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Abstract

Osteoclasts (OCs) are bone-resorbing cells that play a pivotal role in skeletal

development and adult bone remodeling. Several bone disorders are caused by

increased differentiation and activation of OCs, so the inhibition of this pathobiology

is a key therapeutic principle.Two key factors drive the differentiation of OCs from

myeloid precursors: macrophage colony-stimulating factor (M-CSF) and receptor

activator of nuclear factor kappa-B ligand (RANKL). Human circulating CD14+

monocytes have long been known to differentiate into OCs in vitro. However, the

exposure time and the concentration of RANKL influence the differentiation efficiency.

Indeed, protocols for the generation of human OCs in vitro have been described, but

they often result in a poor and lengthy differentiation process. Herein, a robust and

standardized protocol for generating functionally active mature human OCs in a timely

manner is provided. CD14+  monocytes are enriched from human peripheral blood

mononuclear cells (PBMCs) and primed with M-CSF to upregulate RANK. Subsequent

exposure to RANKL generates OCs in a dose- and time-dependent manner. OCs are

identified and quantified by staining with tartrate acid-resistant phosphatase (TRAP)

and light microscopy analysis. Immunofluorescence staining of nuclei and F-actin is

used to identify functionally active OCs. In addition, OSCAR+CD14−  mature OCs

are further enriched via flow cytometry cell sorting, and OC functionality quantified

by mineral (or dentine/bone) resorption assays and actin ring formation. Finally, a

known OC inhibitor, rotenone, is used on mature OCs, demonstrating that adenosine

triphosphate (ATP) production is essential for actin ring integrity and OC function. In

conclusion, a robust assay for differentiating high numbers of OCs is established in

this work, which in combination with actin ring staining and an ATP assay provides

a useful in vitro model to evaluate OC function and to screen for novel therapeutic

compounds that can modulate the differentiation process.
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Introduction

Osteoclasts (OCs) are multinucleated giant cells of

hematopoietic lineage with a unique capacity to resorb bone.

They are responsible for the development and continuous

remodeling of the skeleton1,2 . In the skeletal phases of

development, OCs and tissue-resident macrophages are

derived from erythro-myeloid progenitors and colonize the

bone niche and organ tissues. In physiological conditions,

erythro-myeloid progenitors are required for normal bone

development and tooth eruption, while the influx of circulating

blood monocytes into the bone niche provides postnatal

maintenance of the OCs, bone mass, and bone marrow

cavity3 . Under pathological conditions, monocytes are

recruited to sites of active inflammation and can contribute to

pathological bone destruction4,5 .

Patients with several forms of arthritis experience joint

inflammation, leading to progressive joint destruction caused

by OCs6 . For instance, in rheumatoid arthritis (RA),

overactivated OCs are responsible for pathological bone

erosion and joint destruction7,8 , and current treatments often

do not improve or stop the bone damage9,10 ,11 . Alterations

in circulating monocytes both in terms of population

distribution and transcriptomic and epigenetic signatures

have been reported in RA patients12,13 ,14 . Moreover, it

has been reported that altered monocyte responses to

inflammatory stimulation affect osteoclastogenesis in RA

patients with active disease15,16 ,17 .

The differentiation of OCs is a complex multistep

process comprising the commitment of myeloid precursor

cells to differentiation into OC precursors. During

osteoclastogenesis, OCs become giant and multinucleated

through cell-cell fusion, incomplete cytokinesis, and a nuclear

recycling process described as fission and fusion18,19 ,20 .

The ability to differentiate OCs in vitro has allowed for

significant advances in the understanding of bone biology21 .

OCs differentiate from precursors upon exposure to

macrophage colony-stimulating factor (M-CSF) and receptor

activator of nuclear factor kappa-B ligand (RANKL). The latter

is essential for the normal development and function of OCs in

vitro and in vivo, even under inflammatory conditions6,22 ,23 .

RANKL is presented by osteoblasts and osteocytes, as

well as by activated T cells and fibroblasts in the inflamed

RA synovium2,24 ,25 . During the OC differentiation process,

monocytes exposed to M-CSF upregulate receptor activator

of nuclear factor kappa-B (RANK) expression on their cell

membrane and, under subsequent stimulation with RANKL,

differentiate into tartrate-resistant acid phosphatase (TRAP)-

positive mononuclear pre-OCs and then into multinucleated

OCs15,26 . OCs produce several enzymes, the chief

among them is TRAP, which enables the degradation of

phosphoproteins within bone27 . A regulator and marker of

OC differentiation is the OC-associated receptor (OSCAR).

