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Abstract: Osteoclastogenesis required for bone remodeling is also a key pathologic mechanism of
inflammatory osteolysis being controlled by paracrine factors released from dying cells. The secretome
of irradiated, dying peripheral blood mononuclear cells (PBMCs) has a major impact on the
differentiation of myeloid cells into dendritic cells, and macrophage polarization. The impact
on osteoclastogenesis, however, has not been reported. For this aim, we used murine bone marrow
macrophages exposed to RANKL and M-CSF to initiate osteoclastogenesis, with and without the
secretome obtained from γ-irradiated PBMCs. We reported that the secretome significantly enhanced
in vitro osteoclastogenesis as determined by means of histochemical staining of the tartrate-resistant
acid phosphatase (TRAP), as well as the expression of the respective target genes, including TRAP
and cathepsin K. Considering that TGF-β enhanced osteoclastogenesis, we confirmed the TGF-β
activity in the secretome with a bioassay that was based on the increased expression of IL11 in
fibroblasts. Neutralizing TGF-β by an antibody decreased the ability of the secretome to support
osteoclastogenesis. These findings suggested that TGF-β released by irradiated PBMCs could enhance
the process of osteoclastogenesis in vitro.
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1. Introduction

Osteoclastogenesis, the formation of bone-resorbing cells of the hematopoietic lineage, is a
central mechanism for removing damaged bone to be replaced by new bone by osteoblasts [1].
Osteoclastogenesis becomes a pathological process when bone resorption exceeds bone formation,
which is the hallmark of systemic metabolic bone diseases such as osteoporosis [2] and the local
inflammatory osteolysis, as observed in periodontitis and periimplantitis [3,4]. Imbalanced bone
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remodeling, as well as inflammatory osteolysis, are both controlled by paracrine signals, including those
originating from dying cells. It is particularly the apoptotic [5,6], senescent [7], and necrotic osteocytes [6]
that signal the need to resorb the damaged bone areas that might be infected by oral pathogens,
for instance, in periodontitis. This mechanism of controlling local osteoclastogenesis is not restricted to
osteocytes as also senescent fibroblasts can drive the process of osteoclastogenesis [8]. There might even
be a central molecular mechanism linking cells dying because of chronic inflammation, radiation therapy
or aging, and the formation of osteoclasts. One central principle to sustain homeostasis is that the
dying cells release metabolites as ‘goodbye’ signals that help to maintain tissue integrity [9].

Transforming growth factor beta-1 (TGF-β1) is possibly among these ‘goodbye’ signals that are
released by dying cells, being a potent enhancer of RANKL (Receptor activator of nuclear factor kappa-B
ligand, also known as tumor necrosis factor ligand superfamily member 11)-induced osteoclastogenesis
in bone marrow cultures [10]. TGF-β is active in the supernatant of apoptotic tumor-associated
macrophages [11] and released by apoptotic T cells [12]. Additionally, leucocyte apoptosis upon
the storage of whole blood facilitates the release of TGF-β [13]. Thus, it is likely that dying cells
release TGF-β that, in turn, supports the process of osteoclastogenesis, at least in vitro. With respect
to oral biology, dying cells are found in the lamina propria, and to a lesser extent, in the sulcular
epithelium of human periodontitis lesions [14], and in rodent periodontitis models [15–17]. Moreover,
apoptotic macrophages are present in periodontitis and gingivitis tissue [14]. Obviously, this scenario is
not restricted to periodontitis lesions. Thus, there is reason to ask if TGF-β being among the paracrine
signals released by dying leucocytes is capable of supporting the process of osteoclastogenesis.

