specific primary DC subsets may require micro-
environmental factors. Although model DCs were more similar to
each other than to primary DCs, expression levels of many of the
155 immune-related transcripts shown to be expressed by @ vitro
DC models, differed across DC models as well as ex vivo DC
populations. Additionally, model-specific signatures were identi-
fied for each i vitro DC and these contained several immunolog-
ically associated genes. Thus, model DCs are likely to have distinct
immune functionalities and thus different applicability in test
assays, in clinical settings and as research tools in order to
understand DC biology.

Supporting Information

Figure S1 Activation status and gating strategy for
sorting of MUTZ-3 DCs. After differentiation i witro, an
immature phenotype was confirmed in FACS analysis (A). For
sorting, cells were gated on live cells in forward and side scatter
and further gated for HLA-DR*CD1a™ cells (B).

(TIF)

Figure S2 MoDC phenotype. MoDCs showed appropriate
immature phenotypes with expression of HLA-DR and CD1a, but
lack of CD14 and very few cells positive for CD86.

(TIF)

Figure S3 CD34-LC and CD34-DC phenotypes. CD34-
DCs and CD34-LCs showed positivity for CDla, whereas
expression of CD14 was very low. A considerable portion of the
CD34-LC population, but not the CD34-DC population, was
positive for CD207/Langerin. Both DC models showed immature
phenotypes with very low expression of CD86 and CD83.

(TIF)

Acknowledgments

We would like to thank Ann-Charlott Olsson for microarray sample
preparation.

January 2013 | Volume 8 | Issue 1 | 52875



Author Contributions

Conceived and designed the experiments: KL ML. Performed the
experiments: KL ML. AA IN SS. Analyzed the data: KL ML AA.

References

1.

2.

20.

21.

23.

24.

Steinman RM, Banchereau J (2007) Taking dendritic cells into medicine. Nature
449: 419-426.

Aeby P, Python F, Goebel C (2007) Skin sensitization: understanding the in vivo
situation for the development of reliable in vitro test approaches. ALTEX 24
Spec No: 3-5.

Sallusto F, Lanzavecchia A (1994) Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage
colony-stimulating factor plus interleukin 4 and downregulated by tumor

necrosis factor alpha. J] Exp Med 179: 1109-1118.

. Caux C, Dezutter-Dambuyant C, Schmitt D, Banchereau ] (1992) GM-CSF and

TNF-alpha cooperate in the generation of dendritic Langerhans cells. Nature
360: 258-261.

Rosenzwajg M, Canque B, Gluckman JC (1996) Human dendritic cell
differentiation pathway from CD34+ hematopoietic precursor cells. Blood 87:
535-544.

. Reid CD, Fryer PR, Clifford C, Kirk A, Tikerpae J, et al. (1990) Identification of

hematopoietic progenitors of macrophages and dendritic Langerhans cells (DL-
CFU) in human bone marrow and peripheral blood. Blood 76: 1139-1149.

. Reid CD, Stackpoole A, Meager A, Tikerpae J (1992) Interactions of tumor

necrosis factor with granulocyte-macrophage colony-stimulating factor and
other cytokines in the regulation of dendritic cell growth in vitro from early
bipotent CD34+ progenitors in human bone marrow. J Immunol 149: 2681
2688.

. Hu ZB, Ma W, Zaborski M, MacLeod R, Quentmeier H, et al. (1996)

Establishment and characterization of two novel cytokine-responsive acute
myeloid and monocytic leukemia cell lines, MUTZ-2 and MUTZ-3. Leukemia
10: 1025-1040.

. Masterson AJ, Sombroek CC, De Gruijl TD, Graus YM, van der Vliet HJ, et al.

(2002) MUTZ-3, a human cell line model for the cytokine-induced
differentiation of dendritic cells from CD34+ precursors. Blood 100: 701-703.

. Azam P, Peiffer JL, Chamousset D, Tissier MH, Bonnet PA, et al. (2006) The

cytokine-dependent MUTZ-3 cell line as an in vitro model for the screening of
contact sensitizers. Toxicol Appl Pharmacol 212: 14-23.