It is upregulated early in precursor cells committing to

the OC lineage28 . Mature giant multinucleated OCs can

degrade (resorb) the skeletal matrix by generating a large

sealing zone, which is made of an actin ring surrounding a

ruffled border21,29 ,30 . The bone resorption capability of OCs

requires cytoskeleton reorganization and the consequent

polarization and formation of a convoluted membrane,

which is the so-called ruffled border. The ruffled border

is surrounded by a large circular band of an F-actin-rich

structure, which is the actin ring or sealing zone. Actin ring

integrity is essential for OCs to resorb bone both in vitro and

in vivo, and defective ruffled border formation is associated

https://www.jove.com
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with lower vacuolar adenosine triphosphatase (V-ATPase)

expression31,32 ,33 . Moreover, OCs are mitochondria-rich

cells, and adenosine triphosphate (ATP) associates with

mitochondrial-like structures in OCs localized at the ruffled

border31,32 ,33 . Rotenone acts as a strong inhibitor of

the mitochondrial complex I and impacts ATP production.

Rotenone has also been shown to inhibit OC differentiation

and function34 .

This protocol describes an efficient and optimized method

of in vitro osteoclastogenesis from human peripheral blood

samples. In human peripheral blood, CD14+  monocytes

are the main source of OCs15,35 ,36 . In this protocol, the

kinetics of exposure and the concentrations of M-CSF and

RANKL have been adjusted for optimum osteoclastogenesis.

Mononuclear cells are first separated from the erythrocytes

and granulocytes present in whole blood by density gradient;

they are then enriched for CD14+  monocytes using positive

selection by magnetic beads. The isolated CD14+  monocytes

are then incubated overnight with M-CSF. This primes the

monocytes to upregulate the expression of RANK15,26 . The

subsequent addition of RANKL induces osteoclastogenesis

and multinucleation in a time-dependent manner. Active-

resorbing OCs show the characteristic distribution of F-

actin rings at the edge of the cell membrane30,32  and

staining for TRAP. Mature OCs are analyzed by quantifying

TRAP+  multinucleated (more than three nuclei) cells. The

functional capacity of mature OCs can be assessed by

their resorption, actin ring integrity, and ATP production.

Furthermore, differentiated CD14−  OSCAR+  OCs can be

enriched and used to assess the effects of certain compounds

on OC functionality via mineral (or dentine) resorption and

F-actin organization. Additionally, in this work, a known OC

inhibitor, rotenone, is used as an exemplar of a compound

that affects the functionality of OCs. Reduced OC resorption

activity under rotenone is associated with reduced ATP

production and actin ring fragmentation. In conclusion, this

protocol establishes a robust assay that can be used as a

reference method to study several biological aspects of OC

differentiation and function in vitro.

This methodology can be used to assess (1) the potential

of circulating monocytes to differentiate into OCs in health

and diseases, as well as (2) the impact of therapeutic

candidates on OC differentiation and function. This robust

osteoclastogenesis protocol enables the determination of the

efficacy and mechanisms of bone-targeted therapies on both

OC differentiation from precursor cells and the function of

mature OCs.

Protocol

Buffy coats obtained from the Scottish National Blood

Transfusion Service (Edinburgh) and leucocyte cones

obtained from NHS Blood and Transplant (Newcastle) are

provided to University of Glasgow researchers in a fully

anonymized (non-identifiable) form from fully consenting NHS

blood donors. The buffy coat and leukocyte cone blood

components are produced from an NHS standard blood

donation given at an NHS blood donor center in Scotland

or England. The blood donor gives informed consent at

the time of the blood donation for surplus blood not used

in standard NHS clinical practice to be used for approved

medical research studies. The ethical approval from the

NHS Research Ethics Committee and the signed donor

consent forms to use these blood donations are held by

the NHS blood donation service. Approval to access and

use these consented blood donations in approved medical

research studies was sought and gained using the standard

internal application and review process of the National

Blood Transfusion Service (Scotland) and NHS Blood and

https://www.jove.com
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Transport (England). No further NHS REC approval or

internal University of Glasgow ethical committee approval

was required to use the blood components for the approved

medical research studies.

1. General notes prior to starting

1. Proceed with all work with blood with caution. Consider

the potential hazards of various infectious agents that

may be present in the samples.

2. Conduct all the work cautiously in the biosafety

laboratory under sterile conditions while wearing gloves

and lab coats.

3. Perform biosafety disposal according to the local

guidelines.

4. Obtain appropriate consent and ethical approvals prior to

sample collection according to local authority regulations.

5. Generally, 1 mL of fresh blood will yield 1 million PBMCs,

and CD14+  monocytes account for approximately

10%-30% of PBMCs. In comparison, 10 mL of a

leukocyte cone can contain 5 x 108 -15 x 108  PBMCs.

For further details on PBMC isolation, refer to a previous

protocol37 .

2. Isolation of peripheral blood mononuclear cells
(PBMCs) from whole blood

1. Collect the required volume of fresh blood from healthy

donors into lithium heparin collection tubes.
 

