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Cell-free secretomes represent a promising new therapeutic
avenue in regenerative medicine, and g-irradiation of human
peripheral blood mononuclear cells (PBMCs) has been shown
to promote the release of paracrine factors with high regenera-
tive potential. Recently, the use of alternative irradiation sour-
ces, such as artificially generated b- or electron-irradiation, is
encouraged by authorities. Since the effect of the less hazardous
electron-radiation on the production and functions of para-
crine factors has not been tested so far, we compared the effects
of g- and electron-irradiation on PBMCs and determined the
efficacy of both radiation sources for producing regenerative
secretomes. Exposure to 60 Gy g-rays from a radioactive
nuclide and 60 Gy electron-irradiation provided by a linear
accelerator comparably induced cell death and DNA damage.
The transcriptional landscapes of PBMCs exposed to either ra-
diation source shared a high degree of similarity. Secretion pat-
terns of proteins, lipids, and extracellular vesicles displayed
similar profiles after g- and electron-irradiation. Lastly, we de-
tected comparable biological activities in functional assays re-
flecting the regenerative potential of the secretomes. Taken
together, we were able to demonstrate that electron-irradiation
is an effective, alternative radiation source for producing ther-
apeutic, cell-free secretomes. Our study paves the way for
future clinical trials employing secretomes generated with elec-
tron-irradiation in tissue-regenerative medicine.

INTRODUCTION
Over the past few years, application of cell-derived, yet cell-free,
secretomes, instead of transplanting cells, is being increasingly
recognized as an attractive therapeutic intervention for tissue
regeneration. Initial studies predominantly employed stem-cell
(SC)-derived secreted factors,1–4 although SCs have major draw-
backs, such as a requirement of invasive procedures for isolation
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and limited availability. By comparison, peripheral blood mononu-
clear cells (PBMCs) represent a waste product of routine blood
donation and are easily obtainable in larger numbers. Furthermore,
secretomes of SCs and stressed PBMCs were reported to exhibit
comparable regenerative effects.5 Pioneer SC transplantation
studies suggested that cell death was crucial for promotion of tissue
regeneration,6 and Ankersmit et al.7 were the first to demonstrate
that infusing PBMCs stressed with 60 Gy g-irradiation was superior
to applying non-irradiated cell suspensions for tissue regeneration
in a rodent model of acute myocardial infarction (AMI). Later
studies by the same group showed that the secretome of g-irradi-
ated PBMCs (PBMCsec) improved cardiac outcome in rodent
and porcine AMI models.8 During the last decade, PBMCsec has
been successfully applied in various indications of tissue damage,
including a latent porcine model of chronic post-myocardial infarc-
tion,9 and rodent models of cerebral ischemia, acute spinal cord
injury, skin wounds, and diabetic wounds.10–12 Most recently, Win-
kler et al.13 reported that preconditioning of cardiosphere-derived
cells with PBMCsec resulted in improved preservation of viability
in a porcine model of reperfused myocardial infarction. Further-
more, PBMCsec improved flap surgery outcome by promoting
wound healing and reducing necrosis rate.14 Based on these find-
ings, a broad action spectrum has been attributed to the secretome,
including immunomodulation, cytoprotection, vasodilation, as well
21 ª 2021 The Author(s).
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as pro-angiogenic and anti-microbial effects.8,11,12,15–24 These tis-
sue-regenerative activities have been shown to be triggered by the
interplay of many biologically active agents secreted by irradiated
PBMCs, such as proteins, lipids, and extracellular vesicles
(EVs).8,12,15 From a regulatory point of view, cell-free secretomes
are classified as biological medicinal products. As it is impossible
to analyze every single constituent, competent authorities recom-
mend the selection of crucial identity parameters and functional-
ities for product characterization. These specifications then serve
as a basis for the final approval of secretomes for clinical use. We
successfully established a panel to demonstrate the reproducibility
of PBMCsec generated under good manufacturing practice
(GMP),25 and the combination of these specifications is therefore
a legitimate approach to characterize pleiotropic biological medic-
inal products, such as secretomes, in a comprehensive manner.

The necessity of dying cells for tissue regeneration has already been
recognized,6 and in contrast to other culture protocols employing
hypoxia or stimulatory agents, ionizing radiation is a well-known,
potent inducer of cell death. In transfusion medicine, exposure with
g-rays emitted from a radioactive nuclide is the bona fide treatment
to halt donor T cell proliferation and prevent transfusion-associated
graft-versus-host disease (TA-GvHD). Although highly effective in
preventing TA-GvHD, g-irradiators represent a considerable
biohazard, and radioactive waste is an evident environmental prob-
lem. Additionally, increased security measures are required to reduce
the risk of unauthorized use of radioactive materials. Therefore, the
Cesium Irradiator Replacement Project was launched by the National
Nuclear Security Administration (NNSA; Washington, DC, USA),
which aims at replacing all g-irradiators with less hazardous irradia-
tion sources, such as b-irradiators or photon and electron beams pro-
vided by accelerators, by the end of 2027. Whereas the applicability of
high-energy photon beams in transfusion medicine has already been
reported,26,27 the feasibility of replacing g-irradiation sources with
b-irradiators or electron beams for the production of a regenerative
secretome has not been investigated to date. Electron beams and
beta-minus (b�) rays are identical from a physics point of view but
have different origin.28 b�-rays are associated with radioactivity,
and thus specific radiation protection aspects in terms of source
handling and source depletion still apply, just as for g-rays, whereas
electron beams from an accelerator are easier to handle in this respect.
So far, only few investigations comparing the biological activities of g-
and electron or b-irradiation have been conducted. Nonetheless, re-
ported data are inconclusive due to incomparability of experimental
settings, including radiation source,29 radiation dose,30 cell type
investigated,30–32 and different readouts.31,33 A comprehensive and
in-depth comparison of g- and electron-irradiation has not been per-
formed to date.

