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A B S T R A C T

Background: Since numerous pathological conditions are evoked by unwanted dendritic cell (DC) activity,
therapeutic agents modulating DC functions are of great medical interest. In regenerative medicine, cellular
secretomes have gained increasing attention and valuable immunomodulatory properties have been attributed to the secretome of g -irradiated peripheral blood mononuclear cells (PBMCs). Potential effects of the
PBMC secretome (PBMCsec) on key DC functions have not been elucidated so far.
Methods: We used a hapten-mediated murine model of contact hypersensitivity (CH) to study the effects of
PBMCsec on DCs in vivo. Effects of PBMCsec on human DCs were investigated in monocyte-derived DCs
(MoDC) and ex vivo skin cultures. DCs were phenotypically characterised by transcriptomics analyses and
ﬂow cytometry. DC function was evaluated by cytokine secretion, antigen uptake, PBMC proliferation and Tcell priming.
Findings: PBMCsec signiﬁcantly alleviated tissue inﬂammation and cellular inﬁltration in hapten-sensitized
mice. We found that PBMCsec abrogated differentiation of MoDCs, indicated by lower expression of classical
DC markers CD1a, CD11c and MHC class II molecules. Furthermore, PBMCsec reduced DC maturation, antigen
uptake, lipopolysaccharides-induced cytokine secretion, and DC-mediated immune cell proliferation. Moreover, MoDCs differentiated with PBMCsec displayed diminished ability to prime naïve CD4+ T-cells into TH1
and TH2 cells. Furthermore, PBMCsec modulated the phenotype of DCs present in the skin in situ. Mechanistically, we identiﬁed lipids as the main biomolecule accountable for the observed immunomodulatory effects.
Interpretation: Together, our data describe DC-modulatory actions of lipids secreted by stressed PBMCs and
suggest PBMCsec as a therapeutic option for treatment of DC-mediated inﬂammatory skin conditions.
Funding: This research project was supported by the Austrian Research Promotion Agency (Vienna, Austria;
grant “APOSEC” 862068; 20152019) and the Vienna Business Agency (Vienna, Austria; grant “APOSEC to
clinic” 2343727).
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) orchestrating adaptive immune responses [1-4]. The vast
majority of DCs originate from bone marrow-resident DC precursor
cells [5]. Alternatively, DCs can develop from monocytes under
inﬂammatory or infectious conditions [6]. Langerhans cells are tissue-resident DCs of the skin and, though functionally similar to DCs,
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originate from distinct progenitor cells of the embryonal yolk sac and
foetal liver [7]. Upon antigen exposure and pathogenic stimulus, DCs
become mature, a process involving changes in expression of lymphocytic co-stimulatory molecules and in secretion of immunomodulatory cytokines [8-11] ﬁrst described by Schuler and Steinman in
1985 [12]. Cells lacking a co-stimulus can undergo a partial maturation, leading to homeostatic and tolerogenic DC maturation in steady
state [8]. Mature DCs subsequently migrate into lymphoid organs,
where naïve T cells are primed to differentiate into speciﬁc effector T
cell subsets [1,2]. Though creating the indispensable linchpin
between innate and adaptive immunity, DCs may adversely instigate
the immune system and have been implicated in the pathomechanistic events of inﬂammatory skin conditions, allergic reactions, graft-
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Research in context
Evidence before this study
Several diseases are attributed to unwanted dendritic cell (DC)
activity, including contact hypersensitivity (CH). Modulating
DC activity is therefore of high clinical interest. Our previous
studies showed strong anti-inﬂammatory effects of the secretome obtained from irradiated white blood cells (PBMCsec).
Though PBMCsec was successfully tested in various clinical
indications, such as myocardial infarction and neural damage,
the potential of the secretome to treat DC-mediated diseases is
still not known.
Added value of this study
In this study, we demonstrate that PBMCsec is able to alleviate
CH symptoms in a CH mouse model and we identify mitigated
antigen-presenting cell activity as the underlying cause, indicating valuable therapeutic potential of the secretome.
PBMCsec strongly diminishes major DC functions, including
cytokine secretion, antigen uptake, and T cell priming in human
DCs in vitro and in skin ex vivo. We further show that lipids
present in the secretome mainly account for the observed
effects.
Implications of all the available evidence
Using in vivo, ex vivo, and in vitro approaches, this study provides data for the inhibition of key DC characteristics and functions by the secretome obtained from irradiated white blood
cells. More speciﬁcally, we showed that lipids predominantly
account for the anti-inﬂammatory effects of PBMCsec. Therefore, our results suggest the use of PBMCsec or secretomederived lipids for treating DC-mediated inﬂammatory diseases.

versus-host-disease, and human immunodeﬁciency virus infection
[13-15]. Consequently, tight control of DC function is of particular
importance to evade unwanted immune responses and clinically
modulating DC activity represents an attractive approach for various
therapeutic interventions.
Allergic contact dermatitis, also known as contact hypersensitivity
(CH), is an inﬂammatory skin disease with more than 20 percent of
the general population suffering from hypersensitivity to at least one
contact allergen [16] and whose prevalence is increasing [17,18].
Common irritant classes causing the characteristic symptoms of itching, erythema, and edema include metals, antibiotics, and preservatives [19]. Over the past decades, extensive research on CH pathology
has contributed to a better understanding of the pathomechanistic
immunologic events. Nonetheless, clinical treatment options remain
limited to date, since the complex and multifaceted disease etiology
represents a major obstacle for development of effective therapeutic
agents. Murine CH represents a well-established model to study
eczematous skin reactions, whereby sensitization and, after a brief
intermission phase, elicitation of immune responses are provoked by
topical application of low molecular weight chemicals, so called haptens [20]. Numerous cell types are involved in shaping the immunological responses leading to CH, including epidermal keratinocytes, T
helper cells, memory and regulatory T cells, cutaneous DCs, mast
cells, and neutrophils. Murine CH is a powerful model allowing the
testing of immunosuppressive agents for treatment of allergic contact
dermatitis [20].
Investigations on stem cell (SC)-based tissue regeneration have
provided the medical community with encouraging pre-clinical
results [21], and SC-based therapies have been considered a
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promising tool for regeneration of various injured tissues and organs
[22-24]. Yet, pioneer clinical trials in humans failed to meet the high
expectations [25,26]. Pursuing studies administering conditioned
medium from mesenchymal SCs to injured cardiac tissues revealed
that secreted factors, rather than SCs themselves, exert beneﬁcial
paracrine effects and account for most of the initial ﬁndings [27-29].
Our group showed that g -irradiated peripheral blood mononuclear
cells (PBMCs) represent an attractive, and in contrast to SCs, easily
accessible and rich source for cellular secretomes with comparable
action spectra, including cytoprotection and immunomodulation
[30,31]. Recently, the importance of g -irradiation-induced necroptosis for the pro-angiogenic actions of the PBMC secretome (PBMCsec)
has been reported [32]. Versatile modes of action have already been
elucidated [30,33-36] and various clinical indications have been
described for PBMCsec, including wound healing [36,37], acute myocardial infarction [30], autoimmune myocarditis [38], cerebral ischemia [39], and spinal cord injury [40]. A diverse spectrum of
biomolecules, including lipids, proteins, and extracellular vesicles
(EVs), are secreted by g -irradiated PBMCs and have been shown
to account for the observed effects [34,37]. Cellular secretomes
represent a pleiotropic mix of biologically active substances and
the exact composition of PBMCsec has been increasingly studied
in the past years. Components of the medium used for PBMCsec
manufacturing, such as albumin and cholesterol, have been determined [41] and proteins secreted by irradiated PBMCs have been
quantiﬁed [30,41]. In addition, molecular composition and actions
of extracellular vesicles present in PBMCsec have been extensively investigated [37] and different lipid species have been
identiﬁed in PBMCsec [34]. Anti-inﬂammatory, cytoprotective,
and pro-angiogenic activities have already been attributed to
PBMCsec [36,42] and an effect of PBMCsec on T cell-mediated
inﬂammation has been reported [38]. In spite of previous reports
studying secretome obtained from PBMCsec and its effects on DC
maturation and antigen uptake [38], potential immunomodulatory effects of PBMCsec on key DC functions and DC-mediated
skin inﬂammation remain largely elusive to date. Since lipid species and lipid-metabolizing enzymes have been implicated in DC
maturation and function [43] and presence of immunologically
active (oxidized) lipid species in PBMCsec has been reported previously [34], we sought to determine the role of lipids secreted
by stressed PBMCs in potential, PBMCsec-mediated, immunomodulatory effects on DCs.
2. Materials and methods
2.1. Ethics statement
To isolate DC precursor cells, leukoreduction system chambers
(Trima Accel, Terumo BCT, Lakewood, CO, USA) were purchased from
the Department of Blood Group Serology and Transfusion Medicine
of the Medical University of Vienna (Vienna, Austria) and all volunteers provided written informed consent. Blood sample collection
from volunteers was approved by the ethics committee of the Medical University of Vienna (vote number 1539/2017). PBMCs for
PBMCsec manufacturing were obtained from voluntary blood donors.
All donors gave written informed consent for blood withdrawal and
for use of residual material for scientiﬁc purposes. Isolation of skin
biopsies was approved by the ethics committee of the Medical
University of Vienna (vote number 217/2010) and all donors provided written informed consent. Animal experiments were performed in accordance with guidelines of the Institutional Review
Board of the Medical University of Vienna and the Austrian guidelines for the use and care of laboratory animals. Animal experiments were approved by the Austrian Federal Ministry of
Education, Science and Research (Vienna, Austria; ethics vote
number BMBWF-66.009/0037-V/3b/2018).
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2.2. PBMC isolation and generation of PBMC secretome