NOTE: Other collection tubes with appropriate

anticoagulants can also be used (e.g., sodium heparin

tubes). For higher cell counts, leukocyte cones or buffy

coats can be used.

2. To isolate the PBMCs, transfer the blood into a new 50

mL tube, and dilute it with sterile 1x phosphate-buffered

saline (PBS) in a 1:1 or 1:3 ratio for fresh blood or

leukocyte cones/buffy coats, respectively.

3. Gently mix the cells several times by inversion.

4. Prepare 15 mL tubes containing 3 mL of density gradient

medium. Slowly layer 8-10 mL of diluted blood on the top

of the density gradient medium, and centrifuge at 400 x

g for 30 min at room temperature (RT) with no brake.
 

NOTE: Apply the blood carefully on top of the density

gradient medium to prevent mixing. Mixing might result

in the loss of PBMCs.

5. Carefully discard the top layer (containing the plasma)

with a Pasteur pipette, collect the underneath interphase

layer containing the PBMCs (white, ring-like structure),

and transfer this layer into a new 50 mL tube.

6. Suspend the cells with sterile 1x PBS up to 50 mL,

and wash off the residual density gradient medium by

centrifuging at 300 x g for 10 min at RT with full brake.

7. To remove residual platelets, repeat the process with an

additional slower spin at 200 x g for 10 min at RT with

no brake.

8. Optional: To remove the carryover of red blood cells,

dilute red blood cell lysis buffer (10x, Table of Materials)

1:10 in distilled water, and apply 3 mL of the diluted buffer

onto the pellet. Mix, and incubate for 3 min. Wash the

pellet in up to 50 mL of 1x PBS, and centrifuge at 300 x

g for 10 min at RT with full brake.

9. Resuspend the isolated and purified PBMCs in 20 mL

of 1x PBS and count them using a hemacytometer or

following other standard methods.
 

https://www.jove.com
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NOTE: The cell dilution and cell counting methods must

be adjusted accordingly based on the cell density and

counting device used.

3. Enrichment of CD14+  monocytes from PBMCs

1. Isolate CD14+  monocytes from the PBMCs with a human

CD14+  selection kit according to the manufacturer's

protocol (Table of Materials).
 

NOTE: Classical CD14+CD16−  monocytes are the

main source of OC precursors35 ; alternative purification

methods can be considered.

2. Transfer 1 x 107  PBMCs into a suitable polystyrene

round-bottom tube (i.e., that fits the selection kit magnet),

and pellet the cells at 300 x g for 5 min.

3. Discard the supernatant, resuspend the cell pellet in cell

separation buffer (PBS, 2% fetal bovine serum [FBS], 1

mM ethylenediaminetetraacetic acid [EDTA]) to a final

concentration of 1 x 108  cells/mL, and incubate with 10

µL of antibody cocktail per 100 µL with the lid on for 10

min.
 

NOTE: The cells are resuspended at 1 x 108  cells/mL;

adjust the volumes accordingly.

4. After incubation, add 10 µL of the magnetic nanoparticle

beads per 100 µL, and incubate for 3 min with the lid on.
 

NOTE: Adjust the volumes of the antibody cocktail and

magnetic beads to obtain a concentration of 10 µL/mL.

5. Top up the volume to 2.5 mL with the cell separation

buffer, place the tube into a magnet (without the lid), and

incubate for 3 min. Discard the negative cell population

by one continuous move by inversion while the tube is

still in the magnet.
 

NOTE: If using >2 x 108  PBMCs and a larger magnet, top

up to 5 mL or 10 mL with cell separation buffer following

the manufacturer's instructions.

6. Remove the tube from the magnet, and wash the

enriched CD14+  monocytes attached to the magnetic

beads by resuspending them in 2.5 mL of the cell

separation buffer. Incubate for 3 min inside the magnet

as before, discard the negative fraction, and repeat one

more time.

7. Centrifuge all the collected cells at 300 x g for 5 min,

discard the supernatant, and resuspend the cells in

5 mL of alpha minimum essential medium (α-MEM;

Table of Materials) supplemented with 1% L-glutamine,

1% penicillin/streptomycin (complete α-MEM), and 10%

FBS.
 

NOTE: A post-enrichment purity check via flow cytometry

is recommended, and ≥96% purity should be expected.

Additional washing steps (step 3.6) can increase the

purity.

4. OC differentiation in vitro

1. Count the enriched CD14+  monocytes using a

hemacytometer.

2. Pellet the cells at 300 x g for 5 min, and resuspend at

1 x 106  cells/mL in complete α-MEM supplemented with

10% FBS.

3. To differentiate the OCs, add M-CSF at a final

concentration of 25 ng/mL to the cell suspension.
 

NOTE: For 1 mL of cell suspension, add 0.25 µL of M-

CSF from a stock concentration of 100 µg/mL.

https://www.jove.com
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4. Mix by pipetting thoroughly to homogenize the cell

suspension and plate 100 µL/well in a flat-bottom 96-well

plate to a final cell density of 1 x 105  cells/well.