To test this assumption, we can take advantage of the secretome of irradiated peripheral blood
mononuclear cells (PBMCs) that underwent apoptotic and necroptotic cell death [18]. The secretome of
irradiated PBMCs contains a large spectrum of paracrine signals that hold a positive function in vivo:
in myocarditis [19], chronic heart failure [20], spinal cord injury [21], stroke [22], and wound healing [23].
Processing of the secretome has advanced towards medicinal products, including viral clearance [24]
and good manufacturing practice [25]. Phase I clinical trial on the secretome confirmed pre-clinical
findings [26] when no cutaneous adverse events were observed in healthy volunteers (ClinicalTrials.gov;
Identifier: NCT02284360) [27]. Today, a phase II clinical trial focused on the secretome to promote
wound closure of diabetic foot ulcers (EudraCT number 2018-001,653-27). However, it required in vitro
studies to uncover the underlying cellular mechanisms, and more generally, to learn how the paracrine
environment of dying PBMCs affects basic cellular mechanisms such as osteoclastogenesis.

In vitro, the secretome of irradiated PBMCs suppressed the development of dendritic cells [28]
and the anti-inflammatory activity on macrophages, indicated by an M1-to-M2 shift [29]. It was
particularly the lipid fraction of the secretome that was identified to mediate the indicated effects [28,29].
Dendritic cells and macrophages both originate from hematopoietic cells, similar to the osteoclasts [30].
Thus, and considering that blocking of dendritic cells formation and the suppression of M1 macrophages
can open the door for the differentiation of the hematopoietic progenitors towards the osteoclastogenic
lineage, it can be assumed that the secretome of irradiated PBMCs also affects the formation of
osteoclasts, possibly involving its TGF-β activity [27,31]. To test this assumption, we performed
bone marrow culture where hematopoietic cells were in the presence of RANKL and macrophage
colony-stimulating factor (M-CSF) [32]. Under these conditions, cells differentiate into multinucleated
cells staining positive for the tartrate-resistant acid phosphatase (TRAP), also expressing the marker
genes TRAP and cathepsin K (CTSK) [33]. In support of our assumption, we showed that the secretome
of irradiated PBMCs indeed enhanced the process of osteoclastogenesis involving TGF-β activity.

2. Results

2.1. Secretome Increased the Formation of TRAP+ Multinucleated Cells in Bone Marrow Cultures

The secretome of PBMCs previously showed to suppress the differentiation of hematopoietic cells
towards the dendritic lineage [28] and to shift macrophages from M1-to-M2 [29], together suggesting a
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potent impact on the lineage decision of hematopoietic cells. Considering that osteoclasts also belong to
the hematopoietic lineage, it might be feasible that the secretome of PBMCs affects osteoclastogenesis.
To test this assumption, we grew primary macrophages in the presence of M-CSF and RANKL to
initiate osteoclastogenesis, with and without the secretome of γ-irradiated PBMCs or recombinant
TGF-β1. We reported that the secretome of γ-irradiated PBMCs corresponding to 1 × 106 cells/mL,
similar to TGF-β1, significantly increased the formation of TRAP+ multinucleated cells, suggesting an
enhanced in vitro osteoclastogenesis (Figure 1).
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Figure 1. The secretome increased the formation of TRAP+ multinucleated cells in bone marrow
cultures. Murine bone marrow-derived macrophages were exposed to the secretome corresponding
to 1 × 106 irradiated PBMCs/mL in the presence of 30 ng/mL RANKL and 20 ng/mL M-CSF for five
days. The histochemical staining identified the cells staining positive for the tartrate-resistant acid
phosphatase (TRAP+). The multinucleated cells with more than three nuclei and red stain were
considered “osteoclast-like cells,” even though mononuclear cells also showed positive TRAP staining
in the presence of RANKL and particularly when combined with 10 ng/mL TGF-β or the secretome.

