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Osteoclastogenesis of human
peripheral blood, bone marrow,
and cord blood monocytes

Ella Vuotil*, Petri Lehenkari?, Juha Tuukkanen?, Virpi Glumoff? & Elina Kylmaoja®

Osteoclasts are multinucleated bone resorbing cells that can be differentiated from human monocytes
in vitro. There are few studies comparing osteoclastogenesis of different monocyte sources. We
compared monocytes from human bone marrow (BM), peripheral blood (PB), and umbilical cord
blood (CB) and their osteoclastogenic potential by culturing them with RANKL (20 and 80 ng/ml)

and M-CSF (10 ng/ml) for 14 days. We also cultured cells without growth factors, as umbilical cord
blood monocytes have been reported to be able to fuse spontaneously into osteoclasts. The data

was analysed on d4, d8, d11, and d14. After culture with RANKL and M-CSF, all types of cell cultures
developed TRACP -positive multinuclear cells that were able to form resorption pits on human bone
slices. Only occasional multinuclear cells and small infrequent resorbed areas could be found in PB and
CB-derived cultures without growth factors. BM-derived cells formed greater resorption areas than
PB- and CB-derived monocytes. The greatest monocyte population in BM samples were intermediate
(CD14**CD16%) and in PB and CB classical monocytes (76.3% and 54.4%, respectively). In conclusion,
our data demonstrates that bone resorbing osteoclasts can be differentiated from BM, PB and CB.
However, the osteoclast precursor origin can affect the osteoclast properties and function.

It is well documented that monocyte/macrophage lineage osteoclast precursors can be isolated from bone mar-
row (BM) or peripheral blood (PB) and differentiated into multinuclear bone resorbing osteoclasts in vitro'™.
In addition, several studies have shown that similar precursors are present in umbilical cord blood (CB), and
that they are also capable of fusion into osteoclasts in vitro. Differentiation has been documented after stimula-
tion with the commonly used osteoclastogenic factors such as macrophage colony-stimulating factor (M-CSF),
receptor activator of nuclear factor kappa-B ligand (RANKL), and 1,25-dihydroxyvitamin D3 or in a coculture
with osteoblast lineage cells supposedly producing these factors®™>. However, there are few studies comparing
the differences of the generated multinuclear cells or osteoclasts from the different sources. Two studies com-
paring multinuclear giant cell formation from adult PB and CB monocytes reported that CB monocytes did not
differentiate into multinuclear cells as efficiently as PB monocytes, presumably depicting the immature pool of
monocytes present in CB'*". In another study, osteoclasts were formed in PB and CB monocyte cultures after
stimulation with RANKL and M-CSF°. Osteoclast numbers were not compared in this study, but the authors
reported that interleukin-33 (IL-33) induced osteoclastogenesis only in adult PB monocyte cultures but not in
CB cultures, indicating that there are differences in how the different monocytes respond to growth factors or
cytokines. When effects of estrogen on osteoclastogenesis from BM and CB monocytes were studied, it was noted
that estrogen inhibited osteoclastogenesis in both cell types'®. In this study, the number of TRACP-positive multi-
nuclear cells was slightly higher in BM cultures, but the expression of osteoclast-associated antigen vitronectin
receptor was higher in CB cultures. Based on the higher expression of macrophage cell surface antigens CD11b
and CD14 in CB monocytes the authors suggested that CB contains a higher number of osteoclast precursor cells.

The aforementioned studies suggest that the CB monocyte pool does not fuse into multinuclear cells as effi-
ciently as PB or BM monocytes. However, the osteoclasts from CB monocytes have been reported to be more
resistant to apoptosis compared to osteoclasts from PB monocytes'?. In this study, no differences were observed
in the resorption activity or expression of osteoclast markers in osteoclasts generated from the two cell sources.
Interestingly, in this study, the CB derived osteoclasts developed spontaneously without any osteoclastogenic
growth factors. Similar results have been reported also in other studies'®'”. The spontaneous fusion is likely the
result of the active mesenchymal stromal cell population that is present in CB producing osteoclastogenic fac-
tors. The spontaneous fusion has also been shown to occur in minute amount in adult PB monocyte cultures'®.
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To our knowledge, our present study is the first study comparing osteoclastogenesis from adult PB, BM, and
CB monocytes. In addition, we have studied the effects of increasing RANKL concentrations on osteoclastogen-
esis from these sources.