5. Add 200 µL/well of sterile distilled water into the wells

around the plated cells to prevent medium evaporation

and edge effects in the culture system.

6. Incubate the cells overnight, for approximately 18-20 h,

at 37 °C with 5% CO2.

7. After overnight incubation, carefully remove half of the

medium (50 µL/well) by aspiration using a P200 pipette,

avoiding touching the bottom of the well, and replace

with fresh warm complete α-MEM containing 10% FBS,

25 ng/mL M-CSF, and 50 ng/mL RANKL for a final

concentration of 25 ng/mL
 

NOTE: For 1 mL of medium, add 0.25 µL of M-CSF and

0.5 µL of RANKL from a stock concentration of 100 µg/

mL.

8. Change the media every 3 days and differentiate the cells

into OCs for 7-14 days (Figure 1).
 

NOTE: Keep the M-CSF and RANKL concentrations

consistent throughout the culture.

 

Figure 1: OC differentiation workflow. Schematic overview of CD14+  monocyte isolation from PBMCs and differentiation

into mature OCs in the presence of M-CSF and RANKL for 7-14 days. RT = room temperature. Image created with

BioRender.com. Please click here to view a larger version of this figure.

5. TRAP staining for osteoclasts

1. Carefully remove the medium, fix the differentiated

adherent OCs with 100 µL/well of the previously prepared

fixative solution, and incubate for 1 min. Do not touch the

bottom of the wells to avoid scratching the adherent cells.
 

NOTE: The fixative solution is prepared as follows: 12.5

mL of citrate solution (included in the TRAP staining kit),

32.5 mL of acetone, and 5 mL of 37% formaldehyde.

2. Wash the wells three times with 300 µL of sterile distilled

water. Tap the plates dry after washing.

3. Prepare a staining solution according to the

manufacturer's instructions (Table of Materials); add 5

µL of Fast Garnet and 5 µL of sodium nitrite to make the

Fast Garnet solution; mix by inversion, and incubate for

3 min at RT. Prepare 1 mL of staining solution by mixing

900 µL of sterile distilled water, 10 µL of naphthol, 40 µL

of acetate solution, 50 µL of tartrate solution, and 10 µL

of Fast Garnet solution.

https://www.jove.com
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4. Add 100 µL/well of freshly prepared staining solution, and

incubate the plate at 37 °C in the dark for 20 min.

5. After incubation, remove the staining solution by

inversion, and wash the plate three times with 300 µL/

well of distilled water.

6. Remove the excess water by tapping the plates on paper

towels. Leave the plates open and protected from the

light to air dry overnight.
 

NOTE: Dry plates can be stored for up to 6

months. Sometimes, residual buffers can promote

the development of mold, which is visible under the

microscope; this can be removed at any time by washing

the affected wells with distilled water and letting them air

dry again.

7. Take images at 10x or 20x using a brightfield microscope

with a tile option to capture the entire well surface.

8. Manually count the OCs identified as TRAP+  purple

stained cells with more than three nuclei using an image

analysis software with a cell counter plugin.
 

NOTE: The numbers of TRAP+  OCs per well are donor

dependent and may vary from ~200-1,600 OCs/well,

with an average of about 1,000 OCs/well. Moreover, to

analyze the data, the OC numbers should be determined

in three different wells (technical replicates), and the

average should be calculated for each condition and for

each biological replicate.

6. Bone resorption assay

1. Plate the freshly enriched CD14+ monocytes on 96-well

osteo-assay plates coated with calcium phosphate at 1

x 105  cells/well, and differentiate the OCs for 7-14 days,

as indicated in steps 4.1-4.8, and changing the medium

every 3 days.
 

NOTE: Dentine/ivory or bovine cortical bone slices can

be used in place of osteo-assay plates. If so, the total time

of the culture should be prolonged to 14-21 days due to

the more complex substrate to be resorbed.

2. At the end time point, carefully remove the medium,

avoiding touching the bottom of the well, and lyse the

cells with 10% sodium hypochlorite solution. Wash the

wells three times with distilled water.

3. Scan the dry plates using a brightfield microscope, and

analyze/quantify the acquired images of the resorption

pits using an image analysis software.

7. Actin ring fluorescent staining

1. Plate 100 µL/well of the isolated CD14+ monocytes in an

18-well chamber slide at a cell density of 1 x 105  cells/

well. Differentiate the OCs in the presence of M-CSF and

RANKL as described before (steps 4.1-4.8), including

changing the medium every 3 days.

2. At the end time point, gently remove the medium, and

wash each well twice with 200 µL/well of pre-warmed

PBS, pH 7.4. Do not let the wells dry in between any of

the steps.