2.2. Secretome Increased the Expression of Osteoclast Marker Genes in Bone Marrow Cultures

To further confirm that the secretome of γ-irradiated PBMCs supports osteoclastogenesis,
the expression of genes that exert an essential function in osteoclasts was determined. Consistent with
the histochemical staining, the secretome and recombinant TGF-β1 increased the expression levels
of TRAP in addition to the expression of the major protease, CTSK (Figure 2). Table 1 shows
the dose-response to the secretome, suggesting that 1 × 105 cells failed to push osteoclastogenesis,
whereas 1 × 107 irradiated PBMCs/mL are also not supporting the process. Thus, the increase of
osteoclastogenesis by the secretome corresponding to 1 × 106 irradiated PBMCs/mL; irradiated PBMCs
were verified at the level of gene expression.
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Figure 2. Secretome increased the expression of osteoclast marker genes in bone marrow cultures.
Murine bone marrow-derived macrophages were exposed to the secretome corresponding to 1 × 106

irradiated PBMCs/mL or 10 ng/mL TGF-β1 in the presence of 30 ng/mL RANKL and 20 ng/mL M-CSF
for five days. X-fold change of TRAP (A) and CTSK (B) expression compared to M-CSF control was
indicated. Dot plots represented independent experiments (n = 5). p-values were calculated by the
Friedman test.
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Table 1. Dose response of the secretome on the expression of osteoclast marker genes.

RANKL RANKL + Sec105 RANKL + Sec106 RANKL + Sec107

TRAP
(Exp1) 52 33 128 46

TRAP
(Exp2) 8 7 67 11

CTSK
(Exp1) 48 37 89 20

CTSK
(Exp2) 36 31 62 36

Murine bone marrow-derived cells were exposed to various dilutions of the secretome from
1 × 105 to 1 × 107 irradiated PBMCs/mL in the presence of 30 ng/mL RANKL and 20 ng/mL M-CSF for
five days. Gene expression analysis indicated the expression levels of TRAP and CTSK with the relative
increase (x-fold) compared to M-CSF treated cells. Please note that it was a biphasic dose-response
with only the secretome from 1 × 106 irradiated PBMCs/mL (Sec106) that enhanced osteoclastogenesis.
Data from two independent experiments are shown (Exp1, Exp2).

2.3. Secretome Contained TGF-β Activity based on a Bioassay with Primary Fibroblasts

To understand if the effects of the secretome can be mediated by TGF-β, we performed our
established bioassay based on the TGF-β receptor I kinase-dependent increased expression of
IL11 [34,35]. In support of the immunoassay findings [27,31], we showed that exposure of gingival
fibroblasts to the secretome corresponding to 1 × 107 PBMCs/mL increased the expression of IL11 in
primary gingival fibroblasts (Figure 3). This concentration was 10 times higher than the one used
for the macrophage culture but was ideal for inducing IL11 in fibroblasts. The TGF-β receptor I
kinase antagonist SB431542 significantly decreased IL11 expression, which supported the presence of
TGF-β activity in the secretome. Moreover, we performed an immunoassay that showed, on average,
120 pg/mL (min 111; max 190) TGF-β1 was found in the respective secretome.
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Figure 3. Secretome of irradiated peripheral blood mononuclear cells (PBMCs) increased IL11 expression
in primary fibroblasts. Gingival fibroblasts were exposed to the secretome corresponding to 1 × 107

irradiated PBMCs/mL in the presence and absence of 10 µm SB431542 for 24 h. X-fold change of IL11
expression compared to control was indicated. Dot plots represented independent experiments (n = 5).
p-values were calculated by paired t-test.

2.4. TGF-β Neutralizing Antibody Reduced the Secretome-Increased Osteoclastogenesis

To investigate the possible involvement of secretome-derived TGF-β on osteoclastogenesis,
TGF-β neutralizing antibodies were introduced. We showed that the presence of the TGF-β neutralizing
antibody reduced the osteoclastogenic activity of the secretome indicated by the expression of TRAP
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and CTSK (Figure 4). Thus, the data supported a possible supportive role of the secretome-derived
TGF-β on osteoclastogenesis in vitro.
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Figure 4. TGF-β neutralizing antibody reduced the secretome-increased osteoclastogenesis.
Murine bone marrow-derived macrophages were exposed to the secretome corresponding to 1 × 106

irradiated PBMCs/mL or 10 ng/mL TGF-β1 in the presence of 30 ng/mL RANKL and 20 ng/mL M-CSF,
and a TGF-β neutralizing antibody (TGF-β Ab; 20 µg/mL) for five days. X-fold change of expression of
TRAP (A) and CTSK (B) compared to M-CSF control was indicated. Dot plots represented independent
experiments (n = 5). p-values were calculated by the Friedman test.