In the current study, we aimed to determine the cytotoxic and biolog-
ical effects of g- and electron-irradiation on PBMCs and comparably
analyzed the composition and activity of the secretomes. First, we
investigated whether g- and electron-irradiation was equally effective
in inducing PBMC death. As PBMCsec contains a range of active
Molecu
ingredients, the major biomolecular substance classes were analyzed,
and functional assays reflecting key regenerative actions were per-
formed to compare the biological activity of PBMCsec and secretomes
obtained from electron-irradiated PBMCs.

RESULTS
g- and electron-irradiation equally induce cell death and DNA

damage of PBMCs

Ionizing radiation is a well-known cellular stressor, and cell death
induced by 60 Gy g-radiation was identified as a crucial trigger for
secretion of regenerative factors.21 Therefore, we compared the cyto-
toxic effects of g- and electron-irradiation on human PBMCs by flow
cytometric assessment of Annexin V-SYTOX Green dual staining.
Cells were analyzed directly after isolation (0 h) and 24 h post irradi-
ation or sham treatment. The viability of freshly isolated PBMCs was
high (79.2% ± 9.8% double-negative cells; Figures 1A and 1B),
whereas culturing cells for 24 h caused a reduction of cell viability
to 56.6% ± 1.8%. To determine the electron-irradiation dose equiva-
lent to 60 Gy g-irradiation, we employed different dosages ranging
from 30 to 90 Gy electron. 24 h post irradiation, we found that the
amount of viable cells was highly comparable between 60 Gy g and
60 Gy electron (40.6% ± 0.6% and 39.4%± 7.4% double-negative cells,
respectively), whereas cell viability was significantly higher after irra-
diation with 30 Gy electron beams (47.1% ± 3.1%) and lower after
90 Gy electron beams (34.3% ± 5.1%). In addition, no significant dif-
ferences in the amounts of early and late apoptotic and necroptotic
cells were detected between 60 Gy g-irradiation and 60 Gy electron
(40.6% ± 1.8% versus 42.1% ± 4.5% Annexin V+ cells and 18.6% ±

2.1% versus 18.4% ± 2.9% double-positive cells after 60 Gy g- and
electron-irradiation, respectively). Therefore, we chose the minimum
effective dose of 60 Gy electrons for our further studies.

As g-irradiation is known to induce DNA double-strand breaks in
lymphocytes,34 we next aimed to determine whether electron and
g-irradiation equally affected DNA damage. Although freshly iso-
lated PBMCs displayed low levels of phosphorylated (phospho)
gH2A.X (15.9% ± 9.6%; Figures 1C and 1D), cells irradiated with
60 Gy g-irradiation and 60 Gy electron-irradiation induced compara-
ble levels of DNA double-strand breaks (56.9% ± 20.3% and 54.9% ±

14.2% positive cells, respectively). Taken together, these data show
that 60 Gy g-irradiation and 60 Gy electron-irradiation are equally
effective in inducing cell death and DNA damage of human PBMCs.

Transcriptional profiles of g- and electron-irradiated PBMCs

show comparable gene regulation

We furthermore sought to determine whether 60 Gy g- and 60 Gy
electron-irradiation might differentially affect gene expression pat-
terns of PBMCs. To this end, we compared transcriptional profiles
of freshly isolated PBMCs, sham-irradiated PBMCs after 24 h of cul-
ture, and PBMCs 24 h after 60 Gy g- and 60 Gy electron-irradiation.
Principal-component analysis (PCA) revealed that gene signatures of
freshly isolated PBMCs, cultured cells without irradiation, and irradi-
ated cells were distinct. However, g- and electron-irradiated cells
showed a very high transcriptional similarity (Figure 2A). We
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Figure 1. g- and electron-irradiation exhibit comparable cytotoxic effects

(A) Representative dot plots of Annexin V-SYTOX Green-stained cells after isolation, after 24 h of culture, as well as 24 h after 60 Gy g- and 30 Gy, 60 Gy, or 90 Gy electron-

irradiation. Numbers in quadrants indicate relative number of cells. (B) Bar diagram showing average percentages of stained cells and standard deviation. Data of n = 4 donors

are shown. (C) Representative histograms of phosphorylated (phospho) gH2A.X staining after isolation (0 h), 60 Gy g-irradiation, and 60 Gy electron-irradiation. Numbers

indicate relative numbers of cells. (D) Statistical analysis of phosphorylated gH2A.X-positive cells. Data are displayed as mean ± standard deviation and were analyzed by

