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A B S T R A C T

Osteoclasts and foreign body giant cells (FBGCs) are multinucleated cells derived from monocytes, but they have 
distinct functions. Osteoclasts resorb bone while FBGCs form in response to foreign material. Regarding bone 
implants, osteoclasts are responsible for implant integration, but also for bone resorption associated to implant 
loosening, while FBGCs play a role in the immune response to the foreign material. Little is known about which 
proteins in the local environment fine-tune the multinucleation of osteoclasts or FBGCs. One candidate is Activin 
A (ActA). It has been shown to induce larger, more active osteoclasts, but its effect on FBGC differentiation is 
unknown.

We investigated the effect of ActA on the differentiation of osteoclasts and FBGCs from human CD14-positive 
monocytes. The number of multinucleated cells and the cell area was measured. qPCR was performed to assess 
the effect of ActA on gene expression. ActA's influence on osteoclast and FBGC formation was studied on plastic, 
bone and hydroxyapatite coated Titanium discs (ALD-HA).

ActA induced fewer, but bigger and more active osteoclasts on plastic and bone. In contrast, ActA did not have 
an effect on FBGC number. On ALD-HA, ActA reduced the number of FBGCs, but did not influence osteoclast 
numbers. qPCR showed that ActA upregulated the expression of several genes such as TRAcP, CIITA, OLR1, 
RHOBTB1 and ALK4, but mainly in osteoclasts. These results show that ActA has a different effect on osteoclasts 
compared to FBGCs. This difference could be caused by a difference in the expression in the canonical ActA 
receptor ALK4.

1. Introduction

Monocytes have the capacity to fuse into two different types of 
multinucleated cells: osteoclasts, the specialized bone-degrading cells, 
and foreign body giant cells (FBGC) in response to a foreign material 
implanted into the body [1]. These two multinucleated cells have many 
similar properties, but there are also different functional mechanisms 
that these cells exploit [2–8] as described below.

Osteoclasts are the only cells capable of resorbing bone. The for
mation of osteoclasts takes place on bone surfaces whenever bone 
remodeling activity is required. Remodeling is orchestrated by 
communication between bone cells and includes the degradation of old 
or weak bone by osteoclasts and the subsequent osteoid formation by 
osteoblasts, which finally mineralizes this new bone matrix. During this 
process, some become embedded into the matrix as osteocytes. Osteo
clasts are specialized in the resorption of the bone matrix by secretion of 
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hydrochloric acid for the degradation of the inorganic bone mineral and 
proteolytic enzymes such as cathepsin K for the degradation of the 
organic matrix [9,10].

FBGCs cannot resorb bone. Instead they are involved in the foreign 
body response that occurs when foreign material enters the body. FBGCs 
differentiate from monocytes around foreign materials as the body's 
attempt to eliminate or neutralize the foreign substance [11]. However, 
although FBGCs can be large cells with hundreds of nuclei, they are not 
necessarily capable of totally degrading the foreign material. FBGCs can 
secrete reactive oxygen species (ROS) and matrix metalloproteases 
(MMPs) in attempting to degrade the foreign material, or they can try to 
phagocytose it [1,5]. The main difference between osteoclasts and 
FBGCs is that FBGCs are not able to resorb bone, although they are able 
to dissolve the bone mineral hydroxyapatite-like calcium phosphate 
coating to some extent, but not as efficiently as osteoclasts [3,12].

For optimal osseointegration of bone implants, it is desirable to have 
an initial phase of osteoclast formation. Bone that is damaged during the 
procedure of placing the implant should be remodeled by osteoclasts, 
followed by activation of osteoblasts [13–15]. In this process, the FBGCs 
can potentially delay optimal osseointegration. FBGCs are present 
around implant failures [16] and can therefore be considered as an 
undesired response [17–19]. Whenever a foreign material is implanted 
anywhere in the body, a foreign body response is elicited [17]. This is 
characterized as a series of host responses aimed at eliminating the 
foreign substance or adapting to its presence. The initial foreign body 
reaction includes an acute inflammatory reaction. The inflammatory 
reaction involves the migration of inflammatory cells, such as neutro
phils, monocytes and lymphocytes, which produce various regulatory 
substances including cytokines, growth factors and other bioactive 
agents [17,19]. If the regulation of the inflammatory reaction is 
imbalanced, monocyte fusion into FBGCs increases in various tissues, 
whereas in bone, also osteoclast formation is enhanced, leading to excess 
inflammation, increased bone resorption and finally to implant loos
ening [16,18].

It is clinically desirable to know the molecules that affect multi
nucleation and the activity of osteoclasts and FBGCs. With this knowl
edge, one can manipulate the formation of either osteoclasts or FBGCs. 
Activin A (ActA) is one such candidate. It is a TGF-β superfamily protein 
involved in many physiological reactions [20]. ActA signaling is based 
on its binding to one of the two cell surface type II receptors (ActRIIA or 
ActRIIB), which induces a signaling cascade via the ALK4 or ALK7 type I 
BMP receptors through SMAD2/3 signaling, leading to regulation of cell 
proliferation, differentiation, metabolism, or apoptosis. In addition to 
regulatory roles in several other tissues, ActA is expressed by osteoblasts 
and osteoclasts and has been shown to have either stimulatory or 
inhibitory effects on bone cells and their differentiation [20–33]. ActA 
plays a role in inflammation [34,35] and can be produced by and can 
affect many types of immune cells such as monocytes, macrophages and 
lymphocytes, and has either anti- or proinflammatory outcomes 
[36–42]. We have previously shown that ActA decreases the number of 
osteoclasts but increases the size and activity of osteoclasts differenti
ated from human CD14+ monocytes [43,44]. It also induces differential 
expression of more than 1000 genes in these cells belonging to pathways 
related to differentiation, fusion and inflammation [45].