Materials and methods

Osteoclastogenesis from human BM monocytes. The isolation and culture protocol were modified
from'®. BM samples were obtained from hip replacement surgery patients in Oulu University Hospital. The sam-
ples were taken from the femoral bone marrow after removing the femoral neck and the sample was transferred
into a tube containing culture media. No anticoagulant was used. Patients were 43-75-year-old men and women
who gave a written informed consent. The number of BM donors was 8. The patient samples used for different
experiments are listed in Table 1. The study was approved by the Ethical Committee of The Northern Ostro-
bothnia Hospital District and all experiments were performed in accordance with the Declaration of Helsinki.
BM sample was precultured in a-MEM (Corning Life Sciences, Tewksbury, MA) containing 10% FBS (Biowest,
Riverside, MO), 100 IU/ml penicillin and 100 pg/ml streptomycin and 24 mM Hepes buffer (Sigma-Aldrich,
St. Louis, MO) at+37 °C (5% CO,, 95% air) for 1-2 days. After this, medium containing the non-adherent
cells was collected, diluted 1:1 in PBS and layered over (1:1) Ficoll-Paque Premium solution (GE Healthcare,
Little Chalfont, UK). The samples were centrifuged at 400xg for 35 min following the manufacturer’s protocol.
Mononuclear cell layer was collected and centrifuged twice at 190xg for 10 min in PBS, and finally suspended
in a-MEM (Sigma-Aldrich). 300,000 cells (9.4 x 10° cells/cm?) were layered on sonicated human cortical bone
slices (0.28 cm?) in 96-well plates (Cellstar; Greiner Bio-One, Kremsmiinster, Austria). The cell seeding density
was optimized for osteoclastogenesis from our cell sources. The slices were cut from anonymous bone sam-
ples acquired from clinical bone bank held in Oulu University Hospital, city of Oulu, Finland. Special National
Supervisory Authority for Welfare and Health (Valvira) granted a permission for use of aged cadaver specimens
for research purposes, decision 8.5.2009, diary number 2240/05.01.00.06/2009. Cells were cultured in a-MEM
(Corning Life Sciences) containing 10% FBS, 100 IU/ml penicillin and 100 pg/ml streptomycin. Osteoclastogen-
esis was induced with 20 ng/ml or 80 ng/ml RANKL (PeproTech EC, UK) and 10 ng/ml M-CSF (R&D Systems,
Minneapolis, MN). Cell culture media were collected on days 4, 8, 11 and 14 and stored at —80 °C. Half of the
media was changed on days 4 and 11 (100 pl/well). On day 8, all media was changed (200 pl/well). Cells were
cultured at + 37 °C (5% CO,, 95% air) for 14 days.

Osteoclastogenesis from human PB monocytes. PB monocytes were collected from whole blood
sample from the hip replacement surgery patients shortly before the operation. The patients gave a written
informed consent before donating the samples. The number of PB donors was 6. Lithium heparin vacuum tubes
were used to collect the blood. Ficoll-Paque Premium gradient centrifugation was performed for the diluted
(1:1; PBS) blood sample to isolate mononuclear cells. PB monocytes were cultured and differentiated in the same
manner as the BM monocytes as described earlier.

Osteoclastogenesis from human CB monocytes. CB monocytes were collected from umbsilical cord
blood vessels after full term elective caesarean sections. The mothers were healthy and gave a written informed
consent before donating the samples. The number of mothers participating in the study was 7. Blood was col-
lected in tubes containing heparin 100 IU/ml (Leo Pharma, Vantaa, Finland) 1:10 ratio to collected blood
amount. Ficoll-Paque Premium gradient centrifugation was performed for the diluted (1:1; PBS) CB sample
as described earlier. Cell culture and differentiation were done in the same manner as the BM and PB samples.