one-way ANOVA with Dunnett’s multiple comparisons. Data of n = 5 donors are shown.
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determined the numbers of differentially expressed genes (DEGs)
with more than 2- and below 0.5-fold regulation and found that the
average amount of DEGs ranged from more than 1,500 up to 2,500
when comparing 0 h and sham irradiation with 60 Gy g- and
60 Gy electron-irradiation (Figure 2B). In contrast, roughly 250 genes
were found differentially regulated when comparing g- with electron-
irradiated PBMCs. These results were corroborated by pairwise com-
parisons, where several up- and downregulated genes were detected
between irradiated and non-irradiated samples (Figure 2C). As an
example, we randomly selected three up- and downregulated genes
among the top DEGs between irradiated and non-irradiated samples,
i.e., CC-chemokine ligand 20 (CCL20), cluster of differentiation 101
(CD101), colony-stimulating factor 1 receptor (CSF1R), formyl pep-
tide receptor 3 (FPR3), granzyme A (GZMA), and T cell receptor
16 Molecular Therapy: Methods & Clinical Development Vol. 21 June 20
gamma variable 9 (TRGV9) (Figure 2C). Of note, these genes were
equally regulated by different irradiation treatments. However, these
genes were not differentially regulated when comparing g- and elec-
tron-irradiation (Figure 2C). Gene enrichment analysis of the ~250
differentially regulated genes between g- and electron-irradiation re-
vealed that genes expressed higher after g-irradiation were associated
with monocyte chemotaxis, tumor necrosis factor (TNF) signaling
pathway, Toll-like receptor signaling pathway, and cellular response
to interleukin-1 (IL-1). Genes expressed higher after electron-irradi-
ation compared to g-irradiation were involved in positive regulation
of T cell proliferation and glycosyl catabolic process (Figure S1).
Heatmaps of global gene expression revealed that irradiated samples
showed marked differences compared to non-irradiated controls,
whereas similar transcriptional landscapes were observed when
21
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comparing g- and electron-irradiated PBMCs (Figure 2D). DEGs be-
tween irradiated and non-irradiated samples were used to identify
regulated cellular signaling pathways, and we found that the majority
of the associated pathways were identical (Figure 2E). To corroborate
our findings obtained by phosphorylated gH2A.X staining, we
furthermore assessed expression values of genes associated with
DNA damage responses (Figure S2). In line with our previous results,
we found no differences in the expression of genes implicated in base
excision repair, mismatch repair, nucleotide excision repair, homol-
ogy-directed repair, and non-homologous end joining when
comparing g- and electron-irradiated PBMCs. Together, these data
show that the effects of 60 Gy g- and 60 Gy electron-irradiation on
gene regulation of PBMCs are highly comparable.

The secretion of proteins, lipids, and EVs by g- and electron-

irradiated PBMCs is comparable

As protein release by PBMCs is promoted by g-irradiation,8 and pro-
teins are crucial for mediating regenerative and wound-healing pro-
moting actions of cellular secretomes, we sought to determine
whether the quality and quantity of released proteins were also com-
parable between g- and electron-irradiated PBMCs. To address this
question, we semiquantitatively determined cytokines using the Pro-
teome Profiler Human XL Cytokine Array and found that the identi-
ties of released cytokines were highly comparable between g- and
electron-irradiated PBMCs (Figures 3A�3C; Figure S3). Only signals
clearly discernable from background signals were included in our
analysis. We furthermore selected cytokines implicated in wound
healing for quantification by enzyme-linked immunosorbent assay
(ELISA) and found no significant differences in the amount of
secreted IL-8, transforming growth factor beta 1 (TGF-b1), and
epidermal growth factor (EGF) (Figure 3D).

Recently, potent anti-inflammatory actions were attributed to lipids
present in the PBMCsec,20,35 and g-irradiation of PBMCs was neces-
sary for inducing various oxidized phospholipid (PL) species15 impli-
cated in immunomodulation.36 Therefore, we determined the
presence of lipid species in PBMCsec and the secretome of elec-
tron-irradiated PBMCs by tandem mass spectrometry. When
analyzing various species belonging to the groups of native PLs, ly-
soPLs, oxidized PLs, and PLs with carbonylic modifications, we
observed no major differences among the different radiation sources
(Figure 4). We furthermore chose to quantify several resolvin species
and maresin 1 by ELISA, which have already been detected in
PBMCsec20 and exert immunomodulatory action.37–41 We found
Figure 2. Effects of g- and electron-irradiation on transcriptional regulation of

(A) PCA of freshly isolated PBMCs, PBMCs after 24 h of culture, and PBMCs 24 h after 6

indicate treatments. (B) Number of differentially expressed genes among groups. (C)

between non-irradiated and irradiated PBMCs. Each dot represents one gene. Gray

respectively). CCL20, CC-chemokine ligand 20; CD101, cluster of differentiation 101; C

granzyme A; TRGV9, T cell receptor gamma variable 9. (D) Heatmaps of global gene ex

each column represents one donor with the respective treatment. Color codes indicat

irradiated cells were used to calculate associated signaling pathways. Circle sizes reflec

code. Data of n = 4 donors are shown.
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no differences in resolvin concentrations between g- and electron-
irradiation (Figure 4). Only secretion of maresin was significantly
increased by electron-irradiation compared to g-irradiation.

Since various regenerative effects have been attributed to EVs,42 and
g-irradiation remarkably promoted secretion of EVs,12 we compared
nanoparticles secreted by irradiated PBMCs. Interestingly, we were
not able to detect differences in particle concentrations and sizes be-
tween g- and electron-irradiated PBMCs (Figures 5A�5C). As the
molecular content, especially microRNAs (miRNAs), dictates the
paracrine actions of EVs derived from irradiated PBMCs,12 we further
analyzed the miRNA species present in EVs by RNA sequencing. We
were able to detect a total of 118 different miRNAs in the EVs of g-
irradiated PBMCs and 138 miRNAs after electron-irradiation (Fig-
ure 5D; Table S1). When comparing the two forms of irradiation,
the prevailing majority (61%) of the detected miRNA species were
present in EVs derived from PBMCs exposed to both radiation sour-
ces. Moreover, the 14 most abundant miRNAs were identical in both
groups (Figure 5E). With the use of an online database for profiling
miRNAs in EVs,43 we found that the most abundant miRNA hsa-
miRNA (miR)-16-5p is strongly expressed in blood exosomes and
is involved in chemokine signaling, nuclear factor (NF)-kappa B
signaling pathway, and p53 signaling. Functional annotations of the
14 most abundant miRNAs revealed possible involvements in several
biological processes, such as cytokine signaling, immune response,
cell death and proliferation, and DNA damage response (Table S2).
These data show that the miRNAs present in the EVs derived from
g- and electron-irradiated PBMCs are predominantly the same and
presumably exert similar biological functions.