Since the effects of ActA on FBGC differentiation are not known, it 
could well be a potential target that acts differently on these two cell 
types.

To date, titanium (Ti) is still an extensively used bone implant 
biomaterial, with proven successful osseointegration. The increasing 
demand for orthopedic implants [46] has driven the development of 
titanium-based materials that offer superior biocompatibility, strength, 
and longevity. Atomic layer deposited hydroxyapatite (ALD-HA) on ti
tanium (Ti) has shown promising results in regard to cell attachment and 
viability [47–49]. ALD is a beneficial coating method for improving 
osseointegration of Ti implants, as it can provide a uniform, nanoscale 
coating for complex three-dimensional structures such as bone screws 

[50,51]. Other coating methods can possess several problems such as 
cracking and flaking [52–54], but with ALD these problems do not 
occur.

Both osteoclasts and FBGCs respond to inflammation [1]. To place 
ActA in the biological context of both osteoclasts and FBGCs, the effect 
of ActA was studied on both bone and ALD-HA Ti. With regard to bone 
implants and the foreign body reaction, the different possible effects of 
ActA on these different cells could provide a mechanism to specifically 
control the functions of these cells at the implantation site to achieve the 
optimal osseointegration of the implant. Therefore, we extended the 
study of the effects of ActA also on ALD-HA Ti to investigate the dif
ferentiation of multinucleated cells on this bone implant material, as it 
represents the clinical application in which understanding the behavior 
of these cells is particularly critical for successful osseointegration and 
long-term implant stability.

Since osteoclasts and FBGCs share many properties, but on the 
contrary have different mechanisms of function, we hypothesized that 
the effect of ActA on the differentiation of multinucleated cells could 
have different outcomes in these two cell cultures on the different 
substrates.

2. Materials and methods

2.1. Preparation of nanocrystalline HA coating (ALD-HA) on Ti 
substrates with the ALD method

The HA coatings were fabricated on Ti substrates as described by 
Holopainen et al. [55]. The substrate for the ALD-HA coating was a 5 cm 
× 5 cm (25 cm2), 1 mm thick titanium sheet (Grade 2, ASTM B265 
specification, William Gregor Ltd., London, UK). The ALD coating was 
started by depositing a thin film of CaCO3 in an F-120 ALD reactor (ASM 
Microchemistry Ltd., Helsinki, Finland) with nitrogen carrier and 
purging gas. The CaCO3 films were deposited using the Ca(thd)2—O3 
process previously reported in the literature [56]. Ca(thd)2 (Volatec Oy, 
Vantaa, Finland) was evaporated at 188 ◦C, and O3 was generated from 
O2 (99.9999%) with a Wedeco Ozomatic Modular 4 HC Lab ozone 
generator. Samples were produced with 4000 ALD cycles resulting in a 
thickness of 380 nm. Pulses and purges of 1 s were used for all pre
cursors. The depositions were conducted at 250 ◦C. Conversion of CaCO3 
to HA was achieved by using 0.2 M (NH4)2HPO4 (99%; Merck KGaA, 
Darmstadt, Germany) solution at 95 ◦C. After conversion, the samples 
were rinsed with deionized water and blown dry with compressed air. A 
manual plate cutter (Bernardo PTS 1050 S Manual disc cutter, Linz, 
Austria) was used for cutting the ALD-coated titanium plates. The Ti 
plate was firmly placed in a disc pressing to keep it in place during the 
cutting process. The plate was cut to produce 0.3 × 0.3 cm (0.09 cm2) 
square-shaped discs. Before cell culture, the samples were soaked in 70% 
ethanol for 10 min and air-dried.

2.2. Cell culture and analysis

2.2.1. CD14+ cell isolation
Buffy coats containing peripheral mononuclear cells (PBMCs) were 

purchased from the Dutch blood bank (Sanquin, Amsterdam, The 
Netherlands) Permission to use buffy coats to isolate PBMCs for the 
purpose of osteoclast formation was granted by Sanquin (number: 
NVT230.0). PBMCs were isolated using Ficoll-Paque density gradient 
centrifugation. All experiments were performed in accordance with the 
Declaration of Helsinki. The buffy coats were diluted 1:1 with a 1% PBS- 
citrate buffer consisting of sodium citrate-2 (1.55 M), citric acid-1 (0.11 
M) and phosphate-buffered saline (PBS). 25 ml of diluted blood was 
carefully layered on 15 ml Lymphoprep (Axisschield Po CAS, Oslo, 
Norway) and centrifuged at 800 ×g during 30 min without braking. 
After centrifugation, the interphase containing the PBMCs was collected. 
The PBMCs were centrifuged for 10 min at 400 ×g (with brake). Su
pernatant was decanted and cells were resuspended in the PBS-citrate 
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buffer. This washing step was repeated 3 times. After the washing steps, 
cells were resuspended in 20 ml of MACS buffer, consisting of PBS, 0.5% 
bovine serum albumin (BSA), and 2 mM ethylenediaminetetraacetic 
acid (EDTA) and counted with a Muse Cell Analyzer (Merck Millipore, 
Billerica, MA). The cell number was determined and the cells were 
centrifuged for 10 min at 400 ×g (with brake). The supernatant was 
aspirated and the PBMCs were resuspended in 80 μl of buffer per 107 