2.5. Ex vivo treatment of human skin biopsies with PBMCsec

Secretomes of PBMCs were produced in compliance with good
manufacturing practice (GMP) by the Austrian Red Cross, Blood
Transfusion Service for Upper Austria (Linz, Austria) as described
[37]. Brieﬂy, PBMCs were obtained by Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA)-assisted density gradient centrifugation and
exposed to 60 Gy Caesium 137 g -irradiation (IBL 437C, Isotopen
Diagnostik CIS GmbH, Dreieich, Germany). Cells were adjusted to a
concentration of 2.5 £ 107 cells/mL and cultured in phenol red-free
CellGenix GMP DC medium (CellGenix GmbH, Freiburg, Germany) for
24 § 2 h. Cells and cellular debris were removed by centrifugation
and supernatants were passed through a 0.2 mm ﬁlter. For viral clearance, methylene blue treatment was performed as described [44].
Secretomes were lyophilized, terminally sterilized by high-dose
g -irradiation (Gammatron 1500, UKEM 60Co irradiator with a
maximum capacity of 1.5 MCi), and cryopreserved. Lyophilisates
were reconstituted in 0.9% NaCl (B. Braun Melsungen AG,
Melsungen, Germany). All experiments were performed using
secretomes produced under GMP with the following
batches: A000918399086, A000918399095, and A000918399098,
A000918399101, A000918399102, and A000918399105.

Six mm whole skin biopsies were obtained from three healthy
female volunteers (3045 years old) during abdominoplasty. Biopsies were incubated in Dulbecco’s modiﬁed eagle medium (DMEM,
Gibco) supplemented with penicillin, streptomycin, 10% (vol/vol) HIFBS and 20% (vol/vol) vehicle or PBMCsec. In addition, 100 mL
PBMCsec or vehicle were injected intradermally. After a 24 h-culture
at 37 °C, viable cells were isolated and prepared for sequencing as
described previously [47].

2.3. Fractionating PBMC secretome
Total lipids were puriﬁed according to the procedure described by
Folch et al. with minor modiﬁcations [45]. In detail, one part reconstituted PBMCsec was combined with 9 parts 2:1 (vol/vol) chloroformmethanol mixture and excessively vortexed. The emulsion was acidiﬁed by adding 0.7 M formic acid (1=4 the volume of CHCl3MetOH)
and homogenized by vigorous shaking. Phase separation was performed on ice for 30 min. The organic (lower) phase was collected
and solvents were eliminated by rotary vacuum evaporation (475
mbar, 100 rpm, 60 °C water bath temperature). Proteins were isolated by polyethylene glycol (PEG) 4000-assisted precipitation
(Sigma-Aldrich, St. Louis, MO, USA) with PEG-4000 addition at a ﬁnal
concentration of 30% (wt/vol). Solutions were incubated for 30 min
on ice and proteins were isolated by centrifugation (8000 g, 10 min,
4 °C). EVs were obtained by ultracentrifugation as described previously (110,000 g for 2 h at 4 °C) [34,37]. Eventually, EVs, lipids, and
proteins were reconstituted in CellGenix GMP DC medium in the
same volume of secretome initially used for fractionation.
2.4. Generation of monocyte-derived dendritic cells (MoDCs)
PBMCs were isolated by density centrifugation as described above
and DC precursor cells were enriched by adhesion on tissue culturetreated ﬂasks [46]. After 1.5 h, cells were trypsinized (trypsin-EDTA
0.25%, phenol red; Gibco, Waltham, MA, USA) and seeded at a density
of 4 £ 104 cells/cm2. In a 6-well plate, 3.8 £ 105 cells were plated in a
total volume of 3 mL medium. MoDCs were generated in RPMI-1640
medium GlutaMAX (Gibco) supplemented with 10% (vol/vol) heatinactivated foetal bovine serum (HI-FBS, Gibco), 25 ng/mL human
interleukin 4 (IL-4, 5 £ 106 units/mg), and 50 ng/mL human granulocyte-macrophage colony-stimulating factor (GM-CSF, 1 £ 107 units/
mg) (both PeproTech, Rocky Hill, NJ, USA) for 7 days. In parallel,
MoDCs were differentiated in the presence of PBMCsec or fractions
(designated MoDC-PBMCsec, MoDC-lipids, MoDC-proteins, and
MoDC-EVs). CellGenix GMP DC medium used to culture PBMCs
served as vehicle control (MoDC-vehicle). The effective dose was
titrated to a ﬁnal concentration equivalent to the secretome of
6.25 £ 106 PBMCs/mL. During differentiation, reconstituted PBMCsec
was present in a ﬁnal amount of 25% (vol/vol). Fractions and medium
vehicle were added accordingly. Supplemented medium, secretome,
and fractions were freshly replenished on day 3 of differentiation.