Taken together, these findings indicate that g-irradiation and elec-
tron-irradiation are equally effective in inducing the release of various
biologically active components by human PBMCs.

PBMCsec and secretomes obtained from electron-irradiated

PBMCs display similar biological activity

In addition to a biomolecular characterization, we aimed to determine
whether the PBMCsec and secretomes obtained from electron-irradi-
ated PBMCs share similar biological activity. As secretomes have
already been successfully employed to promote wound healing,17,44

we tested the secretomes of irradiated PBMCs in several functional as-
says, reflecting key stages of secretome-promoted wound healing.
Tube formation assay, using human umbilical vein endothelial cells
(HUVECs),45 revealed that the number of nodes and junctions, as
PBMCs

0 Gy g- and 60 Gy electron-irradiation. Each dot represents one donor; color codes

Scatterplots showing up- and downregulated genes (red and green, respectively)

dots indicate non-differentially expressed genes (fold-change cut-offs 2 and 0.5,

SF1R, colony-stimulating factor 1 receptor; FPR3, formyl peptide receptor 3;GZMA,

pressions of irradiated and non-irradiated samples. Each row represents one gene;

e expression levels. (E) Differentially expressed genes between irradiated and non-

t total numbers of regulated genes per pathway, and p values are indicated by color
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Figure 3. Cytokine secretion of g- and electron-irradiated PBMCs

(A) Immunodetection array membrane with annotations of the most abundant analytes detected in the secretomes of PBMCs. Each spot represents one analyte, and each

analyte is spotted in duplicates. (B) Cytokine secretion profiles of 60 Gy g- and 60 Gy electron-irradiated PBMCs. Pooled secretomes of n = 4 donors per condition were

analyzed. (C) Analysis of integrated densities of chemiluminescent signals. Each column represents one analyte. Colors indicate fold changes of integrated intensities. (D)

Pooled secretomes of n = 4 donors were measured by ELISA in technical triplicates. Bar diagrams show mean and standard deviation. For statistical analysis, two-tailed

Mann-Whitney was performed. BAFF, B cell activating factor; BDNF, brain-derived neurotrophic factor; CFD, complement factor D; DPPIV, dipeptidyl-peptidase IV; EGF,

epidermal growth factor; ENA-78, epithelial-derived neutrophil-activating protein 78; FGF19, fibroblast growth factor 19; ICAM1, intercellular adhesion molecule 1; IL1ra,

interleukin 1 receptor antagonist; IL6, interleukin 6; IL8, interleukin 8; IL10, interleukin 10; IL11, interleukin 11; IL16, interleukin 16; IL17A, interleukin 17A; IL18BPa, interleukin

18-binding protein isoform a; IL22, interleukin 22; IL24, interleukin 24; MCP1, monocyte chemotactic protein 1; MIF, macrophage migration inhibitory factor; MIP3a,

macrophage inflammatory protein 3 alpha; MMP9, matrix metallopeptidase 9; PDGF-AA, platelet-derived growth factor subunit A; PDGF-AB/BB, platelet-derived growth

factor subunits A and B; PF4, platelet factor 4; RANTES, regulated and normal T cell expressed and secreted; RBP, retinol-binding protein; SDF1a, stromal cell-derived factor

1 alpha; PAI-1, plasminogen activator inhibitor-1; TFF3, trefoil factor 3; TIM3, T cell immunoglobulin and mucin-domain containing-3; uPAR, urokinase-type plasminogen

activator receptor; VEGF, vascular endothelial growth factor; vitamin D BP, vitamin D-binding protein; TGFb1, transforming growth factor beta 1.
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well as the total segment lengths, was comparably high when adding
PBMCsec and secretomes from electron-irradiated PBMCs (Figures
6A and 6B). In contrast, medium used to culture PBMCs displayed
little tube formation potency.

As formation of new blood vessels represents a crucial step of wound
healing, endothelial cell migration and proliferation with secretomes
of irradiated PBMCs were performed using an ex vivo murine
thoracic aortic ring assay. On day 3 of explant culture, outgrowth
areas of endothelial cells were low with M199 and with medium
vehicle used to culture PBMCs (Figures 6C and 6D). Compared to
medium alone, the secretomes of irradiated PBMCs effectively pro-
moted cellular proliferation, and no difference in the pro-angiogenic
properties of PBMCsec and secretomes obtained from electron-
irradiated PBMCs was observed.