cells. A manual magnetic-assisted cell sorter (MACS) and iron- 
conjugated CD14 antibodies (Miltenyi Biotec, Bergisch Gladbach, Ger
many) were used to isolate CD14+ cells. Per 107 cells, 2 μl of CD14 
microbeads was added and incubated for 15 min in the refrigerator 
(2–8 ◦C) according to the manufacturer's instructions (Miltenyi Biotec). 
After 15 min of labeling with anti-CD14 beads, cells were washed once 
and resuspended in 500 μl of buffer. Subsequently the PBMC suspension 
was applied to the magnetic column. The column was rinsed 3× with 3 
ml MACS buffer, allowing non-labeled cells to come off the column. 
Next, the column was removed from the magnet and 5 ml buffer was 
added to collect the CD14+ cells. The cell density was determined with 
the Muse Cell Analyzer and after collection of the appropriate number of 
CD14+ cells, the cells were resuspended in culture medium. The culture 
medium consisted of alpha minimum essential medium (αMEM; Life 
Technologies, Carlsbad, CA), 10% fetal calf serum (FCS; HyClone, 
Logan, UT) and 1% penicillin/streptomycin/fungisone (PSF; Sigma- 
Aldrich, Saint Louis, MO).

2.2.2. Cell culture
Purified CD14+ cells were suspended in culture medium and were 

seeded on ALD-HA samples, bovine cortical bone slices or plastic in a 
final cell concentration of 1 × 105 cells per 0.32 cm2 (surface of one 
well). The cells were cultured for 3 days with 25 ng/ml human recom
binant macrophage colony-stimulating factor (M-CSF) (R&D Systems, 
MI) without or with 50 ng/ml Activin-A (Sigma). After 3 days, the 
concentration of M-CSF was reduced to 10 ng/ml for both FBGC and 
osteoclast cultures until the end of the culture period. For the generation 
of FBGCs, 5 ng/ml human recombinant IL-4 and 5 ng/ml human re
combinant IL-13 were added to the cultures. For the generation of os
teoclasts, 5 ng/ml mouse recombinant RANK-L (R&D Systems) was 
added. The cell density and the cytokine concentration for the genera
tion of FBGCs and osteoclasts were carefully titrated previously [3]. The 
culture medium was refreshed every 3–4 days. The total culture time 
lasted for 14 and 21 days.

2.2.3. Detection of cellular TRAcP activity
After 14 and 21 days the osteoclasts and FBGCs were fixed for 10 min 

with 4% PBS buffered formaldehyde. The cells on plastic and bone were 
stained for TRAcP activity (acid phosphatase leukocyte kit; Sigma- 
Aldrich) according to the manufacturer's protocol, and the nuclei were 
stained with 4′,6-diamidino-2-fenylindool phenylindole (DAPI; Merck, 
Whitehouse Station, NJ, USA) in PBS (1:200).

2.2.4. Counting of multinucleated cells on plastic and measurement of cell 
area

The cells were imaged using a Leica DMIL microscope at 20×
magnification and micropgraphs were taken with a digital camera 
(Leica, Wetzlar, Germany). The number of multinucleated cells was 
counted from 8 images per well using QuPath image analysis software 
v0.5.1 [57]. The multinucleated cells were categorized into one of the 
following three groups: 3 to 5 nuclei per cell, 6 to 10 nuclei per cell and 
more than 10 nuclei per cell. Cell areas were measured with QuPath by 
drawing the multinucleated cell outlines by hand and using the anno
tation measurement tool to obtain the cell areas. All multinucleated cells 
per image were measured.

2.2.5. Counting of multinucleated cells on ALD-HA
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 RT. The samples were mounted in 70% glycerol-PBS. The cells were 
imaged using a Zeiss Axio Scope.A1 fluorescence microscope (Oberko
chen, Germany) and EC Plan Neofluar 40× objective. Pictures were 
taken with a digital QImaging MicroPublisher 5.0 RTV camera and 
QCapture 2.90.1 software (QImaging, Surrey, Canada). The number of 
multinucleated cells was counted from 5 images per sample using 
QuPath image analysis software v0.5.1 (Bankhead 2017) by categoriz
ing the cells according to the number of nuclei as in the plastic cell 
culture analysis.

2.2.6. Confocal microscopy
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 RT. Bone slices and ALD-HA samples were mounted in 70% glycerol- 
PBS. The cells were viewed with Leica TCS SP8 confocal with a DMI8 
microscope using LAS X 3.5.7 acquisition software. The used objective 
was an HC PL APO CS2 20×/0.75 DRY. Samples were imaged with 499 
nm and 405 nm solid-state lasers; the pinhole was set to Airy 0.88 and 
the scan speed to 600 Hz. The image pixel size was 0.568 μm. Maximum 
intensity projections (MIPs) were created from the Z-stacks.

2.2.7. Field emission scanning electron microscopy (FESEM)
Cells were removed from bone slices with a soft brush. The bone 

slices and ALD-HA samples were dehydrated in an ascending ethanol 
series and dried with a critical point drying equipment K850 (Quorum 
Technologies, Lewes, UK). Samples were coated with 5 nm platinum by 
Q150T ES sputter coater (Quorum Technologies, Lewes, UK) and viewed 
with Sigma HD VP FE-SEM (Carl Zeiss Microscopy GmbH, Oberkochen, 
Germany). FESEM images were taken with 5.0 kV voltage.