3. Discussion

Controlling the differentiation switch of hematopoietic progenitor towards the various cell lineages
specialized to resolve inflammation and to resorb mineralized tissues is a fundamental principle of
tissue homeostasis, regeneration, and repair. This controlling occurs at the local level by paracrine
signals. It is the dying cells being predestined to provide a paracrine environment that favors the
removal of the damaged tissue while supporting its replacement by new tissue. The secretome
of irradiated PBMCs that underwent apoptosis and necroptotic cell death [18] can provide such
a paracrine environment. This secretome has already proven to control the differentiation switch
of hematopoietic progenitors to suppress dendritic cells formation [28] and to shift macrophages
from an inflammatory M1 towards a resolving M2 phenotype [29]. In bone, it requires osteoclasts
to remove damaged tissue before osteoblasts can rebuild the mineralized matrix [1]. The present
research provided another piece of knowledge on how the secretome of irradiated PBMCs affects the
differentiation switch of hematopoietic progenitors, in the present study, towards osteoclastogenesis in
murine bone marrow cultures.

Our findings may have been predicted, knowing that recombinant TGF-β greatly pushes in vitro
osteoclastogenesis [10] and that TGF-β in the ng/mL range was identified in the secretome of irradiated
PBMCs [27,31]. We have extended this knowledge by showing the TGF-β activity based on the
increased expression of IL11 in gingival fibroblasts that was greatly dependent on the activation of the
TGF-β receptor I kinase. Detecting TGF-β in the secretome, however, did not predict its osteoclastogenic
activity. Nevertheless, even though the secretome is a complex cocktail of protein and lipid mediators,
our data suggested that it was indeed the secretome-derived TGF-β that pushed osteoclastogenesis
in vitro as the presence of the neutralizing antibody almost completely blocked osteoclastogenesis.
Thus, we can conclude that TGF-β was required to mediate the in vitro osteoclastogenic activity of the
secretome of PBMCs.

The clinical relevance of these in vitro findings remains unclear. We have to assume that dying
cells in the inflamed periodontal tissues [14–17], including those of the macrophage population,
are possibly involved in the catabolic changes that culminate in the resorption of the alveolar bone.
Under this premise, showing that the secretome of dying PBMCs supports osteoclastogenesis makes
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sense. Our experimental setting may have simulated a paracrine environment that supported
the ongoing catabolic events of bone loss. This interpretation is somehow nihilistic as it puts the
secretome in the light of catabolism, but accumulating evidence greatly supports a positive view on the
secretome with respect to myocarditis [19], chronic heart failure [20], spinal cord injury [21], stroke [22],
and wound healing [23]. Thus, we have to appreciate the paradigm that dying blood-born mononuclear
cells, maybe in concert with the dying osteocytes [6], signal the need for bone removal before the
anabolic process of renewal is initiated. In support of this paradigm, the secretome is stimulating
angiogenesis [31], and angiogenesis is critically involved in bone regeneration [36]. Taken together,
our in vitro observation should be interpreted in the concert of the beneficial effects already observed
with the secretome of PBMCs.