Activation of activator protein 1 (AP-1) promoter and phosphoryla-
tion of heat shock protein 27 (HSP27) have been implicated in wound
healing,46,47 and biological activity of secretomes was compared in
validated, cell-based assays. Although no potency was detected when
medium used to culture PBMCs was added, PBMCsec and secretomes
of electron-irradiated PBMCs effectively and comparably induced
AP-1 activation and HSP27 phosphorylation (Figures 6E and 6F).
Molecu
DISCUSSION
Induction of cell death is a crucial step for the generation of a potent
cell secretome with strong tissue-regenerative properties, and so far,
g-irradiation served as an effective inducer of cell death.7,21 Nonethe-
less, use of radioactive substances harbors critical safety concerns for
the operator, is subject to strict legal and safety requirements, requires
high economic efforts in disposal, and represents a long-lasting envi-
ronmental burden. Therefore, the development and use of alternative,
safer methods are highly appreciated by regulatory authorities. Elec-
tron-irradiation represents an attractive, non-radioactive substitute
with lower radiation burden and fewer health concerns. In the current
study, we investigated molecular composition and tissue-regenerative
activity of a secretome derived from electron-irradiated PBMCs and
compared it to the well-characterized PBMCsec. Our study provides
evidence for comparable composition and functional characteristics
of both PBMCsec and secretomes obtained from electron-irradiated
PBMCs. Based on these encouraging findings, we are convinced
that electron-irradiation represents a suitable, non-radioactive, and
safe alternative to g-irradiation for producing therapeutic secretomes
from PBMCs.

Programmed cell death is an indispensable mechanism for embryonal
development, tissue homeostasis, and non-inflammatory removal of
lar Therapy: Methods & Clinical Development Vol. 21 June 2021 19
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Figure 4. Quantification of lipids secreted by g- and

electron-irradiated PBMCs

Different classes of lipid species were analyzed by mass spec-

trometry, including native PLs, lysoPLs, oxidized PLs, and PLs

with carbonylic modifications, resolvins, and maresin secreted by

g- and electron-irradiated PBMCs. Each dot represents one

donor. For HPLC-MS/MS, data of n = 3 donors are shown, and

peak areas were normalized to spiked 1,2-dinonanoyl-sn-glycero-

3-phosphocholine (DNPC) controls. Horizontal bars indicate

arithmetic mean. For lipidomics data, two-tailed paired t test was

calculated. For statistical analysis of resolvins and maresin, two-

tailed Mann-Whitney was performed. Triangles, open circles, and

asterisks refer to donors 1, 2, and 3, respectively.
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Figure 5. Nanoparticle measurements of EVs secreted by g- and electron-irradiated PBMCs

(A) Averaged concentrations per sizes of detected nanoparticles in medium and in secretomes of irradiated PBMCs. Pooled secretomes of n = 4 donors were analyzed. Black

lines indicate mean of 6 measurements. Red areas indicate standard errors of the mean. (B and C) Statistical analyses of particle (B) concentrations and (C) sizes. Bar

(legend continued on next page)
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deleterious cells.48 The idea that dying cells can promote tissue regen-
eration is seemingly counterintuitive. However, this concept has
already been proven by Ankersmit et al.,7 and a variety of underlying
mechanisms have already been elucidated.24 Here, we showed that
electron-irradiation successfully induced cell death of PBMCs, which
was comparable to the cytotoxicity of g-irradiation. As irradiation is
known to induce DNA damage,34 we also analyzed phosphorylated
gH2A.X, a marker for DNA double-strand breaks.49 Importantly,
we were able to demonstrate that irradiation of PBMCs with electron
and g-irradiation led to the formation of comparable levels of DNA
double-strand breaks, suggesting similar biological functions induced
by DNA damage. Our transcriptome analysis revealed only minor dif-
ferences in mRNA expression after g- and electron-irradiation of
PBMCs. In addition, the molecular processes associated with DEGs
were similar when g- and electron-irradiated PBMCs were compared
to non-irradiated cells. Similar to results obtained on an mRNA level,
qualitative and quantitative comparisons of released proteins showed
no significant differences between g- and electron-irradiated PBMCs.
Recently, we were able to demonstrate an important immunomodula-
tory activity of lipids present in the secretome of PBMCs exposed tog-
radiation.20,35 We thus performed lipidomics analysis and ELISA-as-
sisted quantifications to compare the lipid composition of PBMCsec
and secretomes of electron-irradiated PBMCs. We detected compara-
ble amounts of non-oxidized and oxidized PLs and resolvins. Similar
lipid species have previously been identified when non-irradiated and
PBMCsec were analyzed15 and when the lipid contents of EVs were
studied.12 Furthermore, the presence of immunomodulatory resolvins
and maresin in the PBMCsec has already been reported.20 We there-
fore conclude that the secreted lipid species, both non-oxidized and
oxidized, generated by g- and electron-irradiation of PBMCs are
similar. Interestingly, the lipid composition of secretomes seems to
be cell type dependent. Li et al.50 showed that caspases activated during
apoptotic cell death induced the secretion of proliferation-promoting
factors. They also showed beneficial effects of ionizing radiation by
demonstrating that proliferation of stem and progenitor cells was
increased in the presence of irradiated cells. In their study, phospho-
lipase A2, an enzyme important for synthesis and secretion of prosta-
glandin E2 (PGE2), was shown to be responsible for the observed effect
on cell proliferation. Interestingly and in contrast to their findings,
PGE2 was not detectable in our lipidomics analysis, suggesting that
the regenerative and immunomodulatory effects of PBMCsec occur
in a PGE2-independent manner. Intriguingly, we found increased
secretion ofmaresin 1 after electron-irradiation compared tog-irradi-
ation. PBMCsec attenuated secondary tissue damage in a spinal cord
injury rat model,11 andmaresin 1 was reported to induce resolution of
inflammation in a spinal cord injury mouse model.38 Whether the se-
cretome derived from electron-irradiated PBMCs containing higher
maresin 1 levels is equally or even more effective than that
of PBMCsec in preventing neural tissue damage remains to be
diagrams show mean and standard deviation. For statistical analysis, one-way ANOVA

amount of identical and unique microRNAs detected in the EVs of g- and electron-irrad

percentages indicate the relative amounts of identical and unique microRNAs. (E) Heatm

Color code indicates unique molecular identifiers (UMIs).
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determined. Further elucidating the exact role of maresins in our
model using electron-irradiation merits future investigations.