2.6. Single-cell RNA sequencing (scRNAseq) and bioinformatics analyses
Viable cell suspensions were loaded onto a Chromium Controller
and Single Cell 30 Library & Gel Bead Kit v2 (10x Genomics, Pleasanton, CA, USA) according to the manufacturer’s protocol and as
described previously [48]. In brief, gel bead-in-emulsions (GEMs)
were generated by cell suspensions (up to 10,000 per sample) and
gel beads containing reverse transcription reagents in a nanoliterscale water-in-oil emulsion. cDNA in GEMs was generated using
C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA),
GEMs were broken, cDNA was isolated and washed. Libraries were
sequenced using the Illumina HiSeq 3000/4000 platform (Illumina,
Inc., San Diego, CA, USA) and the 75 bp paired-end conﬁguration.
GEM generation, cDNA synthesis, library preparation, and sequencing
were performed by the Biomedical Sequencing Facility at the
Research center for Molecular Medicine of the Austrian Academy of
Sciences (Vienna, Austria). Pre-processing of the scRNAseq data was
performed using Cell Ranger software (version 3.0.2., 10x Genomics).
Raw sequencing ﬁles were demultiplexed using the Cell Ranger
‘mkfastq’-pipeline. Each sample was aligned to the human reference
genome (GRCh38-1.2.0) using the Cellranger ‘count’-pipeline, and
raw expression data were analysed by R (version 3.5.1., R Foundation
for Statistical Computing, Vienna, Austria).
Secondary bioinformatics analysis was performed using the Rpackage ‘Seurat’ (Seurat v3, Satija Lab, New York University, New
York City, NY, USA) [49,50]. Cells of all datasets were ﬁrst analysed
for their unique molecular identiﬁer (UMI) and mitochondrial gene
counts, and cells with low (<300) or high (>2500) UMI counts or
high percentage of mitochondrial genes (>4%) were excluded from
further analysis. Data were integrated in a standardized workﬂow as
recommended by the developers of the “Seurat”-package, including
data normalization, identiﬁcation of variable genes, ﬁnding anchors
for integration based on variable genes, integration of all datasets,
scaling of data, principle component analysis (PCA) with JackStraw
procedure, and unsupervised clustering with a resolution of 0.7 based
on Uniform Manifold Approximation and Projection (UMAP) [51].
Cell types were identiﬁed based on a marker gene panel and on differentially expressed genes (DEGs) in every cluster. DEGs were calculated by Wilcoxon rank sum test with Bonferroni correction for
adjusted p-values. As recommended by the “Seurat” developers, data
in feature plots, violin plots, heat maps and trajectories demonstrating features that vary across conditions were displayed based on the
“RNA”-count slot, and data reﬂecting the entire dataset were displayed based on the “integrated” dataset. Gene ontology (GO) networks based on DEGs were created using the ClueGO plugin [52] of
Cytoscape (version 3.7.2, Institute for Systems Biology, Seattle, WA,
USA) (EBI UniProt GOA) [53].
2.7. Hapten-induced murine contact hypersensitivity
1-Fluoro-2,4-dinitrobenzene (DNFB, Sigma-Aldrich) was used to
induce inﬂammatory skin conditions in C57BL/6 J mice at the age of
12 weeks as described previously [54,55] with minor modiﬁcations.
Twenty mL 0.25% (vol/vol) DNFB were topically administered in a 3:1
acetone-to-olive oil mixture on shaved back skins on days 0 and 1.
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Ears were treated daily with PBMCsec or lipids, while contralateral
ears received vehicle medium for 6 consecutive days starting from
day 0. To facilitate administration and substance absorbance by the
tissue, treatment solutions were mixed 3:1 (vol/vol) in Ultrasicc oil/
water emulsion base (Hecht-Pharma GmbH, Bremervoerde, Germany). Skin inﬂammation was elicited by challenging ears of sensitized mice with DNFB on day 7. Naïve controls were left untouched.
Twenty-four hours post DNFB re-challenge, ear thickness was
assessed using an electronic digital micrometer (025 mm, Marathon
Management Inc., Wilsonville, OR, USA), measuring thickness of the
outer two-thirds of the ear whilst avoiding skin folds at the ear base.
Measurements were performed in triplicates. Tissues were harvested
for RNA isolation as described below and histological assessment.
Cytokine and chemokine expressions were assessed by RT2 Proﬁler
PCR Array Mouse Cytokines and Chemokines (Qiagen, Redwood City,
CA, USA) according to the manufacturer’s instructions.
2.8. Allergen-independent skin inﬂammation
To induce allergen-independent skin inﬂammation, mice (C57BL/
me,
6 J, 12 weeks of age) were treated with imiquimod (Aldara 5% cre
Meda AB, AB, Solna, Sweden) [56]. For 6 consecutive days, ears were
treated with PBMCsec or vehicle for paired comparison as described
me)
above. Six hours later, a total of 4.2 mg imiquimod (83.3 mg cre
per ear were topically applied. On day 7, mice were sacriﬁced and ear
thickness was determined as described above. Ear tissues were isolated for histology.
2.9. Flow cytometry
Flow cytometric assessment was routinely performed on FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA) as recommended by
the manufacturer. To assess DC differentiation, cluster of differentiation (CD) 1a and CD11c expressions were assessed using ﬂuorescein
isothiocyanate (FITC)-conjugated mouse anti-human CD1a antibody
(clone HI149, 1:100; BD Biosciences) and phycoerythrin (PE)-conjugated mouse anti-human CD11c antibody (clone S-HCL-3, 1:100; BD
Biosciences). CD14 expression was quantiﬁed by PE-conjugated
mouse anti-human CD14 antibody (clone M5E2, 1:100; BD Biosciences). DC maturation was determined using FITC-conjugated mouse
anti-human CD83 (clone HB15e, 1:100; BD Biosciences) and allophycocyanin (APC)-conjugated mouse anti-human leukocyte antigen
(HLA)-DR (clone G46-6, 1:400; BD Biosciences). For data acquisition
and analysis, CellQuest Pro (BD Biosciences) and FlowJo (FlowJo LLC,
Ashland, OR, USA, version 10) softwares were used, respectively.
2.10. Transcriptomics and bioinformatics analyses
For transcriptomics, CD14+ monocytes were enriched from PBMCs
by magnetic sorting using human CD14 MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) and autoMACS Pro-Separator (Miltenyi
Biotec) as suggested by the manufacturer. Total RNA was isolated
using peqGOLD TriFast (Qiagen) according to the manufacturer’s recommendations. RNA cleanup was performed using RNeasy MinElute
Cleanup Kit (Qiagen) and RNA quality was assessed by Agilent 2100
Bioanalyser (Agilent Technologies, Santa Clara, CA, USA). Two-hundred ng RNA were used for gene expression analysis using Affymetrix
human gene 2.1 ST arrays (Affymetrix Inc., Santa Clara, CA, USA).
Hybridization and scanning were performed as suggested by the
manufacturer. Custom chip description ﬁle was used for robust
multi-array average (RMA) signal extraction and normalization. RMA
values below 90 were considered non-detectable. GeneSpring Version 15.0 software (Agilent Technologies) was used for PCA. Venn
diagrams were generated using the biovenn web application (http://
www.biovenn.nl/index.php, accessed on September 14th, 2018).