Donor | Sex | Age Cell and nuclei numbers, resorption | FACS Cytokine analysis
1 M | 72% BM BM

2 M 44 BM BM

3 M 69 BM BM

4 F 70 BM +PB PB BM+PB
5 M 43 PB PB

6 F 67 PB BM+PB | PB

7 M 73 PB BM+PB | PB

8 M |75 BM+PB

9 M 68 BM+PB

1 F 37+0** | CB CB

2 F 39+1 CB CB

3 F 39+1 CB CB

4 F 39+4 CB CB

5 F 38+5 CB

6 F 37+2 CB

7 F 39+1 CB

Table 1. Patient samples used in each experiment. *Years. **Gestational age at birth; weeks + days.
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Counting of multinuclear cells and the number of nuclei. After culturing the cells were fixed with
4% PFA in PBS for 10 min at RT. The actin cytoskeleton was stained with Alexa 488-conjugated phalloidin (200
U/ml stock diluted 1:100 in PBS; Invitrogen Europe, Paisley, UK) for 20 min at+37 °C. Nuclei were stained
with Hoechst 33258 (1 mg/ml stock diluted 1:800 in PBS; Sigma-Aldrich) for 10 min at room temperature (RT).
Staining for osteoclast-specific enzyme TRACP was carried out with a commercial acid phosphatase leukocyte
kit (Sigma-Aldrich) for 20 min at + 37 °C. The samples were mounted in 70% glycerol-PBS and viewed in a Zeiss
Axio Scope.Al fluorescence microscope (Oberkochen, Germany) and EC Plan Neofluar 20 x objective. Multinu-
clear cells with three or more nuclei were counted from each bone slice from five randomly chosen microscope
fields, bone slice #n=4-6. The number of nuclei per cell were counted from 5 multinuclear cells from 5 randomly
chosen areas. Images were taken with Nikon Eclipse E600 fluorescence microscope using Plan 20 x/0.5 objective
(Tokyo, Japan), QImaging MicroPublisher 5.0 RTV camera and QCapture 2.90.1 software (QImaging, Surrey,
Canada). Confocal images were taken with Leica TCS SP8 confocal with a DMI8 microscope using LAS X 3.5.2
acquisition software. The objective used was an HC PL APO CS2 20x/0.75 DRY. Samples were imaged with
488 nm and 405 nm solid-state lasers; the pinhole was set to Airy 1 and scan speed to 600 Hz.

Fieldemissionscanningelectron microscopy and measurementofresorptionpitareas. Resorp-
tion pit areas were measured from Field Emission Scanning Electron Microscopy (FESEM) images with Merz
grid analysis. After multinuclear cell counting, cells were detached from the slices by brushing, samples were
dehydrated in ascending ethanol series and dried with a critical point drying equipment K850 (Quorum tech-
nologies, UK). Samples were coated with 5 nm platinum by Q150T ES sputter coater (Quorum Technologies)
and viewed with Sigma HD VP FE-SEM (Carl Zeiss Microscopy GmbH, Germany). FESEM images were taken
from three fields (voltage 5.0 kV, magnification 50 x, area 0.039 cm?) from each bone slice, 7= 3. The morpho-
metric analysis of the pits was performed with Image] 1.51n software (NIH, USA) by superimposing a Merz
grid with 92-96 points in semicircular lines over the image. Points in pits were counted and the percentage
of resorption pits versus intact bone surface was counted. The percentage of resorbed area was normalized to
multinuclear cell number (counting described above), and the average area resorbed by one cell was calculated.

Characterisation of monocyte subsets with FACS. Ficoll-isolated monocytes (500,000 cells) from
fresh PB and BM samples (after the 1-2 days preculture) were stained with 1.25 pl allophycocyanin (APC)-
conjugated anti-CD14 (BD Biosciences, Franklin Lakes, NJ; Cat. No. 561383), 5 ul phycoerythrin (PE)-conju-
gated anti-CD16 (BD Biosciences; Cat. No. 555407), and 1.25 pl fluorescein isothiocyanate (FITC)-conjugated
anti-CD3 antibodies (Invitrogen; Cat. No. 11-0036) for 20 min at RT. Ficoll-isolated CB monocytes (500,000
cells) were stained with above-mentioned amounts of APC-conjugated anti-CD14, PE-conjugated anti-CD16
and 2.5 pl FITC-conjugated anti-CD45 antibodies (BD Biosciences; Cat. No. 555482) for 20 min at RT. Samples
were run on the BD Accuri 6C Plus (BD Biosciences) flow cytometer and analyzed with FlowJo v10.7.1 software
(FlowJo LLC.).