. Johansson H, Lindstedt M, Albrekt AS, Borrebaeck CA (2011) A genomic

biomarker signature can predict skin sensitizers using a cell-based in vitro
alternative to animal tests. BMC Genomics 12: 399.

Santegoets SJ, van den Eertwegh AJ, van de Loosdrecht AA, Scheper RJ, de
Gruijl TD (2008) Human dendritic cell line models for DC differentiation and
clinical DC vaccination studies. J Leukoc Biol 84: 1364—1373.

. MacDonald KP, Munster DJ, Clark GJ, Dzionek A, Schmitz J, et al. (2002)

Characterization of human blood dendritic cell subsets. Blood 100: 4512—4520.

. Lindstedt M, Lundberg K, Borrebaeck CA (2005) Gene family clustering

identifies functionally associated subsets of human in vivo blood and tonsillar
dendritic cells. J] Immunol 175: 4839-4846.

. Toebak M]J, Gibbs S, Bruynzeel DP, Scheper RJ, Rustemeyer T (2009)

Dendritic cells: biology of the skin. Contact Dermatitis 60: 2-20.

. Robbins SH, Walzer T, Dembele D, Thibault C, Defays A, et al. (2008) Novel

insights into the relationships between dendritic cell subsets in human and mouse
revealed by genome-wide expression profiling. Genome Biol 9: R17.

. Haniffa M, Shin A, Bigley V, McGovern N, Teo P, et al. (2012) Human tissues

contain CD141hi cross-presenting dendritic cells with functional homology to
mouse CD103+ nonlymphoid dendritic cells. Immunity 37: 60-73.

. EC (1907/2006) Regulation (EC) No 1907/2006 of the European Parliament

and of the Council of 18 December 2006 concerning the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH), establishing
a European Chemicals Agency, amending Directive 1999/45/EC and repealing
Council Regulation (EEC) No 793/93 and Commission Regulation (EC)
No 1488/94 as well as Council Directive 76/769/EEC and Commission
Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC.

. KleinJan A, Willart M, van Rijt LS, Braunstahl GJ, Leman K, et al. (2006) An

essential role for dendritic cells in human and experimental allergic rhinitis.
J Allergy Clin Immunol 118: 1117-1125.

Garcia F, Routy JP (2011) Challenges in dendritic cells-based therapeutic
vaccination in HIV-1 infection Workshop in dendritic cell-based vaccine clinical
trials in HIV-1. Vaccine 29: 6454-6463.

Nencioni A, Grunebach F, Schmidt SM, Muller MR, Boy D, et al. (2008) The
use of dendritic cells in cancer immunotherapy. Crit Rev Oncol Hematol 65:
191-199.

. Torres-Aguilar H, Blank M, Jara L], Shoenfeld Y (2010) Tolerogenic dendritic

cells in autoimmune diseases: crucial players in induction and prevention of
autoimmunity. Autoimmun Rev 10: 8-17.

Van Gulck E, Van Tendeloo VF, Berneman ZN, Vanham G (2010) Role of
dendritic cells in HIV-immunotherapy. Curr HIV Res 8: 310-322.

Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N (2001)
Antigen-specific inhibition of effector T cell function in humans after injection of
immature dendritic cells. J Exp Med 193: 233-238.

PLOS ONE | www.plosone.org

Transcriptional Profiles of In Vitro DC Models

Contributed reagents/materials/analysis tools: KL AA IN SS TDG SG
ML . Wrote the paper: KL AA IN SS TDG SG ML.

26.

27.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

. Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, et al. (2001) Dendritic cells

induce peripheral T cell unresponsiveness under steady state conditions in vivo.
J Exp Med 194: 769-779.

Palucka K, Ueno H, Roberts L, Fay J, Banchereau J (2011) Dendritic cell subsets
as vectors and targets for improved cancer therapy. Curr Top Microbiol
Immunol 344: 173-192.