3. Fix the sample with 100 µL/well of 4% formaldehyde

solution in PBS, and incubate for 10 min at RT on an

orbital shaker with gentle shaking.
 

NOTE: Methanol can disrupt actin during the fixation

process. Therefore, it is best to avoid any methanol-

containing fixatives. The preferred fixative is methanol-

free formaldehyde. The orbital shaker used in this step of

the protocol was set at a power setting of 3 out of 10.

4. Wash twice with 200 µL/well of PBS, permeabilize the

cells with 100 µL/well of 0.1% Triton X-100 solution

https://www.jove.com
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diluted in PBS, and incubate for 10 min at RT on an orbital

shaker with gentle shaking.

5. Wash twice with 200 µL/well of PBS. To block non-

specific binding and increase the signal, add 100 µL/well

of blocking solution made with 2% bovine serum albumin

(BSA)/PBS solution. Incubate for 20 min at RT on an

orbital shaker with gentle shaking.

6. Remove the blocking solution, and add 100 µL/well of

fluorescently conjugated phalloidin solution diluted in 2%

BSA/PBS solution. Incubate for 20 min at RT on an orbital

shaker with gentle shaking and protected from light.
 

NOTE: Adjust the concentration of the phalloidin dye

according to the manufacturer's recommendations.

7. Wash twice with 200 µL/well of PBS, stain the nuclei with

100 µL/well of a solution of PBS containing 300 nM DAPI,

and incubate for 10-15 min at RT on an orbital shaker

with gentle shaking and protected from light.
 

NOTE:  DAPI is diluted in distilled water to make a 14.3

mM (5 mg/mL) DAPI stock solution. The stock solution

is further diluted to the final concentration of 300 µM.

Finally, the 300 µM DAPI solution is diluted one more

time in PBS to a final concentration of 300 nM.

8. After 10-15 min, remove the DAPI solution, and replace

it with 100 µL/well PBS.
 

NOTE: Depending on the chamber slides chosen, either

store with an appropriate volume of PBS (100 µL/well

for 18-well chamber slides), or mount the slide with

coverslips and an appropriate mounting medium. The

chamber slides can be stored for up to 1 week in the

fridge. For 18-well chamber slides, use a 50-100 µL

staining volume and 200-300 µL for washing. Scale

up for the other chamber slide sizes accordingly. To

avoid evaporation, keep the coverslips inside a covered

container during the incubation times. The use of an

orbital shaker is recommended but not essential.

9. Visualize the staining using appropriate

immunofluorescence or confocal microscopes and

magnifications between 4x to 40x.

8. Enrichment of mature OCs and OC precursors
via flow cytometry sorting

1. Resuspend the freshly enriched CD14+  monocytes at 1

x 106  cells/mL, and differentiate them into mature OCs

in the presence of M-CSF and RANKL in the same way

as described above (steps 4.1-4.8).
 

NOTE: When scaling up from a 96-well plate to a bigger

plate size, follow Table 1; these volumes are calculated

starting from a 1 x 106  cells/mL solution and provide an

optimum density for cell-cell fusion.

2. On day 7, wash the wells once with warm PBS, and add

50 µL to 1 mL (volume determined by the plate size used)

of accutase. Incubate the cells at 37 ˚C with 5% CO2 for

20 min.

3. After incubation, check the plates under a light

microscope to see if the cells have detached. Further,

detach the cells by tapping the plates on all sides and

pipetting them up and down.

4. Collect the cell suspension in a 15 mL conical tube.

Wash the wells with warm PBS (no Ca2+ , no Mg2+ ),

and combine them with the cell suspension. Repeat

steps 8.2-8.3 once or twice until most of the cells have

detached.
 

NOTE: Accutase, the recommended method prior to

surface staining for flow cytometric analysis, does not

detach very large OCs. The recovery rate is ~50%-70%.

https://www.jove.com
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5. Centrifuge the cells at 300 x g for 5 min, resuspend the

cell pellet in 1 mL of PBS, and count the cells by trypan

blue exclusion.

6. Resuspend the cells at 1 x 106  cells/mL, remove 100 µL

corresponding to 1 x 105  cells, and transfer those cells

into a new polypropylene test tube. Add 200 µL of the cell

sorting buffer, and set this aside on ice as the unstained

control.

7. Stain the remainder of the cells with live/dead dye diluted

at 1:750 for 10 min at RT and protected from light.
 

NOTE: Live/dead staining needs to be performed in the

absence of FBS to avoid high background staining.

8. Top up the 15 mL collection tube containing the live/dead

stained cell suspension with warm cell sorting buffer (1x

PBS, no Ca2+ , no Mg2+ , 1% FBS, and 5 mM EDTA), and

centrifuge at 300 x g for 5 min to pellet the cells.
 

NOTE: A high concentration of EDTA and a low

concentration of FBS are recommended in the sorting

buffer to prevent cell clumps.