RANKL, M-CSF and OPG measurement from cell culture media. Cell culture media were collected
after the experiment and stored at —80 °C. Samples were analyzed with custom ProcartaPlex panel (Thermo
Fisher Scientific, Waltham, MA) for RANKL, M-CSF and osteoprotegerin (OPG). After thawing, the media were
centrifuged at 10,000xg for 5 min. 100 pl medium was pipetted into 96-well plates and stored overnight at +4 °C.
Samples were analyzed in duplicates following the kit instructions and using a Luminex™ MAGPIX™ Instrument
system (Luminex Corporation, Austin, TX). During the analysis, plates were washed with BioTek Instruments
Microplate Strip Washer EL x 50 (BioTek Instruments, Winooski, VT).

Statistical analysis. All experiments were done with groups of 7> 4 and repeated with at least 3 independ-
ent patient samples. Statistical analyses were performed using SPSS Statistics program version 25 (IBM Corp.,
Armonk, NY, USA). Graphical presentations were created using OriginPro 2020b (OriginLab Corporation, Nor-
hampton, USA). The normality of the response variables was tested with Kolmogorov-Smirnov or Shapiro-Wilk
test (for experiments with n<50) and histogram visualization. Statistical differences between the test groups
were evaluated using Kruskal-Wallis test, and comparison between groups was done with Mann-Whitney U
test. p<0.05 was considered significant. Benjamini-Hochberg procedure was performed for comparisons of
n>20 p-values. Data are shown as means + SEM.

Results

Multinuclear cells were formed in BM, PB, and CB monocyte cultures. All types of monocyte cell
cultures developed tartrate-resistant acid phosphatase (TRACP)-positive multinuclear cells after culture with
RANKL and M-CSF (Fig. 1). A significant proportion of cells in BM cultures were fibroblast-shaped stromal-
like cells, which were almost absent in PB and CB cultures. According to the hypothesis that cell fusion begins
approximately after 1 week culture, there was a small number of multinuclear cells on day 8 in all monocyte
cultures we investigated. The number of multinuclear cells increased over time in all cultures, being highest on
day 14 when the cultures were fixed. Increasing RANKL concentration from 20 to 80 ng/ml had a mild effect
on the number of multinuclear cells in all cell sources (Fig. 2A). At the end of the experiment, the number of
multinuclear cells was significantly lower (p <0.001) in BM cultures compared to PB and CB cultures (Fig. 2B).
Most of the multinuclear cells in BM-derived cultures were fused by d11, whereas in PB and CB cultures cells
continued to fuse between d11 and d14. Occasional multinuclear cells could be found in PB and CB-derived cul-
tures without growth factors (i.e., spontaneous osteoclastogenesis), whereas in BM-derived cultures their num-
bers were very low. At the end of the experiment, the number of nuclei in multinuclear cells followed the order
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Figure 1. Multinuclear cell differentiation in BM, PB and CB cultures. (A) Confocal images of osteoclast
cultures at time points d8, d11, and d14. The cells were cultured on human bone slices. The actin cytoskeleton
was stained with Alexa 488-conjugated phalloidin (green) and nuclei were stained with Hoechst (blue). Images
were taken with confocal microscope and 20 x objective (representative data from one patient). Multinuclear
cells are marked with asterisk (*). (B) Combined light and fluorescence microscope images of osteoclast cultures
at time points d8, d11, and d14. The cells were stained with Hoechst (blue) and acid phosphatase leukocyte kit to
visualize TRACP (red). Images were taken with 20 x objective.
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Figure 2. The number of multinuclear cells and nuclei in BM, PB and CB cultures. A&B. The number of
multinuclear cells at different time points during the cell culture. The data in graphs A and B is same but
presented in regard to cell source (A) or RANKL concentration (B) for easier comparison between the samples.
(C) The number of nuclei in multinuclear cells. The data in graphs is pooled from 4 patients per culture type and
shown as mean + SEM. *p <0.05, **p <0.01, **p < 0.001.
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PB>CB>BM in RANKL-containing cultures, but the differences were minor (Fig. 2C). Increasing RANKL con-
centration from 20 to 80 ng/ml had a small but statistically significant (p<0.001 in BM and PB, p<0.01 in CB)
increasing effect on the number of nuclei by d14.