2.3. Measurement of resorption pit areas

Resorption pit analysis was conducted using 3D X-ray microscopy 
(Zeiss Xradia Versa 620). Bone samples were scanned using the 
following parameters: voltage: 60 kV, power: 6.5 W, filter: Zeiss low 
energy #2, 2401 projections per 360◦, 4× objective, variable exposure 
time ranging from 1.5 s (short edge) to 3 s (long edge), total scan time of 
2 h and 31 min, and a pixel size of 2.79 μm. The data were automatically 
reconstructed into image stacks using consistent reconstruction settings 
across all samples. A built-in noise reduction filter (Zeiss NRF) was 
applied, which was calibrated from the average background noise in the 
initial scan set (n = 8), and uniformly applied to all subsequent scans. All 
analyses were conducted on 8-bit image data.

Resorption pits were analyzed with modified MATLAB algorithm 
originally developed for surface roughness analysis. The datasets were 
first automatically oriented by detecting the sample surface and 
applying a 3D rotation to align this surface flat in the x–y plane. An 
automatic region of interest (ROI) was then created by identifying 
sample edges and fitting a circular mask centered on the dataset. The 
circle's radius was defined as the distance from the center to the nearest 
edge, reduced by 5% to minimize edge artifacts. The resulting image 
stack was saved for downstream analysis.

For resorption pit identification, the data were first binarized using 
Otsu thresholding [58], retaining only the largest contiguous binary 
object. The sample surface was then extracted by identifying the first 
non-zero pixel along the image stack's depth axis, yielding a surface 
heightmap representing the surface with possible resorption. A 3D 
baseline surface was generated using the gridfit algorithm [59] and 
subtracted from the original surface to flatten the baseline. A first-degree 
polynomial surface was subsequently fitted and shifted 2 pixels (5 μm) 
downward. Data above this new reference surface were considered non- 
resorbed, while the remaining data contained resorption pits, osteocyte 
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lacunae, sawing artifacts, and vascular channels.
To isolate resorption pits, the algorithm excluded features exceeding 

50 μm in depth (vascular channels), smaller than 25 μm × 25 μm in area 
(osteocyte lacunae), or occupying more than 2% of the analysis area 
(sawing-related artifacts). The depths of the remaining pits were 
adjusted by re-adding the 5 μm offset. The percentage of resorbed area 
was subsequently calculated as an area ratio. Resultant images illus
trating the analyzed features were generated automatically (Fig. 4B).

2.4. RNA isolation and real time quantitative polymerase chain reaction 
(qPCR)

For RNA isolation, cells were cultured on plastic for 7, 14 and 21 days 
and on bone and ALD for 7 days in 96 well plates. For each experimental 
condition, 2 wells were pooled. RNA from the plastic samples was iso
lated using the RNeasy mini kit (QIAGEN, Hilden, Germany) following 
the manufacturer's instructions. For the samples on bone and ALD the 
Trizol method was used for RNA isolation. cDNA synthesis was per
formed using the first-strand cDNA synthesis kit (Thermo Fisher Scien
tific) according to the manufacturer's protocol, using both the Oligo(dT) 
18 and the D(N)6 primers.

qPCR was performed on the LC480 light cycler (Roche, Basel, 
Switzerland). 3 ng cDNA was used in a total volume of 20 μl containing 
Light Cycler SybrGreen1 Master mix (Roche) and 1 μM of each primer. A 
standard two-step qPCR program with an annealing temperature of 
60 ◦C was performed, followed by a melting curve analysis to ensure 
only one product was amplified. To assess efficiencies of the PCR re
actions, a standard curve was prepared by serial dilutions of a positive 
control cDNA sample. To avoid amplification of genomic DNA, each 
amplicon spanned at least one intron. Sequence information for all 
primers is listed in Table 1. Expression of housekeeping gene Beta2 
Microglobulin (B2M) was not affected by the experimental conditions. 
Samples were normalized for the expression of B2M by calculating the 
ΔCt (Ct,gene of interest - Ct,B2M). Subsequently the ^^Ct was calculated by 
subtracting the average Ct value of the osteoclast t = 7 plastic samples 
from all other Ct values. Finally, relative expression of the different 
genes was expressed as 2− (Δ Δ Ct). All qPCRs had equal efficiencies.

2.5. Statistical analysis

All experiments were done with duplicate technical replicates. For 
the number of multinucleated cells and for the qPCR analysis on plastic 
data were obtained from 8 independent donors. For the cell area mea
surements on plastic and all experiments on bone and ALD-HA data were 
obtained from 4 independent donors.

Statistical analyses were performed using GraphpadPrism v10.4.1 
(GraphPad, La Jolla, CA, USA). Statistical differences were tested using a 

2-way ANOVA followed by Tukey's multiple comparisons test. For the 
area measurements, paired t-tests were performed. p < 0.05 was 
considered significant. Data are shown as means ± SEM.