Previous reports have demonstrated that g-irradiation promotes
secretion of nanoparticles,12 and we were able to show a comparable
particle secretion pattern by g- and electron-irradiated PBMCs. The
average concentration and average size of particles by our electron-
irradiated PBMCs are in accordance with PBMCsec produced under
GMP,25 indicating that g- and electron-irradiation equally induced
EV secretion by PBMCs. In addition, we performed an in-depth anal-
ysis of the EV content by sequencing miRNAs. It has been shown that
irradiation of PBMCs affects the miRNA profile of EVs.12 The process
of sequestering miRNAs in EVs occurs in a random and non-selective
manner.51 Hence, the most abundant cytoplasmic miRNAs are also
found in EVs. We found that the prevailing majority of miRNA spe-
cies in EVs is the same when PBMCs were irradiated with g- or elec-
tron-irradiation, whereas differences were mainly due to miRNAs in
low abundance. Further functional studies are required to confirm
whether EVs released by g- and electron-irradiated PBMCs elicit
comparable biological responses in target cells.

In addition to analytical tests, we used a panel of functional assays to
determine the biological activity of PBMCsec and secretomes from
electron-irradiated PBMCs. The results obtained from electron-irra-
diated PBMC secretomes were comparable to previous findings,
where PBMCsec were tested in tube formation assays,21,25 sprouting
assays,12,21,25 and potency assays.12,21,25

In spite of all efforts, our study is subject to some limitations. Pooling
the secretomes of up to 120 donors is necessary to obtain large-scale
batches for clinical application, and combining secretomes of several
donors is crucial to diminish donor-to-donor variability.25 Since only
few donors were analyzed in the current study, comparing the pooled
secretomes of numerous donors exposed to g- or electron-irradiation
merits future investigations. In addition, our analyses primarily
focused on obtaining an overall picture of the major constituents
and key functions of the secretomes, whereas further, more sophisti-
cated in vitro and in vivo approaches are necessary to obtain more
detailed insights into the therapeutic potential of the secretome
derived from electron-irradiated PBMCs. Furthermore, our semi-
quantitative approach of cytokine analysis by a proteome profiler
was deemed a convenient way to study immunologically relevant pro-
teins present in secretomes. However, future proteomics analyses of
secretomes will delineate the overall protein signature in more detail.

In conclusion, we provide several lines of evidence that demonstrate
that g- and electron-irradiation exert similar effects on PBMCs and
that electron-radiation is a suitable, less hazardous alternative to radia-
tion emitted by radioactive substances for the generation of therapeutic
with Tukey’s multiple comparisons was performed. (D) Venn diagram showing the

iated PBMCs. Absolute numbers indicate the number of different microRNAs, and

ap of themost abundant microRNAs in the EVs of g- and electron-irradiated PBMCs.
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Figure 6. PBMCsec and secretomes of electron-

irradiated PBMCs display comparable biological

activity

(A) Representative micrographs of HUVECs incubated with

medium or secretomes of irradiated PBMCs. Pooled secre-

tomes of n = 4 donors were added. Scale bar, 250 mm. (B)

Statistical analyses of nodes per field, junctions per field, and

total segment lengths per field. Bar diagrams show arithmetic

mean and standard deviation. Groups were compared using

one-way ANOVA and Tukey’s multiple comparisons. (C)

Representative images of murine, thoracic,aortic rings incu-

bated with medium or secretomes of irradiated PBMCs.

Pooled secretomes of n = 4 donors were added. Scale bar,

500 mm. (D) Statistical analysis of outgrowth areas. Boxplot

diagrams were generated using first and third quartiles as

boxes and median as bars. Whiskers indicate 10�90 per-

centiles. Groups were compared using one-way ANOVA and

Sidak’s multiple comparisons. (E) AP-1 activation and (F)

HSP27 phosphorylation induced by the secretomes obtained

from irradiated PBMCs. Values were normalized to internally

established reference standards. Bar diagrams show arith-

metic mean and standard deviation. Groups were compared

using one-way ANOVA and Tukey’s multiple comparisons.
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secretomes. To conduct clinical trials, enormous efforts are necessary to
fulfill a variety of criteria required by the regulatory authorities. These
preclinical tests, including in vitro analyses of the modes of action
and in vivo tests to investigate function, efficacy, and toxicology, are
time consuming and expensive. We have previously conducted toxi-
cology studies where intravenous and subcutaneous application of the
PBMCsec was investigated.23 These studies allowed a phase I clinical
trial with autologous PBMCsec, where no therapy-related, serious
adverse events were found (ClinicalTrials.gov: NCT02284360).22 Addi-
tionally, we have recently initiated a first-in-men study with topical
application of the PBMCsec in diabetic foot ulcer (EudraCT bo.
2018-001653-27; ClinicalTrials.gov: NCT04277598).52 Since it is fore-
seeable that the GMP production process of the secretome will use
less hazardous b-radiation or even electron beams in the future, we
believe that the present study justifies the extrapolation of results
from toxicology and phase I clinical trials obtained from PBMCsec to
electron-irradiated cells. As the Cesium Irradiator Replacement Project
initiated by the NNSA intends to replace all g-irradiator sources, many
production lines worldwide currently using g-radiators will face this
problem. This study could therefore serve as a test case to avoid unnec-
essary, expensive, and time-consuming experiments.