Santegoets SJ, Gibbs S, Kroeze K, van de Ven R, Scheper R], et al. (2008)
Transcriptional profiling of human skin-resident Langerhans cells and CDla+
dermal dendritic cells: differential activation states suggest distinct functions.

J Leukoc Biol 84: 143-151.

. Lindstedt M, Johansson-Lindbom B, Borrebaeck CA (2002) Global reprogram-

ming of dendritic cells in response to a concerted action of inflammatory
mediators. Int Immunol 14: 1203-1213.

Schoeters E, Verheyen GR, Nelissen I, Van Rompay AR, Hooyberghs J, et al.
(2007) Microarray analyses in dendritic cells reveal potential biomarkers for
chemical-induced skin sensitization. Mol Immunol 44: 3222-3233.

Lardon F, Snoeck HW, Berneman ZN, Van Tendeloo VF, Nijs G, et al. (1997)
Generation of dendritic cells from bone marrow progenitors using GM-CSF,
TNF-alpha, and additional cytokines: antagonistic effects of IL-4 and IFN-
gamma and selective involvement of TNF-alpha receptor-1. Immunology 91:
553-559.

Larsson K, Lindstedt M, Borrebaeck CA (2006) Functional and transcriptional
profiling of MUTZ-3, a myeloid cell line acting as a model for dendritic cells.
Immunology 117: 156-166.

Alter O, Brown PO, Botstein D (2000) Singular value decomposition for
genome-wide expression data processing and modeling. Proc Natl Acad Sci U S A
97: 10101-10106.

Genser B, Cooper PJ, Yazdanbakhsh M, Barreto ML, Rodrigues LC (2007) A
guide to modern statistical analysis of immunological data. BMC Immunol 8: 27.
de Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source clustering
software. Bioinformatics 20: 1453-1454.

Saldanha AJ (2004) Java Treeview—extensible visualization of microarray data.
Bioinformatics 20: 3246-3248.

Nimmerjahn F, Ravetch JV (2006) Fcgamma receptors: old friends and new
family members. Immunity 24: 19-28.

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, et al. (2004)
Species-specific recognition of single-stranded RNA via toll-like receptor 7 and
8. Science 303: 1526-1529.

Valladeau J, Ravel O, Dezutter-Dambuyant C, Moore K, Kleijmeer M, et al.
(2000) Langerin, a novel C-type lectin specific to Langerhans cells, is an
endocytic receptor that induces the formation of Birbeck granules. Immunity 12:
71-81.

de Jong MA, Vriend LE, Theelen B, Taylor ME, Fluitsma D, et al. (2010) C-
type lectin Langerin is a beta-glucan receptor on human Langerhans cells that
recognizes opportunistic and pathogenic fungi. Mol Immunol 47: 1216-1225.
van der Vlist M, de Witte L, de Vries RD, Litjens M, de Jong MA, et al. (2011)
Human Langerhans cells capture measles virus through Langerin and present
viral antigens to CD4 T cells but are incapable of cross-presentation.
Eur J Immunol 41: 2619-2631.

Wang S, Miyazaki Y, Shinozaki Y, Yoshida H (2007) Augmentation of antigen-
presenting and Thl-promoting functions of dendritic cells by WSX-1(IL-27R)
deficiency. J Immunol 179: 6421-6428.

Heufler C, Topar G, Grasseger A, Stanzl U, Koch F, et al. (1993) Interleukin 7 is
produced by murine and human keratinocytes. J] Exp Med 178: 1109-1114.
Sudo T, Ito M, Ogawa Y, lizuka M, Kodama H, et al. (1989) Interleukin 7
production and function in stromal cell-dependent B cell development. J Exp
Med 170: 333-338.

Guimond M, Veenstra RG, Grindler DJ, Zhang H, Cui Y, et al. (2009)
Interleukin 7 signaling in dendritic cells regulates the homeostatic proliferation
and niche size of CD4+ T cells. Nat Immunol 10: 149-157.

Saini M, Pearson C, Seddon B (2009) Regulation of T cell-dendritic cell
interactions by IL-7 governs T-cell activation and homeostasis. Blood 113:
5793-5800.