There are other study limitations that should be considered. The actual concentration of the
secretome-derived TGF-β in the bone marrow culture is around 10–20 pg/mL [27,31], which is the
least significant concentration to enhance osteoclastogenesis [10]. This concentration represents 106

irradiated PBMCs/mL. In the TGF-β bioassay, we used the secretome from 107 irradiated PBMCs/mL,
which clearly confirmed the respective TGF-β activity. However, once we increased the concentration
of the secretome to 107 irradiated PBMCs/mL, the formation of osteoclasts was negatively affected.
This observation was rather unexpected and might be explained by inhibitors of osteoclastogenesis
in the secretome that exceeded a certain threshold. We also have to state that neither the decrease
of osteoclastogenesis observed with the TGF-β neutralizing antibody nor with the TGF-β receptor I
kinase inhibitor SB431542 (data not shown) provided full evidence that the effect of the secretome was
mediated via TGF-β. Thus, we cannot rule out that the autocrine production of TGF-β by the bone
marrow cells paves the way for the secretome to push osteoclastogenesis, maybe ligands independent
of TGF-β. To provide further details, future studies should take advantage of the conditional deletion
of TGF-β in macrophages using an inflammatory osteolysis model with macrophage apoptosis and
necrosis. Alternatively, conditional deletion of TGF-β receptor signaling in osteoclast progenitors would
help to test this hypothesis. Recent observations that necrotic osteocytes release spliceosome-associated
protein 130, a macrophage-inducible C-type lectin ligand pushing osteoclastogenesis [6], may provide
another molecular mechanism linking the secretome of dying cells with osteoclastogenesis.

4. Material and Methods

4.1. Secretome of PBMCs

The preparation of the secretome was previously described in great detail, up to the level of
viral clearance [24] and good manufacturing practice [25]. In brief, heparinized blood samples for
PBMC isolation were obtained from healthy volunteers at the Austrian Red Cross Blood Transfusion
Service of Upper Austria, Linz, Austria. All donors provided informed written consent. Briefly,
PBMCs were isolated from heparinized blood using density gradient centrifugation via Ficoll-Paque
PLUS (GE Healthcare Bio-Sciences AB, Umea, Sweden). The buffy coat that contained the PBMCs was
resuspended at 2.5 × 107 cells/mL in CellGro serum-free medium (CellGenix, Freiburg, Germany),
irradiated with Cesium-137 for 17 min (60 Gy), and cultivated for 24 hours [31]. Supernatants were
collected by centrifugation at 400 g for nine minutes and passed through 0.2 µm filters. Methylene blue
treatment for viral clearance was performed as described previously [24]. Secretomes were lyophilized
and terminally sterilized by high-dose γ-irradiation (Gammatron 1500, UKEM 60Co irradiator).
Reconstitution was performed by serum-free Minimum Essential Medium Eagle-Alpha Modification
(αMEM) to receive a stock concentration equivalent to 2 × 107 cells/mL that was further diluted to
a working concentration equivalent to or below 1 × 107 cells/mL. All experiments were performed
with batches A000918399096 and A000918399129, representing the secretome of 12 pooled donors.
The protein, lipid, and miRNA composition of the secretome were reported [31], and immunoassays
revealed TGF-β levels between 2.25 and 4.75 ng/mL [25].
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4.2. Bone Marrow-Derived Osteoclastogenesis

BALB/c mice at the ages of 6–8 weeks were purchased from Animal Research Laboratories,
Himberg, Austria. Euthanasia was performed with cervical dislocation immediately prior to the organ
donation. Organ donation did not require formal ethical approval. The femora and tibiae of the mice
were removed after scarifying, and bone marrow cells were collected. Bone marrow cells were seeded at
4× 106 cells/cm2 into 24-well plates and grown for five days in αMEM, supplemented with 10% fetal calf
serum (FCS) and 1% antibiotics. Receptor activator of nuclear factor kappa-B ligand (RANKL, 30 ng/mL;
ProSpec-Tany TechnoGene Ltd., Rehovot, Israel) and macrophage colony-stimulating factor (M-CSF,
20 ng/mL, ProSpec-Tany TechnoGene Ltd., Rehovot, Israel) were used to induce osteoclastogenesis.
Control experiments [10] were performed in the presence of human transforming growth factor
beta-1 (TGF-β1, 10 ng/mL; ProSpec-Tany TechnoGene Ltd., Rehovot, Israel) For test experiments,
the secretome of irradiated PBMCs was included in the culture medium containing RANKL and
M-CSF. In this setting, the TGF-β neutralizing pan-specific polyclonal rabbit IgG AB-100-NA (R&D
Systems, Minneapolis, MN, USA) was used at 20 µg/mL and was used to block the TGF-β activity of
the secretome. After five days, histochemical staining for tartrate-resistant acid phosphatase (TRAP)
was performed following the instructions of the manufacturer (387A; Sigma-Aldrich, St. Louis, MO,
USA). In brief, fixed cells were incubated in a solution of Naphthol AS-BI phosphoric acid and freshly
diazotized Fast Garnet GBC. TRAP-positive cells stained red and were considered osteoclast when
they had three or more nuclei. In parallel, total RNA was isolated.