MATERIALS AND METHODS
Ethics statements

This study was conducted in accordance with the Declaration of Hel-
sinki and applicable local regulations. Blood was obtained from vol-
unteers, and written, informed consent was obtained from all donors.
Use of primary HUVECs and PBMCs was approved by the Institu-
tional Review Board of the Medical University of Vienna (Ethics
Committee votes 1,280/2,015 and 1,539/2,017).

PBMC irradiation and secretome isolation

PBMCs of 9 voluntary donors were procured by the Austrian Red
Cross Blood Transfusion Service for Upper Austria (Linz, Austria).
PBMCs were enriched by Ficoll-Paque PLUS (GE Healthcare, Chi-
cago, IL, USA)-assisted density centrifugation and adjusted to a con-
centration of 2.5 � 107 cells/mL in CellGenix granulocyte-monocyte
progenitor dendritic cell medium (CellGenix, Freiburg, Germany).
Cells were exposed to 60 Gy cesium 137 g-irradiation (IBL 437C; Iso-
topen Diagnostik CIS, Dreieich, Germany) or 6 MeV electron-irradi-
ation (30�90 Gy), provided by a medical linear accelerator (Synergy;
Elekta, Stockholm, Sweden). Calibration data of both devices are pro-
vided in Figure S4 and Tables S3 and S4. The radiation period for
60 Gy g and 60 Gy electron was 11 min, 12 s, and 13 min and 20 s
(454 monitor units [MU]/min), respectively; i.e., very similar dose
rates were applied. After 24 ± 2 h of culture, cells and cellular debris
were removed by centrifugation, and conditionedmedium containing
the secretome was passed through a 0.22-mm filter. Secretomes were
cryopreserved at �80�C until use.

Cell viability

Cell viability was determined using the Dead Cell Apoptosis Kit with
Annexin V allophycocyanin (APC) and SYTOX Green (Thermo
Fisher Scientific, Waltham, MA, USA), as recommended by the
24 Molecular Therapy: Methods & Clinical Development Vol. 21 June 20
manufacturer. Fluorescent signals were recorded by BD FACSCanto
II (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed us-
ing FlowJo software (v10.5.3; FlowJo, Ashland, OR, USA).

Assessment of DNA damage

DNA double-strand breaks were detected using fluorescein isothiocy-
anate (FITC)-conjugated mouse anti-human phosphorylated
(Ser139) gH2A.X antibodies (BioLegend, San Diego, CA, USA) and
analyzed by flow cytometry, as described above.

Transcriptomics and bioinformatics analyses

For transcriptomics analyses, total RNA was isolated using the
RNeasy system (QIAGEN, Hilden, Germany). Total RNA concentra-
tions were determined by the NanoDrop-1000 spectrophotometer
(PEQLAB, Erlangen, Germany), and RNA quality was assessed by
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) (Figure S5). Transcriptome profiling was carried out by
the Genomics Core Facility at the Medical University of Vienna
(Vienna, Austria) using the Human Gene 2.1 ST Array (Thermo
Fisher Scientific). Transcriptome Analysis Console software (v.4.0;
Thermo Fisher Scientific) was used for data analysis, for PCA, to
determine DEGs, for hierarchical clustering, for scatterplots, and to
identify pathways associated with DEGs. Gene lists of DEGs (more
than 2-fold change of log2-transormed expression values, p values
below 0.05) were analyzed by Cytoscape (v.3.8.5)53 using the ClueGO
(v.2.5.7) plug-in.54 Biological process, immune system process, mo-
lecular function, and Kyoto Encyclopedia of Genes and Genomes
(KEGG) were selected to identify pathways and ontologies.

Cytokine profiling

For cytokine profiling, secretomes of four donors were pooled. Cyto-
kines were assessed by the Proteome Profiler Assay Human XL Cyto-
kine Array Kit (R&D Systems, Minneapolis, MN, USA), according to
the manufacturer’s instructions. For quantification of chemilumines-
cent signals, images were converted into gray-scale images, and inte-
grated densities of duplicate cytokine dots were calculated using the
ImageJ measure tool (v.1.52p; Jana 1.8.0_172; National Institutes of
Health, Bethesda, MD, USA).55 For visualization, the heatmap option
of GraphPad Prism was used (v.5.01; GraphPad Software, LA Jolla,
CA, USA).

Protein quantification

Concentrations of IL-8, TGF-b1, and EGF were determined with
ELISAs (Human EGF Coated ELISA Kit and Human IL-8 Coated
ELISA Kit, both Invitrogen, Carlsbad, CA, USA; Human TGF-b1
Quantikine ELISA, R&D Systems). All tests were performed accord-
ing to standard procedures following good laboratory practice (GLP).

Lipidomics

Lipid isolation was performed as established previously.56 Reversed-
phase high-performance liquid chromatography (HPLC)-electro-
spray ionization (ESI)-tandem mass spectrometry (MS/MS) was
carried out by the Forensic-Toxicological Laboratory (Vienna,
Austria), as described elsewhere.56
21



www.moleculartherapy.org
Lipid quantification

The anti-inflammatory lipids resolvins and maresin were quantified
by ELISAs, according to the manufacturers’ instructions (Human Re-
solvin D1 ELISA Kit, Human Resolvin D2 ELISA Kit, and Human
Maresin ELISA Kit, all Cayman Chemical, Ann Arbor, MI, USA;
Human Resolvin E1 ELISA Kit, abbkine, Wuhan, China; Human Re-
solvin D3 ELISA Kit and Human Resolvin D4 ELISA Kit, both My-
BioSource, San Diego, CA, USA). Colorimetric measurements were
performed by a microplate reader (infinite F50; TECAN, Durham,
NC, USA) using Magellan F50 software (v.7.2; TECAN). Lipid con-
centrations were calculated using external standard curves.