9. Remove a volume corresponding to 1 x 105  cells, and

transfer them into a new polypropylene test tube for the

OSCAR isotype control. Transfer all the remaining cells

into another polypropylene test tube for staining and cell

sorting.
 

NOTE: Polypropylene test tubes are used for sorting as

the cells are less likely to adhere to these tubes than to

polystyrene tubes.

10. Spin the tubes at 400 x g for 5 min to pellet the cells, and

discard the excess supernatant by inversion.

11. Resuspend the cell pellet in an antibody master mix

solution prepared following Table 2. Stain the OSCAR

isotype control tube with CD14 antibody and OSCAR

isotype control in place of the OSCAR antibody.

12. Incubate the cells at 4 ˚C protected from the light for 30

min.

13. After 30 min, wash the cells by adding five volumes of

the cell sorting buffer, and centrifuge at 400 x g for 5 min

at 4 ˚C.

14. Resuspend the cells in 300-1,000 µL of cold cell sorting

buffer, and acquire the cells using a flow cytometry

sorting machine fitted with a 100μM nozzle.
 

NOTE: OCs are very sticky cells, so it is important to filter

them through a sterile 70 µm membrane prior to sorting.

15. Gate the OCs and pre-OCs as CD14−OSCAR+ . Set the

OSCAR+  gate based on the OSCAR isotype control tube.

16. Collect the sorted cells in polypropylene test tubes

containing complete α-MEM supplemented with 20%

FBS at 8 ˚C.

17. After sorting, pellet the cells by centrifugation at 300 x

g for 5 min at RT, count the cells, and resuspend for

downstream applications.
 

NOTE: Usually, to get ~1 x 105  sorted pre-OCs/OCs,

start from ~10 x 106  cells plated at day 0. The low

recovery rate is influenced by cell loss during detachment

with accutase and by the processing for staining and

sorting. It is recommended to carry out the whole

procedure using sterile buffers and reagents, and work

under sterile conditions.

9. ATP assay for mitochondrial activity

1. Incubate the enriched CD14+  monocytes in the presence

of M-CSF and RANKL in a 96-well plate in the same

https://www.jove.com
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way as described before (steps 4.1-4.8). Plate four extra

conditions in triplicates to use as controls.

2. Conduct the ATP assay with the luminescence ATP

detection assay kit according to the manufacturer's

manual. Briefly, to prepare the ATP solution, add 10

mL of the substrate buffer solution to the lyophilized

substrate, and leave it to incubate at RT for 30 min.
 

NOTE: Different methods can be used to measure the

intracellular ATP production. Herein, we have used the

detection of ATP production by luminescence.

3. During the incubation, prepare and add the controls

directly to the control wells as follows: 2-Deoxy-D-

glucose (2DG) at 10 mM and 100 mM, oligomycin at

1 µM, and 100 mM 2DG in combination with 1 µM

oligomycin. Incubate for 30 min at 37 °C with 5% CO2.
 

NOTE: The 2DG blocks glycolysis, while oligomycin

is an inhibitor of oxidative phosphorylation. Combining

these two inhibitors results in the complete loss of ATP

production via glycolysis and oxidative phosphorylation,

thus meaning they serve as an internal control for the

ATP assay. For 10 mM and 100 mM 2DG controls, add

0.5 µL and 5 µL of 2M 2DG stock solution per 100 µL

culture well, respectively. For 1 µM oligomycin, dilute the

5 mM stock solution 1:100 in medium, and add 2 µL/well

to the dedicated control wells. For the last control, add

5 µL of 2DG and 2 µL of diluted oligomycin solution per

well.

4. Add 50 µL of the ATP solution to each well to stop the

reaction, and incubate at RT on a shaker at 700 rpm for

5-10 min protected from light.

5. Transfer 100 µL of the supernatant to a 96-well white-

bottom plate specific for the ATP assay, and read the

plate using a luminescence reader.

Representative Results

OC generation from CD14+  monocytes
 

This method aimed to easily differentiate a large number

of OCs from human peripheral blood CD14+  monocytes in

vitro, typically in 1 week. Firstly, CD14+  monocytes were

enriched from PBMCs and primed with M-CSF overnight

to upregulate RANK, as previously reported15 . Following

monocyte priming, to determine the optimum concentration

of RANKL for OC differentiation and maturation, RANKL

concentrations of 1 ng/mL, 25 ng/mL, 50 ng/mL, and 100

ng/mL, along with 25ng/mL M-CSF, were used. The addition

of RANKL produced increasing numbers of large TRAP-

positive multinucleated OCs in a dose-dependent manner,

and this was assessed using TRAP staining. Mature OCs

are defined as TRAP-positive cells with multiple nuclei

(typically more than three; Figure 2A,B and Supplementary

Figure 1). Furthermore, the kinetics of OC differentiation

from monocytes were investigated using TRAP staining

and light microscopy over a 2-14 day culture period.