Web-based heatmapping was used to visualize results [57]. To
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identify regulated signaling pathways, genes displaying an average
transcriptional upregulation of  1.5 or an average downregulation
of  0.5 between PBMCsec versus medium controls were selected for
Ingenuity Pathway Analysis (IPA, Qiagen) [58]. Biological processes
associated with differentially regulated genes were identiﬁed by GO
enrichment analysis using PANTHER classiﬁcation system [59,60].
2.11. Reverse transcription-quantitative polymerase chain reaction (RTqPCR)
Total RNA isolation, reverse transcription, and qPCR were performed as described previously [37,61]. Primer sequences to amplify
respective genes from human cDNA libraries were designed using
Primer3 Input (version 0.4.0) and synthesized by Microsynth AG (Balgach, Switzerland) [62,63]. HLA-DRA sense 50 cgatcaccaatgtacctcca 30 ,
antisense 50 cctgtggtgacaggttttcc 30 , HLA-DPB1 sense 50 ggaacagccagaaggacatc 30 , antisense 50 cattcaggaaccatcggact 30 , HLA-DQA1 sense
50 cagctcagaacaccaactgc 30 , antisense 50 aggcagtctccttcctctcc 30 , CD1A
sense 50 gccaggacatcgtcctctac 30 , antisense 50 tctctcaccccaaaaggaga 30 ,
CD1B sense 50 ctcaggctggttggatgatt 30 , antisense 50 gctatgccctggatctcaaa 30 , CD1C sense 50 agactcatggctgggacagt 30 , antisense 50 ttccagaatgcagctcacag 30 .
2.12. Mixed lymphocyte reaction (MLR)
Maturation of MoDCs was induced by exposure to 100 endotoxin
units (eu)/mL lipopolysaccharides (LPS) from Escherichia coli 0111:B4
(Sigma-Aldrich) on day 7 of differentiation [64,65]. During DC differentiation and maturation, vehicle, PBMCsec, or fractions were present. After incubation for 16 h, cells were washed thoroughly to
remove secretome, fractions, and LPS. 8 £ 104 mature MoDCs were
co-incubated with 4 £ 105 allogeneic, cell proliferation dye-stained
PBMCs (eFluor 670, eBioscience; Thermo Fisher Scientiﬁc, Waltham,
MA, USA). Proliferation was assessed by ﬂow cytometry on day 4.
Non-proliferating cells were deﬁned as the cell population displaying
the highest ﬂuorescence intensity. Proliferating cells were discriminated in cells undergoing two and multiple cellular divisions, indicated by intermediate and low ﬂuorescence intensities, respectively.
2.13. T cell priming co-cultures
To study DC-mediated priming of T cells into T helper cell subsets,
naïve CD4+ T cells were enriched from PBMCs using human Naïve
CD4+ T Cell Isolation Kit II (Miltenyi Biotec) as suggested by the manufacturer. On day 6, MoDC differentiated with secretome, lipids, or
vehicle were maturated with LPS as described above, washed with
Dulbecco’s phosphate-buffered saline (DPBS, Gibco), and seeded in
ﬂat-bottom 96-well plates at a density of 1.3 £ 105 cells/cm2. For
each condition, allogeneic, naïve CD4+ T cells were added in a DC-toT cell ratio of 1:20. Cells were co-cultured for 6 days in RPMI 1640
with medium changes on day 3. Supernatants were used for protein
quantiﬁcation of TH1 and TH2 cytokines.
2.14. Antigen uptake assay
Immature MoDC were incubated with dextran (FITC-conjugated
with an average molecular weight of 10,000 Da, Sigma-Aldrich) for
6 h at 37 °C. Cells at 4 °C served as controls. Flow cytometry was performed as described above.
2.15. Protein quantiﬁcation
Protein levels of secreted cytokines were determined by proteome
proﬁler cytokine array (R&D Systems, Minneapolis, MN, USA) and
quantiﬁed by ELISA (IFNg and IL13, both R&D Systems; IL12p70 and
TNFa, both eBioscience) as recommended by the manufacturers.
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3.8 £ 105 cells in 3 mL medium were used for protein quantiﬁcation
of LPS-treated samples. To determine cytokine concentrations during
MLR, 8 £ 104 MoDCs together with 4 £ 105 allogeneic PBMCs were
cultured in 200 mL medium. In T cell priming experiments, supernatants were obtained from 4 £ 104 DCs and 8 £ 105 naive T cells cultured in 200 mL medium. Chemiluminescence was detected by
ChemiDoc XRS imaging systems (Bio-Rad Laboratories) using Image
Lab software (version 5.2.1., Bio-Rad Laboratories). Mean gray values
8-bit gray-scale images were determined using the ImageJ measure
tool (v1.50i, National Institutes of Health, Bethesda, MD, USA) [66].
Photometric measurements were performed by FLUOstar OPTIMA
(BMG Labtech, Ortenburg, Germany) using OPTIMA software (version
2.20R2, BMG Labtech) and MARS Data Analysis Software (version
2.41, BMG Labtech).
2.16. Lipid quantiﬁcation
Resolvins were quantiﬁed by ELISAs (R&D Systems as recommended by the manufacturer. Photometric assessment was performed as described above.
2.17. Statistical analyses
Sample size calculation was performed based on preliminary
experimental data (online tool https://clincalc.com/stats/samplesize.
aspx, a = 0.05, power = 80%) and data were collected at prospectively
deﬁned endpoints. No outliers were excluded. Experiments were
repeated using different donors and animals, respectively, in at least
triplicates. Animal studies were performed in matched case-control
sets. For in vitro and ex vivo experiments, samples of the same donor
were exposed to all conditions in parallel. Treatments were not
administered blinded. Data were statistically evaluated using GraphPad Prism 6 software (GraphPad Software Inc., LA Jolla, CA, US). Ordinary one-way ANOVA and multiple comparison post hoc tests with
Dunnett’s or Sidak’s correction were carried out as indicated. Two
datasets were analysed by one-tailed student’s t-test. Box plot diagrams were generated using ﬁrst and third quartiles as boxes and
bars as medians. Whiskers indicate minimal and maximal values,
respectively. In bar diagrams, data are shown as arithmetic means §
standard error of the mean.
3. Results
3.1. PBMCsec mitigates hapten-induced tissue inﬂammation by
reducing cellular inﬁltration to sensitized areas and by curbing local
synthesis of pro-inﬂammatory immune mediators
We ﬁrst sought to investigate whether PBMCsec might affect
characteristic events of skin inﬂammation. Using murine DNFBinduced CH as a model to study DC-mediated inﬂammatory conditions [20], we assessed potential effects of PBMCsec on CH-associated
events. The degree of ear swelling, reﬂecting severity of immune
response, was found remarkably reduced by PBMCsec 24 h post
DNFB challenge (average 192.8 § 11.2 mm increase in thickness of
vehicle-treated ears versus 123.8 § 14.6 mm increase in ear thickness
with PBMCsec, p<.05 versus medium) (Fig. 1a & b). Histological
investigation revealed diminished ear swelling of PBMCsec-treated
ears compared to medium alone (Fig 1b), corroborating results
obtained by micrometric assessment. In addition, total numbers of
inﬁltrating immune cells per ﬁeld were diminished by PBMCsec
application compared to vehicle medium (68 § 15.8 cells per ﬁeld
with PBMCsec versus 174.8 § 5.03 cells/ﬁeld with medium; p<.05)
(Fig 1c).
As multiple cell types contribute to CH pathology, we sought to
determine whether the anti-inﬂammatory effect of PBMCsec
observed in DNFB-sensitized mice results from compromised