3. Results

3.1. Acta induces fewer but larger osteoclasts, but does not influence the 
number of FBGCs

TRAcP-positive multinucleated cells were observed in both osteo
clast and FBGC cultures, without or with ActA at both time points 14 and 
21 days (Fig. 1A). The intensity of the TRAcP-staining was stronger after 
21 days of culture in both cell types. In osteoclast control cultures, the 
multinucleated cells were mostly small, 3–5 nucleated cells. At both day 
14 and 21, ActA decreased the total number of osteoclasts (p < 0.05 and 
p < 0.01, respectively; Fig. 1 B & D). When analysing the size of oste
oclasts as indicated by the number of nuclei, this decrease in the total 
number of osteoclasts was due to the significant decrease of the smaller 
(3–5 nuclei) osteoclasts (Fig. 1 B & D and Fig. S1 A). Supplementary 
Fig. S1 represents the data of Fig. 1 in separate groups for a detailed 
comparison between the groups based on the categories of the cells by 
the number of nuclei (small multinucleated cells with 3–5 nuclei, 
Fig. S1A and E, intermediate with 6–10 nuclei, Fig. S1 B and F, large 
with >10 nuclei, Fig. S1 C and G and the total number of multinucleated 
cells, Fig. S1 D and H) to facilitate the comparison between the osteo
clast and FBGC cultures. Osteoclast cultures contained a small number of 
intermediate-sized or large cells with 6–10 nuclei or >10 nuclei, and 
ActA did not affect the number of these cells at day 14 or 21.

Regarding FBGC cultures, ActA had no effect on either the small (3–5 
nuclei), intermediate-sized (6–10 nuclei) or large (>10 nuclei) multi
nucleated cell number at the time points studied (Fig. 1 C & E). The main 
difference in osteoclast and FBGC cultures was observed at day 21 in the 
bigger cells, as there were significantly more cells with >10 nuclei in the 
FBGC compared to the osteoclast cultures indicating that FBGCs were 
generally bigger regardless of the presence of ActA (p < 0.05; Fig. S1 G). 
In contrast, the total number of multinucleated cells was significantly 
smaller at day 21 in the FBGC group without ActA (p < 0.05; Fig. S1 H), 
suggesting that the smaller cells contribute to a greater extent in this 
experimental condition.

3.2. Acta increases the multinucleated cell area in osteoclast cultures, but 
not in FBGC cultures

The cell area analysis after 14 days showed that ActA tends to in
crease the average area of multinucleated cells in osteoclast cultures 
(from approximately 2000 to 4000 μm2) and to decrease the area in the 
FBGC cultures (from approximately 7500 to 5000 μm2), but these 

Table 1 
Primer sequences used for quantitative PCR.

Genes Oligonucleotide sequence 5′-3′ Amplicon length (bp) ENSEMBL ID

B2M AGCTGTGCTCGCGCTACTCTC 286 ENSG00000166710
CACACGGCAGGCATACTCATC

TRAcP CACAATCTGCAGTACCTGCAAgAT 128 ENSG00000102575
CCCATAGTGGAAGCGCAgATA

CIITA GCTCTACTCAGAACCCGACACA 63 ENSG00000179583
TCACACAACAGCCTGCTGAAC

OLR1 CCAGCCTGATGAGAAGTCAAATG 72 ENSG00000173391
AGGCACCACCATGGAGAGTAA

RHOBTB1 CAGTGTATGCTCCAAGTTCCGTAA 75 ENSG00000072422
CGGTGCCGCTCGAAGTATT

ALK4 TGCAGTCACTGACACCATTG 188 ENSG00000135503
CATGGACTCCTCCAGAATTG

DCSTAMP ATTTTCTCAGTGAGCAAGCAGTTTC 101 ENSG00000164935
AGAATCATGGATAATATCTTGAGTTCCTT

B2M, β2-microglobulin; TRAcP, tartrate resistant acid phosphatase; CIITA, class II major histocompatibility complex transactivator; OLR1, oxidized low density li
poprotein receptor 1; RHOBTB1, Rho related BTB domain containing 1; ALK4, Activin A receptor type 1B; DCSTAMP, dendritic cell-specific transmembrane protein.

E. Kylmäoja et al.                                                                                                                                                                                                                               Bone 206 (2026) 117814 

4 



Fig. 1. ActA induces fewer but larger osteoclasts and does not have an effect on the number of FBGCs. A. Multinucleated TRAcP-positive cells differentiated from 
CD14+ monocytes in osteoclast and FBGC cultures. Cells were cultured on plastic for 14 and 21 days with M-CSF and Rankl (osteoclasts) or M-CSF, IL-4, and IL-13 
(FBGCs). Multinucleated cells were divided in 4 categories; cells with 3–5 nuclei (3–5), cells with 6 to 10 nuclei (6–10), cells with more than 10 nuclei (>10) or all 
multinucleated cells from category 1, 2 and 3 together (total). The intensity of the TRAcP-staining was stronger at 21 days of culture. B-E. ActA decreased the number 
of small multinucleated cells (3–5 nuclei) and the total number of multinucleated cells at both time points in osteoclast cultures (B&D). ActA did not affect the 
number of multinucleated cells in FBGC cultures (C&E). F & G. Multinucleated cells in FBGC cultures – ActA were larger compared to osteoclasts, but addition of ActA 
eliminated this difference (F&G). ActA increased the area of multinucleated osteoclasts significantly after 21 days (G). The cells were stained with DAPI to visualize 
nuclei (blue), and acid phosphatase leukocyte kit to visualize TRAcP (red). Images were taken with a 20× objective. n = 8 for cell counts, n = 4 for area measurement 
*p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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differences were not significant (Fig. 1 F). At both time points, in the 
control condition – ActA, the multinucleated cells were significantly 
larger in FBGC cultures compared to osteoclast cultures (p < 0.01), but 
not in the presence of ActA (Fig. 1 F and G). At day 21, ActA significantly 
increased the multinucleated cell area in osteoclast cultures (p < 0.001; 
Fig. 1 G).