In this instance, OC differentiation using an intermediate

concentration of 50 ng/mL RANKL was chosen to assess how

fast OCs differentiated in culture. In these culture conditions,

multinucleated OCs were visible from day 5 onward, and

optimal differentiation was reached on day 7 (Figure 2C).

The prolonged incubation of cultures beyond 10 days on

plastics resulted in abnormally giant fused cells. In this

protocol, days 6-8 are usually used as the optimal endpoint

of OC generation. The OCs can be quantified or used for

downstream assays.

Functional assessment of differentiated OCs
 

To determine the functional activity of the generated OCs,

we examined their resorptive activity by differentiating the

OCs on a mineralized surface. As large OCs are only

https://www.jove.com
https://www.jove.com/
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generated after a 7 day culture period, and to allow sufficient

time to resorb the mineral substrate, the cultures were

maintained until day 10. The formation of round holes,

or resorption pits, was observed only on the mineralized

surfaces of wells containing cells that had been treated with

both M-CSF and RANKL (Figure 3). Thus, the percentage

of dissolved mineralized surface (resorption pits) allows for

determining the OC resorptive capacity. Additionally, the

OCs differentiated following this protocol up to day 7, both

on plastic and glass chamber slides, displayed a well-

organized actin ring structure that could be visualized by

immunofluorescent staining (Supplementary Figure 2).

Effect of an inhibitor on mature OC function
 

The above mentioned culturing conditions were utilized

to determine the functional capability of the in vitro

generated OCs in the presence of the known OC

inhibitor, rotenone34 . The OCs were differentiated for 6-8

days, and CD14−OSCAR+  OCs and OC precursors were

enriched via flow cytometry (Figure 4). The enriched

cells were then plated at 50,000 cells/per well onto a

mineral-coated 96-well plate in pro-osteoclastogenic medium

(25 ng/mL M-CSF and RANKL) for 3 days. Treatment

with rotenone (Figure 5A,B) dose-dependently inhibited

the resorption of the mineralized surface in comparison

with the untreated control well, consistent with previous

studies34 . Additionally, OC functionality was assessed via

ATP production and actin ring formation. The rotenone-

dependent inhibition of OC resorption was associated with

the inhibition of ATP production (Figure 5C). Resorbing

OCs are highly polarized cells that regulate their resorptive

capacity by promoting cytoskeletal organization. Alexa fluor

647 conjugated phalloidin was used to label the F-actin

cytoskeleton of the mature OCs cultured in the presence or

absence of rotenone. Rotenone caused the fragmentation of

the RANKL-derived actin ring of the mature OCs (Figure 5D).

 

https://www.jove.com
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Figure 2: OCs efficiently differentiating from CD14+  monocyte precursors. CD14+  monocytes were magnetically

enriched, plated at 1 x 105  cells/well in 96-well plates, and incubated overnight with 25 ng/mL M-CSF. (A) M-CSF-primed

monocytes were stimulated with increasing concentrations of RANKL (1 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL),

fixed, and stained for TRAP on day 7. Images were acquired, and the TRAP+  multinucleated cells (MNCs) were counted.

Representative images of TRAP staining are shown in Supplementary Figure 1. The error bars show mean ± SD (n = 3).

The data were analyzed with a one-way ANOVA and Holm-Sidak's multiple comparisons test for paired data; * P ≤ 0.05 and

** P ≤ 0.005. (B) Representative image of a TRAP-stained well of a 96-well plate showing the typical amount of OCs/well

expected and their morphology under 25 ng/mL RANK-L in comparison to M-CSF-derived macrophages at day 7. Scale

bars: 1000 µm. (C) Representative images of OC formation under 50 ng/mL RANKL assessed via TRAP staining from day

2 to day 14. OCs are visible from day 5 onward. Giant abnormally fused OCs are present after 10 days. Scale bars: 200 µm.

Please click here to view a larger version of this figure.

 

Figure 3: Resorptive OCs differentiated from CD14+  monocytes. CD14+  cells isolated from PBMCs were differentiated

for 10 days into OCs in the presence of 25 ng/mL M-CSF (M) and RANKL (R) on mineral assay surface (osteo-assay) plates.