function of APCs. Therefore, we tested PBMCsec in an allergen-independent mouse model of skin inﬂammation. Mouse ears repeatedly
challenged with imiquimod, a toll-like receptor 7 (TLR7) agonist,
were treated with secretome or vehicle and tissue inﬂammation was
analysed. We observed that the characteristic imiquimod-induced
symptoms of skin inﬂammation, including tissue swelling, stromal
cell inﬁltration, thickening of the corniﬁed layer, and epidermal keratinocyte hyperproliferation, were comparable between vehicle- and
PBMCsec-treated ears (average 94.9 § 11.3 mm increase in thickness
in vehicle-treated ears and 69.3 § 8.8 mm increase in thickness with
PBMCsec, p>.05) (average 372.3 § 25.8 cells per ﬁeld with vehicle
versus 349.4 § 19.0 cells per ﬁeld with PBMCsec, p>.05) (supplementary Fig S1). Mechanistically, these data suggest that the symptomalleviating effect of PBMCsec in CH mice presumably depends on the
action of PBMCsec on DCs.
As hapten exposure induces a pathomechanistic cascade causing
vast immune cell activation and recruitment to challenged tissues,
we proﬁled expression of selected cytokines and chemokines in ears
of DNFB-sensitized mice and observed a strong immunomodulatory
effect of PBMCsec. Twenty-four hours post DNFB-induced elicitation,
numerous genes reportedly implicated in skin inﬂammation, such as
Ccl5, Cxcl12, Osm, Cntf, Il17a, Ccl20, Adipoq, and Tnf, were weakly
expressed with PBMCsec treatment compared to medium (p <0.05
for Ccl5, Cxcl12, Osm, and Cntf) (Fig 1d). Conceivably, these data suggest that PBMCsec alleviates symptoms of skin inﬂammation by
affecting the activity of cutaneous APCs, by modulating cyto- and
chemokine expression and, consequently, preventing exacerbated
immune cell inﬁltration.
3.2. PBMCsec compromises classical phenotypic and secretory DC
characteristics
As pleiotropic immunomodulatory effects of PBMCsec are already
known [38,67] and since we observed alleviated CH by PBMCsecdependent DC functional modulation, we sought to determine
whether PBMCsec affects the cytokine-driven differentiation of
blood-derived monocytes into DCs in vitro. Therefore, monocytes
were stimulated with IL-4 and GM-CSF in the presence of vehicle or
PBMCsec and efﬁcacy of cytokine-driven differentiation was evaluated by ﬂow cytometric assessment of CD1a and CD11c expressions.
After 7 days of differentiation, the majority of cells expressed CD1a
with differentiation medium alone (MoDC, 87.7 § 2.5% CD1a+ cells)
and with addition of vehicle medium (MoDC-vehicle, 91.2 § 2.6%
CD1a+ cells; p>.05 vs MoDC) (Fig. 2a & b). By comparison, supplementation with secretome starting from day 0 largely abrogated
CD1a expression (MoDC-PBMCsec 5.3 § 5.7% CD1a+ cells on day 7,
p<.05 versus medium control). In line with these data, CD11c expression was compromised by PBMCsec (93.3%, 92.1%, and 22.6% CD11c+
cells in MoDC, MoDC-vehicle, and MoDC-PBMCsec, respectively;
p<.05 PBMCsec vs. vehicle) (Fig. 2c & d). We furthermore assessed
expression of CD14, a marker for monocytes. While freshly isolated
monocytes displayed high CD14 levels, CD14 expression was downregulated in both MoDC-vehicle and MoDC-PBMCsec (supplementary
Fig S2).
To assess dynamics of MoDC differentiation, PBMCsec was added
at various time points and CD1a expression was evaluated over time.
The majority of cells was found CD1a-positive starting from day 2 of
differentiation (46.6%, 84.8%, and 80% CD1a+ cells on day 1, 2, and 3,
respectively) (supplementary Fig S3). Addition of PBMCsec at different time points revealed that PBMCsec preserves the status of the
time point when PBMCsec was added (12.9%, 58.2%, and 86.9% CD1a+
cells on day 7 with PBMCsec supplementation starting from day 0, 1,
and 2, respectively) (Fig 2e).
We furthermore sought to investigate potential effects of
PBMCsec on DC maturation. To this end, we assessed expression of
CD83 and HLA-DR after LPS-induced maturation in vehicle- and
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Fig. 1. PBMC secretome alleviates ear swelling in DNFB-induced CH and abolishes immune cell recruitment to challenged skin. (a) Hematoxylin/eosin-stained ears 24 h after DNFB
re-challenge with vehicle or PBMCsec treatment. Naïve ears served as untreated controls. Representative micrographs of n = 5 mice per treatment condition are shown. ac, auricular
cartilage; c, corniﬁed epidermis; d, dermis; epi, epidermis. Scale bar, 200 mm. (b) Increase in ear thickness assessed by micrometer-assisted measurements 24 h post DNFB elicitation. * indicates p<.05 PBMCsec versus vehicle. N = 5 mice per group. Ordinary one-way ANOVA was performed. Dunnett’s multiple comparison test was carried out to compare
groups versus vehicle control. (c) Number of cells per ﬁeld. * denotes p<.05 PBMCsec versus vehicle. N = 5 mice per group. Ordinary one-way ANOVA was performed. Dunnett’s multiple comparison test was carried out to compare groups versus vehicle control. (d) qPCR analysis of genes encoding cytokines and chemokines in ears of DNFB-sensitized mice. Red
and green dots indicate up- and down-regulated genes, respectively, in PBMCsec- versus medium-treated ears. Blue dots represent genes considered not differentially regulated.
Dotted lines denote log2-transformed 1.3-fold regulations when comparing PBMCsec and medium. Solid gray line represents log2 transformation of PBMCsec / medium = 1. Solid
black line indicates -log10 of p = .05. N = 5 mice per condition. p-values were calculated by one-tailed student’s t-test with equal variances between the two samples.