Bone marrow derived osteoclasts resorbed bone more efficiently. Osteoclasts from all three dif-
ferent sources were able to form resorption pits on human bone slices (Fig. 3A). Slices from cultures without
growth factors had only few small infrequent resorbed areas, which was in line with other analyses. Increas-
ing RANKL concentration from 20 to 80 ng/ml enhanced resorption in BM (from 1.2 to 2.0%, p<0.05) and
CB (0.50-0.78%, p <0.05) cultures, but not PB cultures (0.50 versus 0.68%, p=0.215) (Fig. 3B). The resorption
area of BM-derived cells was greater than of PB- and CB-derived cells. BM-derived cells seemed to form more
trench-like resorption areas, whereas resorption areas of PB- and CB-derived (0.58% in RANKL 20 ng/ml group,
0.78% in RANKL 80 ng/ml group) cells were more pit-like.

Cytokine concentrations of the media showed a fluctuating pattern. The concentrations of
RANKIL, OPG and M-CSF in the culture media are shown in Fig. 4. Analysis of RANKL in culture media (upper
panel) showed that the concentrations had a similar fluctuating pattern in all cell sources in RANKL 20 ng/
ml and 80 ng/ml cultures. The concentrations of RANKL in cultures without added growth factors (RANKL
0 ng/ml group) were under detection limit regardless of the cell source. The results from OPG analysis (mid-
dle panel) showed that the concentrations followed similar fluctuation over time in all cell sources in RANKL
0 and RANKL 80 -cultures. In RANKL 20 group, OPG peaked (72 pg/ml) in BM cultures on d14. Concerning
M-CSF in culture media (lower panel), without growth factors added (RANKL 0 ng/ml group), the concentra-
tion remained low in BM cultures but increased slightly by d14 in PB (78 pg/ml) and CB (39 pg/ml) cultures. In
cultures with added growth factors (RANKL 20 & 80 ng/ml), the M-CSF concentration on d4 was significantly
higher in CB (206 pg/ml and 105 pg/ml, respectively) than BM (66 pg/ml, p<0.01; and 6.5 pg/ml, p<0.001;
respectively) and PB (46 pg/ml, p <0.005; and 11 pg/ml, p <0.001; respectively) cultures but declined by d8. The
M-CSF-concentration elevated the most between timepoints d8 and d11 in all cell culture types when RANKL
(20 or 80 ng/ml) was added to the media.

Distribution of monocyte subsets varied between the three cell sources. There was variation
between BM, PB, and CB samples in the distribution of monocyte subsets (Fig. 5). The distribution of monocytes
in BM was classical (CD14** CD167) 32.6%, intermediate (CD14**CD16%) 43.4%, and non-classical 23.0%. In
PB, the distribution was: classical monocytes 74.1%, intermediate monocytes 8.9%, and non-classical monocytes
16.8%. In CB, the distribution was 54.4%, intermediate 10.9%, and nonclassical 34.0%.

Discussion

In the present study, we compared osteoclastogenic potential of human monocytes from three different sources:
BM, PB, and CB. We were able to differentiate multinuclear TRACP-positive bone resorbing cells from all three
cell sources. To our knowledge, this is the first study comparing osteoclastogenic potential of all three cell sources.

In the present study, the number of multinuclear cells on d14 was highest in PB, second highest in CB, and
lowest in BM cultures. The numbers of nuclei in multinuclear cells were in line with our previous studies'**. Our
findings regarding the multinuclear cell number in PB and CB are in line with previous reports, which showed
that CB monocytes do not fuse as efficiently as PB monocytes'*'”. Regarding the difference in the osteoclastogenic
potential of BM and CB, our results were contrary to previous report of higher number of osteoclasts in BM
culture'®. The differences can be explained by different culture conditions, as Chen et al. co-cultured monocyte/
macrophage cells with stromal cells, 1,25-dihydroxyvitamin D; and dexamethasone.