Analysis of secreted EVs

EVs were isolated by ultracentrifugation, as described previously.12

Qualitative and quantitative assessments of nanoparticles were per-
formed using the NanoSight NS500 instrument (Malvern Instru-
ments, Malvern, UK). For each measurement, 500 mL of undiluted
samples was loaded by the automatic pump control into the Nano-
Sight system. The repetition and duration of captures were manually
set to 6 captures with 30 s each. The instrument was calibrated using
100 nm particle reference controls provided by the instrument
manufacturer.

EV isolation and total RNA isolation

EVs were isolated from secretomes by ultracentrifugation at
110,000 � g for 2 h at 4�C, as described previously.12 To obtain suf-
ficient EVs for sequencing, the secretomes of 6 donors were pooled.
Total RNA was isolated using peqGOLD TriFast (PEQLAB Bio-
technologie, VWR International, Radnor, PA, USA), as recommen-
ded by the manufacturer, and was quality checked on a Bioanalyzer
2100 (Agilent) using a smallRNA Kit (Figure S6).

Small RNA sequencing

Sequencing libraries were prepared at the Core Facility Genomics,
Medical University of Vienna, using the QIAgen smallRNA Library
Prep Kit with unique molecular identifiers (UMIs), according to the
manufacturer’s protocols. Libraries were quality-control (QC)
checked on a Bioanalyzer 2100 (Agilent) using a High Sensitivity
(HS) DNA Kit for correct insert size and quantified using Qubit dou-
ble-stranded DNA (dsDNA) HS Assay (Invitrogen). Pooled libraries
were sequenced on a NextSeq500 instrument (Illumina, San Diego,
CA, USA) in 1 � 75 bp single-end sequencing mode. Approximately
8 million reads were generated per sample. Reads in fastq format were
aligned to a database of human miRNAs and quantified considering
the UMIs using the QIAseq miRNA Library Kit-Primary Quantifica-
tion analysis tool fromQIAgen GeneGlobe (https://geneglobe.qiagen.
com/at/analyze; accessed on January 19, 2021). For functional anno-
tations, the TAM 2.0 webtool was used.57,58

Tube formation assay

To compare pro-angiogenic properties of PBMCsec, a tube forma-
tion assay was performed with HUVECs (passage 4) as described
previously.21,25 Cells were isolated as described59 and routinely
cultured in endothelial cell growth basal medium-2 (EBM-2; Lonza
Molecu
Group AG, Basel, Switzerland), supplemented with endothelial cell
growth medium-2 (EGM-2; BulletKit; Lonza). Prior to the tube
formation assay, cells were maintained in EBM-2 containing 2%
(vol/vol) heat-inactivated fetal bovine serum (Lonza) overnight
and starved in basal EBM-2 for 4 h. Cells were seeded on
growth factor-reduced Matrigel Matrix (Corning Life Sciences,
Tewksbury, MA, USA) in m-slides angiogenesis (ibidi, Graefelfing,
Germany) at a density of 104 cells/cm2 and stimulated with the
supernatant obtained from 4 � 106 PBMCs for 3 h. Micrographs
were acquired by an inverted-phase contrast microscope
(CKX41; Olympus, Tokyo, Japan) equipped with a 10� objective
(CAch N, 10�/0.25 PhP; Olympus) using a SC30 camera
(Olympus) and cellSens Entry software (v.1.8; Olympus). Tubule
formation was quantified by the Angiogenesis Analyzer plug-in
of ImageJ using default settings.60

Aortic ring sprouting assay

In addition to tube formation, the pro-angiogenic potential of
PBMCsec was functionally tested by a sprouting assay using murine
thoracic aortas.12,21,25 Briefly, aortic rings were sandwiched in fibrin
matrices and cultured with secretome-conditioned medium equiva-
lent to the supernatant of 4 � 106 PBMCs. Brightfield micrographs
were acquired using an inverted Olympus IX83 scanning microscope
(Olympus) with cellSens Imaging Software (Olympus) after culturing
explants for 3 days. Outgrowth areas were determined by the ImageJ
measure tool.55

Potency assays

The potencies of electron- and g-irradiation-induced secretomes
were compared by validated, GLP-compliant potency assays
performed by SYNLAB Analytics and Services Switzerland AG (Birs-
felden, Switzerland). AP-1 promoter activity and HSP27 phosphory-
lation were determined by reporter gene assay and ELISA, respec-
tively, as described elsewhere.12,21,25 Final data were normalized to
an internally established PBMCsec reference standard and are given
as relative potency.

Statistical analyses

Data were collected at prospectively defined endpoints, and no out-
liers were excluded. Experiments were repeated using different do-
nors and animals, respectively, in at least quadruplicates. For data
analysis of tube formation assay and aortic ring sprouting assay, in-
vestigators were blinded to treatments. Data were statistically evalu-
ated using GraphPad Prism software. Two groups were compared
by Student’s t test or Mann-Whitney. Ordinary one-way ANOVA
and multiple comparison post hoc tests with Dunnett’s, Sidak’s, or
Tukey’s correction were calculated. Bar diagrams show arithmetic
mean and standard deviation. Boxplot diagrams were generated using
first and third quartiles as boxes and medians as bars. Whiskers indi-
cate 10�90 percentiles.
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