PBMCsec-treated MoDCs. As shown in Fig 2f, addition of PBMCsec signiﬁcantly reduced LPS-induced upregulation of CD83 and HLA-DR,
indicating diminished DC maturation.

As release of immunomodulatory agents is a major function of
DCs, we compared cytokine secretion properties of mature MoDCsvehicle and MoDC-PBMCsec by protein array. In response to LPS,
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Fig. 2. PBMCsec prevents differentiation-associated marker expression and DC cytokine secretion. Representative dot plots of (a) CD1a and (c) CD11c expressions of MoDC differentiated in the presence of vehicle medium and PBMCsec on day 7. Numbers in (a) and (c) indicate frequency of cells. N = 5 and n = 3 donors in (a) and (c), respectively. Statistical analysis of (b) CD1a+ and (d) CD11c+ cells in MoDC-vehicle and MoDC-PBMCsec. * indicates p<.05 PBMCsec versus vehicle. N = 5 donors and n = 3 donors in (b) and (d), respectively.
Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups versus vehicle were performed. (e) CD1a expression dynamics in the course of DC differentiation with
PBMCsec addition at indicated time points. N = 3 donors. (f) Flow cytometric assessment of DC maturation marker expressions in LPS-challenged MoDC-vehicle and MoDC-PBMCsec.
Representative histograms of n = 3 donors are shown. (g) Quantiﬁcation of secreted IL-12p70 by ELISA. N = 3 donors. Asterisk denotes p<.05 LPS-challenged MoDC-PBMCsec versus
LPS-treated MoDC-vehicle. Ordinary one-way ANOVA was performed and LPS-treated groups were compared by Sidak’s multiple comparisons.
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MoDC differentiated in the presence of secretome secreted fewer DCrelevant cytokines, including IL-12p70, IL-23, and TNFa (supplementary Fig S4). Data obtained by cytokine proﬁler were further corroborated by enzyme-linked immunosorbent assay (ELISA)-assisted
quantiﬁcation of secreted IL-12p70 (Fig 2g).
Together, these results show that PBMCsec attenuates expression
of DC differentiation- and maturation-associated markers and abrogates release of DC-speciﬁc cytokines in response to antigen encounter.
3.3. PBMCsec suppresses antigen presentation and induces
immunosuppressive and cytoprotective pathways in CD1a+ and CD11c+
human skin cells
Our in vitro ﬁndings show that PBMCsec does not affect expression of DC markers once their expression was induced during differentiation (Fig 2e). To investigate whether PBMCsec is nevertheless
able to functionally affect differentiated DCs present in human skin in
situ, we performed scRNAseq of ex vivo treated skin biopsies. Using
unsupervised clustering together with established cluster markers,
we could identify all major cell types present in the human skin
(Fig 3a). Compared to vehicle, PBMCsec treatment had no effect on
the cellular composition of the skin samples i.e. no speciﬁc cell cluster
was depleted or expanded by adding PBMCsec to human skin biopsies (Fig 3b). Differences on transcriptional level, however, were evident throughout all cell clusters (data not shown). Since we were
interested in APCs, we then focused our analyses on CD1a+ DCs (i.e.
Langerhans cells and a subset of dermal DCs) and ITGAX (CD11c)expressing DCs (Fig. 3c & d) and selected genes downregulated by
PBMCsec for GO functional classiﬁcation by ClueGO Cytoscape. In
CD1a+ cells, we found that, amongst others, biological processes associated with antigen presentation, intracellular transport, response to
cytokines, and apoptotic processes were affected in PBMCsec-treated
skin compared to vehicle (supplementary Table S1). Furthermore,
PBMCsec negatively regulated genes involved in pro-inﬂammatory
pathways and antigen receptor-mediated signaling in ITGAX+ cells
(supplementary Table S2). Genes were further analysed by IPA. Genes
downregulated in CD1a+ cells were, amongst others, associated with
processes such as antigen presentation and phagosome maturation
(Fig 3e), corroborating results obtained by Cytoscape-assisted functional annotations. Similarly, we detected downregulated signaling
pathways for antigen presentation, DC maturation, interferon signaling, allograft rejection, and T-cell differentiation in CD11c+ cells in
skin treated with PBMCsec (Fig 3f). In both cell populations, several
diseases in the category of dermatological diseases and conditions,
such as atopic dermatitis and drug-induced hypersensitivity syndrome, were annotated to PBMCsec-downregulated genes (supplementary Tables S3 & S4).
Together, these results suggest that PBMCsec exerts anti-inﬂammatory and cytoprotective effects by modulating biological functions
of skin-resident DCs.
3.4. PBMCsec modulates the transcriptional landscape of MODC
Since the PBMC secretome diminished expression of classical DC
markers and reduced release of DC cytokines, we aimed to unravel
genes and pathways differentially regulated by PBMCsec. To this end,
we compared transcriptional proﬁles of MoDCs-vehicle and MoDCs
differentiated in the presence of PBMCsec. Global gene expression
proﬁles revealed few differences between groups (supplementary Fig
S5), indicating scarce transcriptional changes of lineage-committed
cells. PCA clustered MoDC-PBMCsec separately from CD14+ cells and
MoDC (Fig 4a). Though PBMCsec prevents expression of classical DC
differentiation markers, MoDC-PBMCsec displayed a distinct expression pattern compared to that of freshly isolated CD14+ cells, presumably due to the culture period of 7 days.
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Genes expressed in different subsets were analysed by web application-based, area-proportional venn diagrams (Fig 4b). To limit analysis to strongly expressed genes, an expression cut-off value of 90
was chosen. Relative complements, i.e. genes exclusively expressed
in CD14+, MoDC, and MoDC-PBMCsec, respectively, are listed in supplementary Table S5. We subsequently used these genes to perform
GO enrichment analysis using the PANTHER overrepresentation test
to identify biological processes active in the respective cellular subgroups (Fig 4c). Processes associated with adaptive immune
responses, B and T cell function, and leukocyte-mediated immunity
were detected in CD14+ cells (489 genes), while events involving vesicle trafﬁcking and antigen presentation were exclusively identiﬁed
in differentiated MoDC (244 genes). Intriguingly, genes regulating
lipid transport and lipid metabolic processes were found enriched in
MoDC-PBMCsec (177 genes), suggesting a role for lipids in PBMCsecmediated suppression of DC differentiation marker expression.
We next investigated genes most differentially expressed
between CD14+ cells and MoDC, i.e. genes highly expressed in CD14+
cells but not expressed in differentiated MoDC and vice versa
(Fig 4d). The expression of these most differentially expressed genes
was strongly affected by PBMCsec (Fig 4d). When calculating GO
terms for genes expressed in MoDC but not in MoDC-PBMCsec (supplementary Table S6), lipid antigen presentation, chemotaxis of various cells, and type 1 T helper cell (TH1) immune response were
enriched (Fig 4e), suggesting an inhibitory effect of PBMCsec on these
biological processes. Conversely, regulation of lipoprotein lipase
activity and nitric oxide (NO)-mediated signaling were found
strongly upregulated in MoDC-PBMCsec, while being inactive in
MoDC. Similar results were obtained by IPA when canonical pathways overrepresented in MoDC-vehicle but inactive in MoDCPBMCsec were analysed (Fig 4f & supplementary Table S7).
We then focused our analyses on speciﬁc genes associated with
DC phenotype and functions. Among the mRNAs most differentially
regulated between vehicle and PBMCsec, we found members of the
CD1 and HLA family, antigen receptors and -processing molecules,
cytokines and chemokines (Fig 4g). While CD1A, CD1B, CD1C, and
CD1E were highly expressed in MoDCs with vehicle medium,
PBMCsec prevented differentiation-associated upregulation of CD1
molecules, corroborating results obtained from CD1a ﬂow cytometry.
Similar tendencies were observed when studying HLA class II genes,
while HLA class I genes were strongly expressed in CD14 cells but
showed low levels in MoDC-vehicle and MoDC-PBMCsec. We furthermore investigated expression levels of genes essential for DCs (CD83,
CD86, chemokine ligands and receptors, CD206, CD208, cathepsin C,
CLEC4A, and Fc epsilon receptor, Fig 4g) and found regulatory effects
of PBMCsec on these genes. Lastly, we analysed the expression of
genes highly expressed in monocytes. Freshly isolated CD14+ cells
strongly expressed colony-stimulating factor receptors (CSF1R,
CSF2RA, CSF2RB, and CSF3R) and CD14, while we observed low
expression of these monocyte marker molecules in both MoDC-vehicle and MoDC-PBMCsec. mRNA sequencing data were conﬁrmed by
RT-qPCR analysis, when expression of CD1A, CD1B, CD1C, HLA-DRA,
HLA-DPB1, and HLA-DQA1 were low in DCs cultured with PBMCsec
compared to MoDC-vehicle (Fig 4h). Taken together, these data show
that PBMCsec remarkably modulates the transcriptional proﬁle by
regulating multiple gene expression patterns and signaling pathways
related to key DC functions and DC differentiation.
3.5. Lipids secreted by g -irradiated PBMCs predominantly account for
immunomodulatory effects of PBMCsec on DCs
Since our GO enrichment analysis suggested a role for lipids in
PBMCsec-mediated compromised DC phenotype and lipids are
known to affect DC activity [68-70], we sought to determine whether
lipids and/or other biomolecule(s) present in PBMC secretome were
responsible for diminished DC characteristics after PBMCsec
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Fig. 3. PBMCsec downregulates antigen presentation pathways in CD1a+ and CD11c+ human skin cells. Human skin biopsies were treated ex vivo with vehicle or PBMCsec and used
for scRNAseq. Unsupervised clustering together with established cell markers allowed identiﬁcation of the major cell types present in skin, such as epidermal keratinocytes, ﬁbroblasts, melanocytes, and various immune cells. Clustering was performed for (a) vehicle- and (b) PBMCsec-treated human skin. EC, endothelial cells; FB, ﬁbroblasts; KC, keratinocytes. Expression levels of (c) CD1a and (d) ITGAX in the respective, identiﬁed cell clusters. Heights of violin blots indicate expression levels, while widths represent numbers of
cells. Points represent individual cells. Genes signiﬁcantly downregulated by PBMCsec were determined in (e) CD1a+ and (f) ITGAX+ cells and used to identify canonical pathways
associated with these genes using IPA. Biological processes (nodes) are connected by common genes. Differentially regulated genes were identiﬁed by Wilcoxon rank sum test with
Bonferroni correction for adjusted p values. N = 3 donors.
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Fig. 4. PBMCsec profoundly alters transcriptional proﬁle of MoDC. (a) PCA of CD14+ cells and MoDCs differentiated in the presence of vehicle medium or PBMCsec. N = 2 donors per
condition. (b) Genes commonly and exclusively expressed by CD14+ cells, MoDC-vehicle, and MoDC-PBMCsec are shown. Numbers indicate number of genes expressed in the
respective sets. (c) GO terms associated with genes exclusively expressed in CD14+ cells (green), MoDC (yellow), and MoDC- PBMCsec (blue), respectively. Each dot represents one
biological process. p-values and fold enrichments were used to depict GO terms and were calculated by PANTHER classiﬁcation system. N = 2 donors per condition. (d) Genes
expressed in CD14+ but not in MoDC and vice versa were compared to their expression in MoDC-PBMCsec. Z-scores were calculated by heatmapper.ca. N = 2 donors per condition.
(e) GO terms of genes expressed in MoDC but not in MoDC-PBMCsec (blue) and vice versa (red). Each dot represents one biological process. Cut-off values of MoDC / MoDC-PBMCsec
fold changes were set to 0.25 and 4, respectively, to identify differentially regulated genes between groups. p-values and fold enrichments were calculated by PANTHER classiﬁcation system and used for visualization of the results. N = 2 donors per condition. (f) Canonical pathways activated in MoDC-vehicle but not in MoDC-PBMCsec were identiﬁed by
IPA. Pathways (nodes) are connected by common genes. N = 2 donors per group. (g) Expression levels of genes related to DC function. Z-scores were calculated by heatmapper.ca.
N = 2 donors per condition. (h) qPCR analysis of CD1A, CD1B, CD1C, HLA-DRA, HLA-DPB1, and HLA-DQA1 expressions in MoDC-vehicle and MoDC-PBMCsec. N = 3 donors per group.
p-values were calculated by one-tailed student’s t-test with equal variances between the two samples. Asterisks denote signiﬁcant difference between MoDC and MoDC-PBMCsec.