3.3. The effect of ActA on cell morphology on bone is analogous to the 
observation on plastic

Multinucleated cells were observed in both osteoclast and FBGC 
cultures on bovine bone slices (Fig. 2 A). Analogous to cultures on 
plastic, the TRAcP staining was more intense after 21 days. We were not 
able to analyze the cell numbers on bone slices reliably due to the un
even background of the bone slice in light microscopy. However, the 
images show a trend for ActA in decreasing the number of small 
multinucleated cells in osteoclast cultures and inducing the formation of 
larger multinucleated cells. Thus, the effect of ActA seemed to be anal
ogous to the effect on cultures on plastic. The images of FBGC cultures 
also seemed to show an effect similar to that on plastic, as ActA seemed 
not to have an effect on the cell number but decreased the area of the 
multinucleated cells. The confocal images from bone slices (Fig. 2 B) 
support these observations of decreased cell area in FBGC cultures.

3.4. ActA increases bone resorption by osteoclasts

Bone resorption was visualized with Field Emission Scanning Elec
tron Microscopy (FESEM) and was observed only in osteoclast cultures 
(Fig. 3 A). 3D X-ray microscopy resorption pit analysis is shown in Fig. 3
B and presents the amount of bone resorption. ActA caused a significant 
increase in the resorptive activity of osteoclasts at day 21 (Fig. 3 C; p <
0.01). To account for slight warping and manufacturing imperfections in 
the bone slices, an overall 3D shape (baseplane) was detected and sub
tracted from the surface before area analysis. The imaging resolution 
was 2.79 μm per pixel. The increase in the amount of resorption after 
ActA treatment is evident. The FESEM images in Fig. 3 A confirm the 
presence of resorption pits on bone slices in osteoclast cultures. 
Resorption was not observed on bone slices after FBGC culture, how
ever, the slices were occasionally covered with gray areas resembling 
cell remnants or slight etching of the cell surface. In confocal micro
scopy, similar structures were observed stained by phalloidin but lack
ing nuclei (data not shown), indicating the possibility of remnants of the 
actin cytoskeleton present on the bone surface.

3.5. ActA reduces the number of FBGCs on ALD

FESEM images show that multinucleated cells were present on ALD- 
HA surface in both osteoclast and FBGC cultures (Fig. 4 A). On ALD-HA 
ActA lost its effect of reducing the number of small multinucleated cells 
in osteoclast cultures (Fig. 4 B & D). In contrast, ActA significantly 
decreased the total number of multinucleated FBGCs on ALD-HA (p <
0.05; Fig. 4 C & E). Generally, on ALD-HA the osteoclast and FBGC 
cultures responded similarly, irrespective of the addition of ActA. We 
observed a slight trend of ActA reducing the number of multinucleated 
cells that formed in all groups and at all-time points, but the difference 
was not significant (Fig. 4 B–E). Fig. S2 represents the data of Fig. 4 in 
separate graphs for a detailed comparison between the groups based on 
the categorization of the cells by the number of nuclei (small multinu
cleated cells with 3–5 nuclei [Fig. S2 A & E], intermediate with 6–10 
nuclei [Fig. S2 B & F] and large with >10 nuclei [Fig. S2 C & G]) and for 
comparison between the cell types. Considering the total number of 
multinucleated cells in the cultures without ActA, FBGCs had signifi
cantly more multinucleated cells at day 14 (p < 0.05; Fig. S2 D), but this 
difference was not present anymore at day 21 (Fig. S2 H).

Confocal microscopy images (Fig. 5) supported the observation that 
ActA does not have an effect on cell fusion on ALD-HA in osteoclast 

cultures but reduces the number of multinucleated cells in FBGC cul
tures. Multinucleated cells were observed in both cultures at both time 
points. In general, FBGCs seemed to be larger compared to osteoclasts, 
but we could not quantify the cell areas from confocal microscopy im
ages. Further, both osteoclasts and FBGCs seemed to be larger on ALD- 
HA compared to bone (Fig. 2), but we were not able to quantify this 
difference reliably.

3.6. Acta influences gene expression differently in OC and FBGC

Linking all the above morphological data to more quantitative data 
at the cell level, qPCR was performed to assess gene expression of 
osteoclast and FBGC cultures on plastic, bone and ALD-HA. To further 
assess dynamics of gene expression, 3 weekly time points were assessed 
(7, 14 and 21 days). TRAcP, the osteoclast marker which is also 
expressed by FBGC's, showed a significant upregulation in osteoclast 
under the influence of ActA, but not in FBGC. TRAcP expression was 
lower in control FBGC cultures than in osteoclast cultures when ActA 
was added (Fig. 6A). These findings confirm our cell counting results 
since we observed a significantly lower number of FBGCs under control 
conditions. Also, the QPCR analysis confirmed our previous findings on 
the effect of ActA on osteoclasts; the expression of 3 genes we previously 
found to be highly upregulated during the ActA induced formation of 
giant osteoclasts, namely master regulator of MHC class II (CIITA), 
oxidized low-density lipoprotein receptor 1 (OLR1) and Rho-related BTB 
domain-containing protein 1 (RHOBTB1), was again upregulated in the 
osteoclast cultures under the influence of ActA [45]. In contrast, ActA 
did not result in a changed expression of these genes in FBGC cultures 
(Fig. 6B, C and D). Gene expression of the canonical ActA receptor ALK4 
was significantly lower in FBGCs compared to osteoclasts (Fig. 6 E), 
which could explain the lack of effect of ActA on the FBGCs. Interest
ingly, TRAcP, CIITA and RHOBTB1 were not upregulated in osteoclast 
cultures with ActA on bone or ALD (Fig. 7 A, B & D). The expression of 
CIITA and OLR1 was significantly higher when cells were cultured on 
bone compared to plastic or ALD (Fig. 7 B & C). ALK4 expression was 
significantly higher on bone compared to plastic, but no difference in 
expression of this gene was found between cultures on bone and ALD 
(Fig. 7E, C). The qPCR results of DC-STAMP (fusion molecule expressed 
in osteoclasts and FBGCs) (Fig. 6F and Fig. 7F) and Tcirg (V-ATPase 
[ATP-driven proton pump active in extracellular acidification during 
resorption] subunit, data not shown) showed no differences between 
osteoclasts and FBGCs, and ActA did not have a clear effect on the 
expression of these genes.