4.3. TGF-β Bioassay and Immunoassay

To determine the TGF-β activity of the secretome, a functional bioassay with fibroblasts was
performed [34,35]. Human gingival fibroblasts were prepared from explant cultures of three
independent donors after approval of the Ethical Committee of the Medical University of Vienna (EK
Nr. 631/2007). Cells were cultured in a humidified atmosphere at 37 ◦C in a growth medium that
consisted of DMEM, 10% fetal calf serum, and 1% antibiotics (Invitrogen Corporation, Carlsbad, CA,
USA). Cells were plated in a growth medium at 30,000 cells/cm2 into culture dishes. The following day,
cells were exposed to the secretome corresponding to 1 × 107 cells/mL or recombinant human TGF-β1
at 10 ng/mL in serum-free medium for 24 h, before IL11 expression analysis was performed. SB431542,
a TGF-β receptor I kinase inhibitor, was used at 10 µM (Calbiochem, Merck Millipore, Billerica, MA,
USA). The immunoassay human TGF-β1 DuoSet ELISA (DY240, R&D Systems, Inc., Minneapolis, MN,
USA) was used to quantify TGF-β levels.

4.4. RT-PCR

Total RNA was isolated with the ExtractMe total RNA kit that included a DNase digestion step
(Blirt S.A., Gdańsk, Poland). Reverse transcription was performed with the SensiFAST cDNA kit
(Bioline, London, UK). Polymerase chain reaction was completed with the SensiFAST™ SYBR® master
mix (Bioline). Amplification was monitored on the CFX Connect™ Real-Time PCR Detection System
(Bio-Rad Laboratories, CA, USA). Primer sequences are mTRAP_F 5′-TACCTGTGTGGACATGACC-3′,
mTRAP_R 5′-CAGATCCATAGTGAAACCGC-3′; mCTSK_F 5′-TGTATAACGCCACGGCAAA-3′,
mCTSK_R 5′-GGTTCACATTATCACGGTCACA-3′; mGAPDH_F 5′-AACTTTGGCATTGTGGAAG
G-3′, mGAPDH_R 5′-GGATGCAGGGATGATGTTCT-3′; hGAPDH_F 5′-AAGCCACATCGCTCAGA
CAC-3′, hGAPDH_R 5′-GCCCAATACGACCAAATCC-3′. IL11 primer was from Bio-Rad
(qHsaCEP0049951). The amplification protocol was an initial denaturation at 95 ◦C for 2 min,
followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. Primer was used at 0.5 µM or following the
instruction of Bio-Rad for IL11. The mRNA levels were calculated by normalization to the housekeeping
gene GAPDH using the ∆∆Ct method and the CFX Maestro Software (Version 2.0, Bio-Rad Laboratories,
CA, USA) for Real-Time PCR Systems.
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4.5. Statistical Analysis

All experiments were repeated at least three times. Data from individual experiments were shown
as dot plots. Unless stated otherwise, data are described as x-fold change compared to unstimulated
control. Statistical analysis was based on paired t-test and the Friedman test. Data were analyzed by
the Prism 8.0E software (GraphPad Software; San Diego, CA, USA). Significance was set at p < 0.05.
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