treatment. Therefore, the major secretome fractions proteins, lipids,
and EVs were isolated from PBMCsec and individually added during
DC differentiation. Hardly any adherent cells were detected and no
major differences in cell morphology and numbers were observed
when cells were exposed to the secretome or the different fractions
(supplementary Fig S6). Intriguingly, lipids secreted by irradiated
PBMCs effectively abrogated cytokine-induced differentiation of
monocytes, comparably to the extent of PBMCsec (75.7 § 2.6% and
83.4 § 2.6% CD1a+ cells with differentiation medium alone and control medium, respectively; 13.98 § 5.8% and 16.2 § 4.9% CD1a+ with
PBMCsec and lipids, respectively; both p<.0001 compared to control

medium) (Fig. 5a & b). By comparison, secreted proteins and EVs displayed moderate and no effects on differentiation process, respectively (51.6 § 7.8% CD1a+ cells with proteins, p<.5 versus control
medium; 77.9 § 5.2% CD1a+ cells with EVs, p>.05 compared to control medium). Interestingly, puriﬁed lipids showed lower activity
than the whole cell secretome, suggesting that an interplay or additive effects of several fractions are necessary for the full immunomodulatory action of PBMCsec. Similar results were obtained when
CD11c expression was assessed (Fig. 5c & d). In detail, CD11c levels
were reduced from 93.7 § 0.6 and 90.5 § 1.5% positive cells in MoDC
and MoDC-medium, respectively, to 28.3 § 3.3, 62.7 § 5.9, and
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Fig. 5. Lipids secreted by irradiated PBMC abolish expression of DC differentiation-associated molecules. (a) CD1a and (c) CD11c expression of MoDCs differentiated with IL-4/GMCSF in the presence of either control medium, PBMCsec, or indicated subfractions. Numbers in (a) and (c) indicate frequency of cells. N = 5 and n = 3 donors per group for (a) and (c),
respectively. Statistical analyses of (b) CD1a and (d) CD11c expressions. Asterisks denote a signiﬁcant reduction in the number of positively stained cells of respective groups compared to control vehicle. N = 5 donors and n = 3 donors in (b) and (d), respectively. Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups versus vehicle were
performed. (e) qPCR analysis of CD1A, CD1B, CD1C, HLA-DRA, HLA-DPB1, and HLA-DQA1 expressions in MoDC-vehicle, MoDC-PBMCsec, MoDC-lipids, and MoDC-proteins. N = 3
donors per group. Ordinary one-way ANOVA was performed with Dunnett’s multiple comparisons to compare groups versus vehicle. Asterisks indicate signiﬁcant p-values versus
vehicle. Expression values of genes associated with (f) prostaglandin synthesis, (g) arachidonate lipoxygenases, and (h) leukotriene-associated genes. N = 2 donors per group. Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups versus vehicle were performed. * in (f) indicates signiﬁcantly lower PTGES2 expression of PBMCsec versus
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89.1 § 1.9 CD11c+ with PBMCsec, lipids, and proteins, respectively. In
addition, we performed qPCR analysis of our CD1 and HLA gene panel
and detected strong inhibitory effects of PBMCsec and lipids on the
expression of these genes, while proteins displayed diminished ability to prevent induction of DC differentiation-associated genes (Fig
5e). Taken together, these results indicate that lipids present in the
secretome of g -irradiated PBMC, at least to a large extent, account for
the constrained phenotype observed in MoDC-PBMCsec.
To elucidate a potential underlying mechanism by which lipids
abrogate expression of DC molecular marker, we assessed levels of
genes reportedly involved in DC differentiation in our gene chip array
and evaluated putative effects of PBMCsec on their expression. We
ﬁrst focused our analysis on genes involved in antioxidant mechanisms and genes encoding lipid-metabolizing enzymes. Expressions
of nuclear factor erythroid 2-related factor 2 (NRF2) target genes and
antioxidant genes remained largely unaffected by PBMCsec (supplementary Table S8). Only moderate effects of PBMCsec were detected
when expressions of prostaglandin (PTG)-synthesizing enzymes and
receptors were assessed (Fig 5f). Among arachinodate lipoxygenase
genes (ALOX), ALOX15 was found remarkably downregulated by
PBMCsec compared to vehicle medium (Fig 5g). Of note, ALOX5-activating protein (ALOX5AP) was strongly upregulated with secretome,
while ALOX5 expression remained unaltered compared to vehicle
(Fig 5g). Moreover, differentiation-associated downregulation of leukotriene A4 hydrolase LTA4H was impaired by PBMCsec, while LTB4R
expression was not regulated by PBMC secretome (Fig 5h). These
data suggest that PBMCsec prevents the DC differentiation-associated
expression of ALOX15.
3.6. Lipids secreted by g -irradiated PBMC compromise major MODC
functions
Based on the encouraging ﬁndings obtained from our analytical
assessments, we furthermore sought to evaluate potency of MoDCs
differentiated with PBMCsec and its fractions in a number of functional assays. First, we aimed to determine the effect of the lipid fraction of the secretome on LPS-induced release of DC cytokines. While
LPS treatment caused vast secretion of IL-12p70 and TNF-a in MoDCvehicle, we detected lower levels of respective cytokines with
PBMCsec and lipids after LPS stimulation (Fig. 6a & b). Based on these
results, we asked whether DC-mediated immune cell proliferation
was compromised by PBMCsec. Therefore, DC maturation was
induced by brief exposure to LPS and stimulatory properties of
mature DCs were tested in an MLR with allogeneic, cell proliferation
dye-labelled PBMCs (Fig. 6c & d). While few non-proliferating cells
were detectable in MoDCs generated with differentiation medium
alone, control medium, and EVs (0.12, 0.13, and 0.11%, respectively),
PBMCsec and the lipid fraction, when added during MoDC differentiation, effectively prevented immune cell proliferation, indicated by
11.5 and 18.2% non-proliferating cells in MLR, respectively. We furthermore observed a moderate effect of PBMC-secreted proteins in
cell proliferation-inducing abilities of MoDC (7.14% cell proliferation
dyehigh cells with MoDC-proteins). Fewer cells having undergone two
doublings were observed with differentiated MoDC, MoDC-vehicle,
and MoDC-EVs compared to MoDC-PBMCsec, MoDC-lipids, and
MoDC-proteins (27.4, 27.9, and 28.7% versus 34.01, 34.6, and 32.3%,
respectively). Conversely, more cells with multiple doublings indicated by low proliferation dye signal were detected in MoDC with differentiation and control medium as well as with EVs (72.5, 71.6, and
71.2%, respectively), when compared to MoDC-PBMCsec, MoDC-

13

lipids, and MoDC-proteins (54.4, 47.1, and 60.6%, respectively).
Accordingly, we observed less secreted IL-12p70 and TNF-a during
MLR with MoDC-PBMCsec compared to DCs differentiated with vehicle (Fig. 6e & f). Additionally, a functional dextran uptake assay
revealed decreased antigen endocytosis by PBMCsec- and lipidstreated DCs compared to vehicle medium (Fig 6g).
A major role of mature DCs is the initiation of lymphocytic
immune responses. Since we detected diminished expression of characteristic DC molecules and reduced secretion of pro-inﬂammatory
mediators, we next sought to determine whether CD4+ T cell-priming
activity of DCs was mitigated by PBMCsec and lipid treatment. To this
end, mature MoDC differentiated with secretome, lipids, or vehicle
were co-cultured with allogenic naïve, CD4+ T cells and release of TH1
and TH2 response-speciﬁc cytokines IFN-g and IL13, respectively,
was assessed. After 6 days of co-incubation, we found that secretion
of both cytokines was diminished when MoDC were differentiated
with PBMCsec or, to a lesser extent, with lipids compared to vehicle
(Fig. 6h & i), indicating that the PBMC secretome delimits T cell-activating properties of DCs, presumably by compromising expression of
DC marker molecules and release of inﬂammation-promoting cytokines. Since resolvins, lipid mediators with inﬂammation-resolving
properties [71,72], are known to impair DC function, we quantiﬁed
the presence of this lipid class in our secretome. As shown in supplementary Fig S7, PBMCsec indeed contains several resolvins, suggesting a potential role in the anti-inﬂammatory action of PBMCsec. Of
note, all of the detected resolvins showed signiﬁcantly lower levels in
the secretome of non-irradiated PBMCs (not shown).
3.7. Lipids present in PBMCsec mitigate hapten-induced tissue swelling
and reduce immune cell inﬁltration to sensitized areas
As we observed strong inhibitory effects of PBMCsec on murine
CH in vivo and since we could identify lipid species as the predominant bioactive molecules mediating the observed anti-inﬂammatory
effects of PBMCsec on DCs, we next asked whether lipids isolated
from PBMCsec were capable of mitigating CH comparably to the
extent of PBMCsec. To this end, we induced DNFB-mediated CH and
topically applied PBMCsec-derived lipids. Treating ears of DNFB-sensitized mice with lipids caused reduced ear thickness (average
184.05 § 20.5 mm increase in ear thickness with medium vehicle versus 130.3 § 18.7 mm increase in ear thickness with lipids, p<.05)
(Fig. 7a & b), comparable to, yet not as effective as the whole secretome (Fig. 1a & b). Moreover, amounts of inﬁltrating cells into the
stroma were remarkably reduced by lipids compared to medium
(176.6 § 9.1 cells per ﬁeld with lipids versus 248.6 § 24.7 cells/ﬁeld
with medium; p<.05) (Fig 7c). In conclusion, our data suggest a
strong therapeutic potential of lipids released by stressed PBMCs in
inﬂammatory skin conditions.
4. Discussion
DCs, as sentinels of immunity, represent a clinically attractive target implicated in numerous disease aetiologies, including allograft
rejection, autoimmune diseases, and inﬂammatory skin conditions.
In the current study, we provide evidence that the secretome
released by g -irradiated PBMCs considerably affects the differentiation and function of MoDCs and differentiated DCs present in human
skin. We were furthermore able to show that cells differentiated in
the presence of PBMCsec showed signiﬁcantly reduced cytokine
secretion upon LPS stimulation. As a consequence, T cell-stimulatory

vehicle. y in (f) indicates signiﬁcantly higher PTGES3 expression when comparing vehicle versus CD14. x in (f) indicates signiﬁcantly lower PTGIR expression of vehicle versus CD14.*
in (g) indicates signiﬁcantly higher ALOX15 expression of vehicle versus CD14. y in (g) indicates signiﬁcantly higher ALOX15AP expression when comparing vehicle versus CD14. x in
(g) indicates signiﬁcantly lower ALOX5 expression of vehicle versus CD14. * in (h) indicates signiﬁcantly lower LTB4R expression in vehicle versus CD14.
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Fig. 6. PBMCsec and lipids functionally impair MoDCs. Amounts of (a) IL-12p70 and (b) TNF-a released by LPS-treated MoDC-PBMCsec and MoDC-lipids. * indicates p<.05 versus
vehicle. N = 3 donors per group. Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups versus vehicle were performed. (c) Intensity of cell proliferation dye
staining reﬂecting non-proliferating and proliferating cell populations in MLR. Numbers indicate frequencies per gate. Representative histograms of biological triplicates are shown.
(d) Quantiﬁcation of proliferating and non-proliferating cells. N = 3 donors per group. Concentrations of (e) secreted IL-12p70 and (f) secreted TNF-a during MLR with MoDCmedium, MoDC-PBMCsec, and MoDC-lipids. * denotes p<.05 versus vehicle. N = 3 donors per group. Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups
versus vehicle were performed. (g) Dextran uptake of MoDC differentiated with control medium, PBMCsec, or lipids. Numbers indicate frequencies of cells per gate. One
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Fig. 7. Lipids secreted by stressed PBMCs alleviate symptoms of DNFB-induced CH. (a) Hematoxylin/eosin-stained ears 24 h after DNFB elicitation. Representative micrographs of
n = 5 mice per treatment condition are shown. ac, auricular cartilage; c, corniﬁed epidermis; d, dermis; epi, epidermis. Scale bar, 200 mm. (b) Increase in ear thickness determined
by micrometric assessment 24 h post DNFB re-challenge. * denotes p<.05 versus vehicle. N = 5 mice per group. One-tailed student’s t-test for paired samples was performed to compare PBMCsec versus vehicle. (c) Number of stromal cells per ﬁeld. * indicates p<.05 versus vehicle. N = 5 mice per group. One-tailed student’s t-test for paired samples was performed to compare PBMCsec versus vehicle.