Kunikata T, Yamane H, Segi E, Matsuoka T, Sugimoto Y, et al. (2005)
Suppression of allergic inflammation by the prostaglandin E receptor subtype
EP3. Nat Immunol 6: 524-531.

Yao C, Sakata D, Esaki Y, Li Y, Matsuoka T, et al. (2009) Prostaglandin E2-EP4
signaling promotes immune inflammation through Thl cell differentiation and
Th17 cell expansion. Nat Med 15: 633-640.

Meyer-Wentrup F, Benitez-Ribas D, Tacken PJ, Punt CJ, Figdor CG, et al.
(2008) Targeting DCIR on human plasmacytoid dendritic cells results in antigen
presentation and inhibits IFN-alpha production. Blood 111: 4245-4253.
Meyer-Wentrup F, Cambi A, Joosten B, Looman MW, de Vries IJ, et al. (2009)
DCIR is endocytosed into human dendritic cells and inhibits TLR8-mediated
cytokine production. J Leukoc Biol 85: 518-525.

January 2013 | Volume 8 | Issue 1 | 52875



50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

Kalinski P, Hilkens CM, Snijders A, Snijdewint FG, Kapsenberg ML (1997)
Dendritic cells, obtained from peripheral blood precursors in the presence of
PGEZ2, promote Th2 responses. Adv Exp Med Biol 417: 363-367.

Sugimoto Y, Narumiya S (2007) Prostaglandin E receptors. J Biol Chem 282:
11613-11617.

Quast T, Eppler F, Semmling V, Schild C, Homsi Y, et al. (2011) CD8I is
essential for the formation of membrane protrusions and regulates Racl-
activation in adhesion-dependent immune cell migration. Blood 118: 1818
1827.

Cao W, Lee SH, Lu J (2005) CD83 is preformed inside monocytes, macrophages
and dendritic cells, but it is only stably expressed on activated dendritic cells.
Biochem J 385: 85-93.

Prechtel AT, Turza NM, Theodoridis AA, Steinkasserer A (2007) CD83
knockdown in monocyte-derived dendritic cells by small interfering RNA leads
to a diminished T cell stimulation. J] Immunol 178: 5454-5464.

. Bratke K, Lommatzsch M, Julius P, Kuepper M, Kleine HD, et al. (2007)

Dendritic cell subsets in human bronchoalveolar lavage fluid after segmental
allergen challenge. Thorax 62: 168-175.

Jahnsen FL, Lund-Johansen F, Dunne JF, Farkas L, Haye R, et al. (2000)
Experimentally induced recruitment of plasmacytoid (CD123high) dendritic cells
in human nasal allergy. J Immunol 165: 4062-4068.

Jahnsen FL, Moloney ED, Hogan T, Upham JW, Burke CM, et al. (2001) Rapid
dendritic cell recruitment to the bronchial mucosa of patients with atopic asthma
in response to local allergen challenge. Thorax 56: 823-826.

Lundberg K, Greiff L, Borrebaeck CA, Lindstedt M (2010) FcepsilonRI levels
and frequencies of peripheral blood dendritic cell populations in allergic rhinitis.
Hum Immunol 71: 931-933.

Yerkovich ST, Roponen M, Smith ME, McKenna K, Bosco A, et al. (2009)
Allergen-enhanced thrombomodulin (blood dendritic cell antigen 3, CD141)
expression on dendritic cells is associated with a TH2-skewed immune response.
J Allergy Clin Immunol 123: 209-216 €204.

Novak N, Valenta R, Bohle B, Laffer S, Haberstok J, et al. (2004) FcepsilonRI
engagement of Langerhans cell-like dendritic cells and inflammatory dendritic
epidermal cell-like dendritic cells induces chemotactic signals and different T-cell
phenotypes in vitro. J Allergy Clin Immunol 113: 949-957.