Different monocyte subsets in BM, PB, and CB can also explain the observed differences. Based on the
expression of surface markers, three different monocyte subsets, classical, (CD14** CD167), intermediate
(CD14**CD16%), and non-classical (CD14* CD16**), have been characterized in human PB?!. Our results were in
line with previous reports on the classical monocyte being the most frequent subset in PB?. There are few reports
on the distribution of monocytes in BM. In our study, the main subset in BM was intermediate monocytes, but
classical monocytes were present almost in the same number. Classical monocytes mature in the BM and are
released into circulation, where most of them live only for a short period of time, and a small portion transforms
into intermediate monocytes that subsequently develop into non-classical monocytes*. According to some
reports, the largest population of BM monocytes are CD14** CD16" classical monocytes, whereas others report
highest proportion of intermediate CD14**CD16* monocytes?***. The pre-culture of BM samples for 1-2 days
before collecting floating cells could explain differences, as it is likely that classical monocytes differentiate into
intermediate and non-classical monocytes during the culture. Regarding CB, there are conflicting reports from
monocyte distribution compared to adult PB. In our study, the main subset in CB was classical monocytes, but
their number was lower compared to adult PB. The number of non-classical monocytes was higher in CB than
PB. In other studies, the proportion of classical monocytes in CB has been reported to be higher compared to
adult PB®. In another study, the monocyte distribution of CB was similar to adult PB*. In a study by Pradhu
et al,, the proportion of CD14" CD16" patrolling monocytes was lower in CB than adult PB, but there were
no differences in classical or inflammatory monocyte proportions®. It has been noted before that the different
isolation methods can explain the conflicting results?. In fact, Mukherjee et al. observed that Ficoll-isolation of
blood monocytes decreased the proportion of classical monocytes but increased the proportion of non-classical
monosytes?. This phenomenon might explain our results concerning the CB monocyte subsets, but the reason
why it did not affect the other cell sources remains unclear.
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Figure 3. Bone resorption activity of osteoclasts differentiated from BM, PB and CB. (A) FESEM images of the
bone slices on d14 were taken with 50 x magnification (representative data from one patient). Pit-like resorption
pits are pointed with arrows and trench-like resorption pits with arrowheads. (B) Mean resorption pit areas
measured from FESEM images on d14. The data in the graph is pooled from 4 patients per culture type and
shown as mean + SEM.

While monocytes of different subsets can be differentiated into osteoclasts in vitro, it has been suggested that
different monocyte subsets generate functionally different osteoclasts’*". In a previous study, classical osteoclasts
resorbed bone more efficiently than intermediate osteoclasts, whereas non-classical osteoclasts were unable to
resorb bone™. In the presence of pro-inflammatory cytokine IL-17A, the resorption by intermediate osteoclasts
was increased whereas the resorption by classical osteoclasts remained unchanged. In the current study, BM-
derived osteoclasts resorbed bone more efficiently than PB and CB osteoclasts and the proportion of intermediate
monocytes was greater in BM. Our hypothesis is that osteoclasts derived from intermediate monocytes react in
a similar way in vitro as in a pro-inflammatory setting.
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Figure 4. Cytokine concentrations in BM, PB and CB cultures at timepoints d4, d8, d11 and d14. RANKL
numbers indicate the concentration of RANKL (ng/ml) added to the cell culture. Cell culture media were
collected on the above-mentioned timepoints and analyzed with custom ProcartaPlex panel for RANKL, M-CSF
and OPG. The data in the graph is pooled from 4 patients per culture type and shown as mean + SEM.
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Figure 5. Monocyte subsets in BM, PB and CB samples before cell culture. (A) Proportions of monocyte
subsets in the samples. Class: classical (CD14** CD16"); Int: intermediate (CD14**CD16"); Non-class: non-
classical (CD14* CD16**) monocytes. The data in the graph is pooled from 4 patients (BM), 5 patients (PB) or 3
patients (CB) and shown as mean + SEM. (B) Representative FACS-data of each sample from one patient. Ficoll-
isolated monocytes from BM and PB were stained with PE-conjugated anti-CD14, APC-conjugated anti-CD16
and FITC-conjugated anti-CD3 antibodies. Ficoll-isolated CB monocytes were stained with PE-conjugated
anti-CD14, APC-conjugated anti-CD16 and FITC-conjugated anti-CD45 antibodies. Samples were run on the
cytometer and analyzed with Flow]Jo v10.7.1 software.