capacities of PBMCsec-treated MoDC were dampened. In a recent
study, Henry and colleagues demonstrated mitigated T cell activation
as a result of reduced IL-12 secretion [73]. Apart from IL-12, we also
found decreased IL-23 release in response to secretome treatment.
Interestingly, DCs secreting IL-23 have been recently implicated in
disease aetiology of atopic dermatitis, by polarizing CD4+ T cell subsets towards an inﬂammatory phenotype, eventually leading to epidermal thickening [74]. In line with these data, the reduced
production of IL-12 and IL-23 by PBMCsec-treated DCs suggest a therapeutically beneﬁcial effect of the secretome for inﬂamed skin conditions, such as CH.
Bioinformatics analysis of our transcriptomics data revealed that
lipid transport and lipid metabolic processes were affected in MoDCs
generated with addition of PBMCsec, thus corroborating a role for lipids in impaired DC differentiation. Further in vivo studies showed that
indeed the lipid fraction of the secretome exerted strong effects in
the CH mouse model. One explanation for our observation might be
that oxidized phospholipids present in the secretome prevent binding and signaling of LPS, as it was recently demonstrated by Bochkov
and colleagues [75]. In previous works of our group, we could show
that PBMCsec contains a variety of non-oxidized, native phospholipids, phospholipids with hydroperoxides and hydroxides, lysophospholipid species, and phospholipids with carbonyl modiﬁcations
[34,37]. In addition, we here show that different resolvins are present
in PBMCsec, which have known immunomodulatory activity on DCs
[72] and could therefore be involved in the observed effects of
PBMCsec on DC function. Though oxidized phospholipids have been
implicated in the maturation of DCs [43], we already observe a differentiation-impairing effect prior to maturation. Therefore, (oxidized)
lipids most likely act independently of LPS signaling as described by
Buchkov et al. in our settings. The exact underling mechanism by

which PBMCsec-derived lipids exert their anti-inﬂammatory action,
however, is still not known. Several modes of action are conceivable.
Though effects of prostaglandins and leukotrienes on DCs have been
reported previously [69,76,77], our chip data do not show differential
regulation of prostaglandin- and leukotriene-associated genes by
PBMCsec, suggesting a prostaglandin- and leukotriene-independent
action of PBMCsec on DC function. Recently, the relevance of arachinodate 15-lipoxygenase in DC function [43] and dermal inﬂammation
[78] was described. Rothe and colleagues reported enhanced DC maturation in the absence of ALOX15 evidenced by decreased levels of
MHC class II molecules, costimulatory molecules, and activation
markers. Moreover, diminished levels of the ALOX15 products
PAPCOH and PAPCOOH were detected when ALOX15 was
depleted. Conversely, these data could suggest that ALOX15-derived
phospholipid oxidation products are required to attenuate DC maturation. However, our gene chip data revealed that PBMCsec abolished
the differentiation-associated upregulation of ALOX15. Why DC differentiated in the presence of PBMCsec display impaired maturation
in spite of low ALOX15 expression remains to be determined. Conceivably, exogenously added anti-inﬂammatory lipids present in
PBMCsec, such as resolvins, might account for alleviated tissue
inﬂammation while simultaneously interfering with the endogenous
ALOX15 machinery of DCs. In this regard, it is worth mentioning that
an Alox15-dependent mechanism of resolvin D2 production maintaining skin integrity by suppressing dermal inﬂammation has been
recently described [78]. In addition, resolvin E1, a lipid mediator with
inﬂammation-resolving properties, has been shown to impair DC
motility, attenuate T cell priming, and prevent activation of effector T
cells in murine contact hypersensitivity [78]. Interestingly, most of
the previously mentioned works reported an immunosuppressive
action via up-regulation of IL-10. In contrast, we could not detect IL-

representative histogram of biological triplicates is shown. Secretion of (h) IFNg and (i) IL-13 during co-culture of naïve T cell with MoDC differentiated in the presence of medium
vehicle, PBMCsec, or lipids. * indicates p<.05 versus vehicle. N = 3 donors per group. Ordinary one-way ANOVA and Dunnett’s multiple comparisons of all groups versus vehicle
were performed.
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10 secretion by secretome-treated DCs in our cytokine proﬁler. In line
with these data, Blueml demonstrated that the inhibitory effects of
OxPAPC did not involve IL-10 [70], suggesting the presence of alternative mechanisms. Proﬁling the exact immunologically active lipid
species secreted by irradiated PBMCs, e.g. by in-depth mass spectrometric analyses, and the lipid metabolism of secretome-treated DCs
might deepen our understanding of lipid-mediated impaired DC differentiation.
Our bioinformatics analysis revealed signiﬁcant differences
between vehicle- and PBMCsec-treated human skin, suggesting
diminished antigen presentation and processing and downregulated
inﬂammatory processes. Contradictory data for both disease-promoting and regulatory functions of skin-resident DCs in CH have been
repeatedly reported [79-82]. In spite of ongoing debates about the
exact involvements and contributions of different cell types to CH
disease aetiology, we hypothesize that PBMCsec exerts anti-inﬂammatory effects on inﬂamed murine and human skin, at least partially,
by modulating the immunogenic potential of skin-resident APCs. In
line with this hypothesis, we observe only minor immunomodulatory
actions of PBMCsec in an antigen-independent, TLR7-mediated
mouse model of skin inﬂammation. Analysis of the local cytokine and
chemokine milieu identiﬁed several immune mediators differentially
expressed by PBMCsec, including IL-7, Ccl5, Cxcl12, oncostatin M
(Osm), and adiponectin. The most relevant cytokines and chemokines
and their roles in contact dermatitis have been described previously
by Lee et al. [83]. Regulating the expressions of these molecules by
PBMCsec might provide a potential mechanism by which PBMCsec
contribute to alleviated CH symptoms. However, future studies will
be necessary to elucidate the exact contribution of PBMCsec to
changes of the local cytokine and chemokine milieu in inﬂammatory
skin conditions.
In our experiments, PBMCsec was present during differentiation
as well as during LPS-induced maturation. Effects of PBMCsec on differentiated DCs have been reported previously. Hoetzenecker et al.
investigated the effect of PBMCsec on DC maturation and observed
only minor effect on the expression of maturation markers and antigen uptake [38]. In contrast to this study, we observe diminished DC
maturation when PBMCsec was added during differentiation and
maturation. Moreover, antigen uptake was strongly reduced
when DCs were differentiated in the presence of PBMCsec.
Together, these data suggest that adding the secretome during
differentiation rather than maturation is crucial for delimiting DC
characteristics and functions.
Multiple cell types are involved in the induction of CH in the DNFB
mouse model used in our study. Although we found only minor
impact of the secretome in an antigen-independent model, we cannot completely rule out potential involvements of other cell types in
the immunomodulatory action of PBMCsec. In addition to modulating
APCs in the skin, PBMCsec might also modulate T cell activity, as
effects on CD4+ T cell have been previously reported in an autoimmune myocarditis mouse model [38]. Delineating additional potential mechanism and other cell types modulated by PBMCsec
treatment, e.g. by scRNAseq analyses, is subject of future investigations.
Safety and tolerability of topically applying PBMCsec has already
been demonstrated in a phase I safety clinical trial (clinicaltrials.gov
identiﬁer: NCT02284360), where no therapy-related, serious adverse
events were detected [84]. Furthermore, toxicological testing of
intravenously administered PBMCsec was performed in two rodent
models and subcutaneous tolerance was determined in minipigs
[85]. In their study, Wuschko and colleagues observed no major toxicities or local signs of intolerance. Together, these data support the
safe use of PBMCsec in various administration routes. Currently, an
international, multi-center, randomized, double-blinded phase II
clinical trial has been initiated to investigate the regenerative effects
of topically applied PBMCsec in diabetic foot ulcer (DFU) with chronic

non-healing wounds (EudraCT number 2018001,65327). This
clinical trial will pave the way for future clinical administrations of
PBMCsec in other inﬂammatory skin conditions.
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