4. Discussion

With the gradual growth of knowledge on the diverse types of 
multinucleated cells, their functions and the way they form, we are on 
the verge of entering a new era where we can specifically interfere with 
certain multinucleated cells, while leaving the other untouched. Activin 
A represents one such potential regulator. Here, we unequivocally show 
that ActA has a different effect on osteoclasts compared to FBGCs.

ActA has been shown to have either stimulatory [23,25–29,32] or 
inhibitory [31] effects on osteoclastogenesis. We have previously shown 
that ActA decreases osteoclastogenesis but increases the size of osteo
clasts differentiated from human CD14+ monocytes [43,44]. This study 
confirmed the earlier results, as in osteoclast cultures we observed 
decreased osteoclastogenesis of small osteoclasts. Further, as in our 
previous study, ActA increased the number of large multinucleated cells 
with >10 nuclei, which was confirmed by the area analysis of the cells. 
The multinucleated cells in osteoclast cultures with ActA were larger 
compared to cultures without ActA (Fig. 2), which explains the reduced 
number of small multinucleated cells upon the addition of ActA, as the 
cells fused into giant multinucleated cells in response to ActA. Also, 
these larger osteoclasts were more active as shown by their enhanced 
resorption.
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A contrary result was observed in FBGC cultures, since ActA did not 
increase the FBGC area. We conclude that ActA has a different effect on 
osteoclasts and FBGCs regarding cell fusion.

Under normal circumstances, ActA signals via the ALK4 or ALK7 type 
I BMP receptors. Our qPCR results show a significantly lower ALK4 
expression in FBGCs compared to osteoclasts (ALK7 was not expressed in 
any of the experimental conditions, data not shown). This could be an 
explanation for the observed results where ActA influenced osteoclast 
fusion and resorptive activity and induced differential gene expression, 
whereas it did not have this effect on FBGCs. In our previous study, we 
showed that ActA induced the formation of large osteoclasts, and 
RNAseq data showed that especially CIITA, ORL1 and RHOBTB1 were 
highly upregulated in these cultures that contained giant osteoclasts. 
Since FBGCs are generally larger than osteoclasts, we assumed that these 
genes would also be more highly expressed in FBGC cultures (regardless 
of the addition of ActA) compared to normal osteoclast cultures. Our 

qPCR data shows that this is not the case, suggesting that the fusion 
mechanism underlying the formation of the large osteoclast under the 
influence of ActA could be subtly different from the fusion mechanism 
that gives rise to the big FBGCs. Further, the fusion mechanism on the 
different substrates seemed to alternate, as on bone and ALD-HA the 
upregulation of TRAcP, CIITA and RHOBTB1 in osteoclast cultures with 
ActA was not present or less striking. Interestingly, fueling the idea that 
fusion is context dependent, the expression of CIITA, OLR1 and ALK4 
was higher when osteoclasts were cultured on bone compared to plastic 
or ALD. We have previously shown that the surface roughness of the 
bone slices and ALD-HA samples is different [60], offering one expla
nation for the results, as surface topography acts as a guide for the cell 
differentiation [61,62]. Alternatively, bone is rich in extracellular ma
trix proteins that are known activators of osteoclast formation [63].

Osteoclasts are known to be activated by proinflammatory signals 
[64,65], and ActA is one of the proteins having either anti- or 

Fig. 2. The morphology of osteoclasts and FBGCs on bovine bone slices. A. Multinucleated TRAcP-positive cells differentiated from CD14+ monocytes in osteoclast 
and FBGC cultures on bone. Cells were cultured on bovine bone slices for 14 and 21 days with M-CSF and Rankl (osteoclasts) or M-CSF, IL-4, and IL-13 (FBGCs). The 
intensity of the TRAcP-staining was stronger at 21 days of culture. The effect of ActA on cell fusion was similar to the effect on plastic, as ActA seemed to decrease the 
number of small osteoclasts, induce the formation of large osteoclasts, but had no effect on the number of FBGCs. Instead, ActA decreased the area of FBGCs. B. 
Confocal microscopy images support the observations from the light microscopy images. Multinucleated cells are marked with arrowheads. The actin cytoskeleton 
was stained with Alexa 488-conjugated phalloidin (green) and nuclei were stained with Hoechst (blue). Both light and confocal microscopy images were taken with a 
20× objective. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. ActA increases bone resorption by osteoclasts. A. FESEM images of bone slices show resorption pits in osteoclast samples. ActA increased resorption by 
osteoclasts. No resorption was observed by FBGCs, and ActA did not have an effect on FBGCs concerning resorption. B. Demonstrative images for resorption pit 
analysis by 3D X-ray microscopy show increased resorption by osteoclasts after ActA treatment, but no resorption by FBGCs. C. 3D X-ray microscopy analysis of the 
resorption pit area confirmed the observation that ActA increases resorption by osteoclasts (p < 0.01). Resorption pits in A are marked with an asterisk. In B, the 
depth of the pits is demonstrated with a color bar next to the image of the bone slice. n = 4, **p < 0.01.
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proinflammatory effects in tissues [36–39,41,42]. It is possible that in 
osteoclast cultures ActA acts as a proinflammatory agent causing the 
formation of so-called pathological osteoclasts with enhanced bone 
resorption properties [66]. These osteoclasts form in response to excess 
inflammation and are harmful regarding the long-term survival of bone 
implants, as the overactive osteoclasts cause excess peri-implant bone 
resorption leading to implant loosening [67–70]. Our results might 
suggest a contrary, anti-inflammatory effect of ActA in FBGC cultures. 
FBGCs are already large cells (with an inflammatory function), that are 
formed without any influence of ActA. It's possible that they do not need 
further activation through the ActA receptor, instead, the signaling via 
the receptor drives the attenuation of the inflammatory reaction, leading 
to decreased FBGC area and number, which could be beneficial for 
implant integration.