Foreign body giant cells are multinucleated cells originating from monocyte/macrophage lineage cells that
fuse when they interact with foreign bodies**. TRACP-positive foreign body giant cells share characteristics with
osteoclast, but foreign body cells have a higher nuclei number and they do not resorb bone***. In the current
study, the multinuclear cells in the PB and CB cultures had higher number of nuclei compared to BM cultures.
In addition, BM cultures had higher resorption activity than PB and CB cultures. These differences could mean
that some of the multinuclear cells in PB and CB cultures are giant cell macrophages instead of osteoclasts. In
PB and CB cultures, the presence of bone slices might cause the foreign body reaction since the in vitro culture
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with devitalized bone does not fully represent the in vivo bone tissue. The explanation why foreign body reaction
did not occur in BM cultures could be the different monocyte subsets in the cell sources.

The starting point of the monocyte fusion is difficult to predict, but some estimates have been suggested in
literature. Fusion of PB monocytes has been reported to begin approximately on culture day 3-4, while BM
monocytes have been reported to start fusion on days 5-10°¢-*!. Our own experience is in line with these stud-
ies, and therefore, we chose d8 as the first time point for counting multinuclear cell numbers. However, there
is limited data on the course and completion of the fusion. Our current research shows that the increase in the
number of BM-derived monocytes is highest between d8-d11 and of PB-derived between d11-d14. This finding
could indicate that osteoclastogenesis is completed earlier in the BM-derived cultures, which is in line with our
previous study comparing PB and BM, and a study comparing BM and CB>'. In addition, the higher number of
nuclei in multinuclear cells in PB and CB indicates that osteoclastogenesis continues for a longer time in blood-
than BM-derived cells. Experiments of long-term osteoclast cultures exceeding the length of standard osteoclast
culture protocols could explain our observations. For instance, in a* RAW 264.7 cell culture continued for up
to 26 days, an oscillatory pattern in osteoclast fusion and apoptosis was found*. In similar conditions to our
study, it was observed that in the PB monocyte cultures, the number of osteoclasts is highest on d14 and declines
by d21**. When human PB monocytes were cultured for 21 days, it was observed that the onset of osteoclast
resorption occurred between day 4 and day 7 and further increased up to day 16 and then decreased until the
end of the experiment at 21 days*.

As we have previously reported, a significant proportion of cells in BM cultures were fibroblast-shaped
stromal-like cells'. As these spindle-like cells are TRACP-negative and morphologically different from the
spherical monocytes, we assume that they represent the mesenchymal stromal cell (MSC) population. There are
also mesenchymal cells in PB and CB, but their number is lower*>*. The presence of MSCs is likely to explain
some of the observed differences between BM and blood-derived cultures.

In bone, osteoblasts and osteocytes regulate osteoclastogenesis by complex mechanisms. Osteocytes and
osteoblasts produce proteins that are essential for osteoclastogenesis, such as M-CSF, which promotes pre-
osteoclast proliferation and differentiation; RANKL, which acts mainly as a surface protein but occurs also in a
soluble form and activates fusion and differentiation of osteoclasts; and OPG, which inhibits osteoclastogenesis
and the subsequent bone remodeling*-*’. Moreover, RANKL signaling is probably bidirectional: RANKL also
increases osteoblast differentiation®’. RANKL/OPG ratio is important in bone homeostasis®!. In general, the
cytokine concentrations in the present study showed overall fluctuating pattern over time, which probably reflects
the fluctuating activation of osteoclasts and mesenchymal stromal cells. Increasing RANKL concentration from
20 to 80 ng/ml caused only a slight increase in the number of multinuclear cells and resorption pits. In RANKL
80 ng/ml cultures the proportion of soluble RANKL compared to membrane-bound is increased, because it is
added in the media. In the RANKL 20 ng/ml group, it is possible, that the stromal cells produce more membrane-
bound form of RANKL. In a previous study, membrane-bound RANKL worked more efficiently than soluble®?.
RANKL stimulates osteoclastogenesis in a dose-dependent manner, but the effect is saturated with relatively
low RANKL concentrations. Increasing RANKL concentration from 10 to 100 ng/ml did not seem to enhance
osteoclastogenesis in previous studies*®**. In the present study, the OPG concentrations during the culture dif-
fered between RANKL 20 ng/ml and 80 ng/ml groups. The effect was most notable in BM cultures. This could be
caused by the high RANKL 80 ng/ml concentration exceeding the optimal physiological level that changes the
cytokine equilibrium. The concentration of M-CSF was highest in BM RANKL 20 ng/ml cultures at time points
d8 and d11. One explanation for this could be that stromal cells produce M-CSF to enhance osteoclastogenesis.