Lundberg K, Lindstedt M, Larsson K, Dexlin L, Wingren C, et al. (2008)
Augmented Phl p 5-specific Th2 response after exposure of dendritic cells to
allergen in complex with specific IgE compared to IgGl and IgG4. Clin
Immunol 128: 358-365.

Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, et al. (2005) TSLP-
activated dendritic cells induce an inflammatory T helper type 2 cell response
through OX40 ligand. J Exp Med 202: 1213-1223.

53. Hooyberghs J, Schoeters E, Lambrechts N, Nelissen I, Witters H, et al. (2008) A

cell-based in vitro alternative to identify skin sensitizers by gene expression.
Toxicol Appl Pharmacol 231: 103-111.

PLOS ONE | www.plosone.org

15

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Transcriptional Profiles of In Vitro DC Models

Python F, Goebel C, Aeby P (2009) Comparative DNA microarray analysis of
human monocyte derived dendritic cells and MUTZ-3 cells exposed to the
moderate skin sensitizer cinnamaldehyde. Toxicol Appl Pharmacol 239: 273~

283.

. Reuter H, Spieker J, Gerlach S, Engels U, Pape W, et al. (2011) In vitro

detection of contact allergens: development of an optimized protocol using
human peripheral blood monocyte-derived dendritic cells. Toxicol In Vitro 25:
315-323.

Schuurhuis DH, van Montfoort N, Ioan-Facsinay A, Jiawan R, Camps M, et al.
(2006) Immune complex-loaded dendritic cells are superior to soluble immune
complexes as antitumor vaccine. J Immunol 176: 4573-4580.
Dominguez-Soto A, Aragoneses-Fenoll L, Martin-Gayo E, Martinez-Prats L,
Colmenares M, et al. (2007) The DC-SIGN-related lectin LSECtin mediates
antigen capture and pathogen binding by human myeloid cells. Blood 109:
5337-5345.

Chieppa M, Bianchi G, Doni A, Del Prete A, Sironi M, et al. (2003) Cross-
linking of the mannose receptor on monocyte-derived dendritic cells activates an
anti-inflammatory immunosuppressive program. J Immunol 171: 4552-4560.
Skrzypek F, Cenci E, Pietrella D, Rachini A, Bistoni F, et al. (2009) Dectin-1 is
required for human dendritic cells to initiate immune response to Candida
albicans through Syk activation. Microbes Infect 11: 661-670.
LeibundGut-Landmann S, Gross O, Robinson M]J, Osorio F, Slack EC, et al.
(2007) Syk- and CARD9-dependent coupling of innate immunity to the
induction of T helper cells that produce interleukin 17. Nat Immunol 8: 630~
638.

Li D, Romain G, Flamar AL, Duluc D, Dullaers M, et al. (2012) Targeting self-
and foreign antigens to dendritic cells via DC-ASGPR generates IL-10-
producing suppressive CD4+ T cells. J Exp Med 209: 109-121.

Langenkamp A, Messi M, Lanzavecchia A, Sallusto F (2000) Kinetics of
dendritic cell activation: impact on priming of TH1, TH2 and nonpolarized T
cells. Nat Immunol 1: 311-316.

Jonuleit H, Kuhn U, Muller G, Steinbrink K, Paragnik L, et al. (1997) Pro-
inflammatory cytokines and prostaglandins induce maturation of potent
immunostimulatory dendritic cells under fetal calf serum-free conditions.
Eur J Immunol 27: 3135-3142.

Boullart AC, Aarntzen EH, Verdijk P, Jacobs JF, Schuurhuis DH, et al. (2008)
Maturation of monocyte-derived dendritic cells with Toll-like receptor 3 and 7/8
ligands combined with prostaglandin E2 results in high interleukin-12
production and cell migration. Cancer Immunol Immunother 57: 1589-1597.

. Demeure CE, Tanaka H, Mateo V, Rubio M, Delespesse G, et al. (2000) CD47

engagement inhibits cytokine production and maturation of human dendritic

cells. J Immunol 164: 2193-2199.

January 2013 | Volume 8 | Issue 1 | 52875