In our previous study with human peripheral blood monocytes 
(PBMC) from healthy donors [60] we observed normal osteoclasto
genesis on bone, but on hydroxyapatite-coated titanium (ALD-HA), large 
FBGC-resembling cells were formed. We studied osteoclastogenesis and 
FBGC differentiation on the same biomaterials in this study, but now 
using the CD14+ monocytes isolated from the PBMC as precursor cells. 
As in our previous study, the CD14+ monocytes differentiated into larger 

multinucleated cells on ALD-HA compared to bone. We were not able to 
measure the cell areas on ALD-HA, since the non-transparent Ti samples 
require confocal microscopy for viewing the cells, and it was not 
possible to do a quantitative analysis with it due to laborious imaging 
methods. However, the confocal microscopy images demonstrate a 
different cell morphology on ALD-HA samples compared to bone, which 
suggests an alternative differentiation process on this surface. In our 
previous study, we suggested that the cells on ALD-HA could be FBGCs 
instead of osteoclasts and that the surface topography might be one of 
the causes of this difference. Here, on the other hand, when using the 
cytokines that steer differentiation of osteoclasts (M-CSF and RANKL) 
and FBGCs (M-CSF and IL-4 and IL-13), culture on ALD-HA resulted in 
distinctively different morphologies, where addition of ActA did not 
influence these morphologies. Bone surface roughness was shown to be 
greater compared to ALD-HA [60], and osteoclastogenesis is found to be 
favored on a rough surface [12,61,62,71–73]. A similar mechanism of 
increased FBGC differentiation on smoother ALD-HA might be behind 
the results of this study.

In this study, we also differentiated FBGCs from CD14+ monocytes 
with IL-4 and IL-13. As osteoclasts, FBGCs on ALD-HA were considerably 
larger on ALD-HA than on bone, supporting the idea that ALD-HA 

Fig. 4. ActA reduces the number of FBGCs on ALD-HA. A. FESEM images show multinucleated cells on ALD-HA surface in both osteoclast and FBGC cultures. The 
morphology of osteoclasts was dome-like with a surrounding flat area, whereas FBGCs presented as large, low and flat cells. ActA did not have an effect on 
multinucleated cell number in osteoclast cultures (B & D) but decreased the total number of multinucleated cells in FBGC cultures on ALD-HA (C & E), as assessed by 
confocal microscopy. n = 4, *p < 0.05.
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Fig. 5. The morphology of osteoclasts and FBGCs on ALD-HA. Confocal microscopy images of ALD-HA support the observation of ActA not having an effect on 
osteoclast number but reducing the multinucleated FBGC number. Multinucleated osteoclasts and FBGCs (arrowheads) were observed on ALD-HA, with and without 
ActA. The actin cytoskeleton was stained with Alexa 488-conjugated phalloidin (green) and nuclei were stained with Hoechst (blue). Images were taken with a 20×
objective. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surface causes a foreign body reaction by the stimulation of large FBGC 
formation. An interesting observation considering the number of 
multinucleated cells upon treatment with ActA is that on ALD-HA, ActA 
did not have an effect on osteoclast number. Thus, ActA seemed to lose 
the effect of reducing the number of small osteoclasts and increasing the 
cell fusion into larger multinucleated cells. In fact, osteoclasts on ALD- 
HA started to resemble FBGCs in this regard, which supports our hy
pothesis of the ALD-HA as a foreign body reaction-inducing material. 
The response of the IL-differentiated FBGCs to ActA on ALD-HA was 
consistent regarding small, intermediate and giant FBGCs, as ActA 
decreased the number of these cells at both time points, albeit not 
significantly. Thus, on ALD-HA, ActA downregulated the differentiation 
of these cells, but the mechanism behind this remains elusive. Possible 
explanations are the differences in the release of ions from the materials, 
pH, and a differing cytokine expression from the cells upon attachment 
to these materials [74].

Taken together, our results show that ActA induces fewer, but larger 
and more active osteoclasts both on plastic as well as on their natural 
substrate bone. This effect is not present in FBGC, possibly due to the 
significantly lower expression of the canonical ActA receptor ALK4. On 
ALD-HA this influence of ActA on osteoclasts is not present anymore, 
instead, the osteoclasts seem to be larger and lose their response to ActA 
on this biomaterial.
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