In the present study, OPG concentrations in the cultures without growth factors fluctuated similarly in all
cell sources. The peaking of OPG in BM RANKL 20 ng/ml group could be caused by physiological inhibition
of osteoclastogenesis by stromal cells when the number of osteoclasts is high and the resorption is active, as
the conditions in this culture probably bear the most resemblance to the physiological situation. In addition to
stromal cells, OPG is expressed in B lymphocytes, dendritic cells, and follicular dendritic cells*. In our study,
B lymphocytes can exist in collected samples from all cell sources and dendritic cells can be differentiated from
precursors in all cultures. Similar OPG concentrations and bone resorption were not observed in PB and CB
cultures, which suggest that the observation is related to the presence of stromal cells.

Some growth factors can have different properties depending on the density and differentiation stage of the
osteoclasts. Co-culture with MSCs can enhance or inhibit the differentiation of osteoclasts depending on the
inflammatory state of the culture via soluble factors and cell-to-cell interactions®. The higher M-CSF concen-
tration in CB culture on d4 could be explained by the presence of stromal cells that do not survive very long
in standard cell culture conditions but might be active in the beginning of the culture by secreting M-CSF**.

In the present study, infrequent spontaneous osteoclastogenesis occurred in all cultures. The number of nuclei
in spontaneously fused osteoclast was only slightly lower compared to cultures with growth factors. This could
suggest that in the absence of RANKL and M-CSE, the fusion of osteoclasts may start but stops at a certain point
if the conditions are disadvantageous.

This study could not replicate the previous finding of spontaneous osteoclastogenesis of umbilical cord
monocytes. One possible explanation could be the presence of stromal cells in previous studies'®"”. It is likely
that our method does not enable sufficient survival of the stromal cells in the CB culture. One possible explana-
tion is also the difference between monocyte donor selection, as we saw great variation in the osteoclastogenic
potential between the cultures.

Due to practical reasons and coincidence all our CB monocyte cultures were from female newborn donors.
Contradictory results have been published concerning the osteoclastogenic potential of male and female
monocytes®’. A recent study suggests that there is wide variation between OCs differentiated from different
donors’ PBMCs*®. We have also noticed this in the present and our previous studies, and therefore, have included
BM and PB samples from both sexes to every experiment in the study. The collection of human samples from
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patients undergoing surgery cannot be planned in detail concerning the age and sex of the patients, but we have
tried to overcome this issue by collecting as many samples as possible.

Conclusion

In conclusion, CB-derived osteoclasts showed characteristics that were in between BM and PB-derived osteo-
clasts, though they resembled more PB-derived cells. The presence of stromal cells in CB could cause the observed
shift from PB towards BM, as we expect that the stromal cells in CB act similarly to stromal cells present in BM,
where they participate in osteoclastogenesis. It is too early to draw any conclusions of the clinical or in vivo
significance of the reported phenomenon.

The collection of BM and PB samples from human patients is invasive and requires laborious scheduling. The
advantage of using CB samples for cultures is that it is obtained from a residual material and might be more easily
available, although there are issues that cannot be resolved when obtaining CB samples, such as the unpredictable
sex of the newborn. We show that functional osteoclasts can be differentiated from BM, PB, and CB monocytes,
even though there are differences in their properties and function.
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The data that was analyzed during the current study are available on request from the corresponding author.
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