(A) Images of representative reconstructed wells taken at 10x magnification to analyze the resorption on day 10 (mineral

substrate in gray; resorption pits in white). Scale bars: 1000 µm. (B) Quantification of the percentage of resorbed area. The

resorption data were analyzed with a Wilcoxon paired analysis. The error bars show mean ± SD (n = 7). Please click here to

view a larger version of this figure.

https://www.jove.com
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Figure 4: Flow cytometry enrichment of CD14−OSCAR+  OCs. CD14+  monocytes were enriched from PBMCs, and the

OCs were differentiated as previously described. Adherent OC cultures were detached with accutase and stained for flow

cytometry. (A-C) OCs at day 8 were sorted based on CD14 and OSCAR expression. (A) Representative sorting gating

strategy. The cells were gated as singlets, negative for dead staining, and the CD14+  OSCAR+  (red) and CD14−  OSCAR+

(blue) subsets were sorted. (B) Representative plots showing the overlapping OSCAR staining of RANKL-derived OCs

(cyan) and control M-CSF-derived macrophages (orange). In red is the OSCAR isotype-stained control of RANKL-derived

OCs. (C) The sorted populations were plated on plastic and allowed to adhere for 2 h in pro-OC medium (25 ng/mL M-CSF

and 50 ng/mL RANKL), followed by TRAP staining and visualization. The representative images show a lack of TRAP+  cells

in the CD14+  subset (red) and mono- and multinucleated TRAP+  pre-OCs and OCs in the CD14−  subset (blue). Scale bars:

200 µm. Please click here to view a larger version of this figure.

https://www.jove.com
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Figure 5: Assays to assess the function of mature OCs. To evaluate the function of mature OCs, CD14+  cells isolated

from PBMCs were cultured either with M-CSF (M) alone or combined with RANKL (R) for 7 days, the OCs were enriched

via flow cytometry, and the OCs were then treated with the inhibitor rotenone for 24 h. (A) Mature OCs were sorted via

flow cytometry (CD14−OSCAR+ ) and were cultured on a mineral assay surface in the presence or absence of rotenone

for 3 days, after which the cells were bleached and imaged at 10x to reveal the resorbed area (resorption pits in white). (A)

Representative reconstructed images of wells. Scale bars: 1000 µm. (B) The quantification of the percentage of resorbed

area. The data in (B) were analyzed with a one-way ANOVA with Dunn's multiple comparisons test (n = 7); * P ≤ 0.05 and**

P ≤ 0.01. The error bars show the mean ± SD. (C) Total intracellular ATP content of undifferentiated and day 7 differentiated

mature OCs differentiated with RANKL and treated with either vehicle or rotenone (10 nM and 30 nM). Here, 2DG and

oligomycin were used as positive controls for the assay and were added 30 min prior to cell lysis and ATP quantification. The

error bars show the mean ± SD (n = 4). The data were analyzed with a one-way ANOVA and Dunnett's multiple comparison

test for paired data. ** P ≤ 0.01. (D) A representative 20x image of mature OCs stained for actin ring formation (red) and

nuclei (blue), showing the loss of the actin ring with the inhibitor. Scale bars: 100 µm. Please click here to view a larger

version of this figure.
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Plate format 96 well-plate 48 well-plate 24 well-plate 12 well-plate 6 well-plate

volume 100 µL 225–250 µL 450–500 µL 0.8–1 mL 1.8–2 mL

Table 1: Volume of cell suspension for different plate formats. The volumes are calculated starting from a 1 x 106  cells/

mL solution and provide an optimum density for cell-cell fusion.

Fluorophore, clone  Volume (μL) per 106  cells

CD14 PE/Cyanine7, HCD14 5 μL

OSCAR FITC, REA494 10 μL 

Cell sorting buffer 80 μL 

Table 2 : Antibody master mix solution.

Supplementary Figure 1: TRAP staining of the RANKL

dose response. CD14+  monocytes were magnetically

enriched, plated at 1 x 105  cells/well in 96-well plates, and

incubated overnight with 25 ng/mL M-CSF, as in Figure

2. Representative images of TRAP staining show MCSF-

primed monocytes stimulated with increasing concentrations

of RANKL (1 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL),

fixed, and stained for TRAP on day 7. Scale bars: 400 µm.

Please click here to download this File.

Supplementary Figure 2: Acting ring staining in fully

differentiated OCs. (A) A 10x magnification of OCs

differentiated on TC plastic and stained with AF647 phalloidin

(in red). Scale bar: 400 µm. (B) A 40x magnification of

OCs differentiated on glass chamber slides and stained with

AF488 phalloidin (in yellow). Scale bar: 100 µm.The nuclei

are stained with DAPI, shown in blue in (A) and in cyan in (B).

Please click here to download this File.

Supplementary Figure 3: Effect of different FBS batches

on OC differentiation efficiency. OCs were differentiated

from CD14+  monocytes in the presence of 25 ng/mL M-CSF

and 50 ng/mL RANKL (MR) for 7 days. The control wells

had M-CSF only (M). (A) Representative 10x magnifications

(scale bars: 400 µm) and (B) quantification of TRAP-stained

OCs differentiated from one donor in two different batches of

FBS. The error bars show the mean ± SD of three technical

replicates. Please click here to download this File.

Discussion

The easy culture and isolation of large numbers of functional

OCs in vitro are important for advancing the understanding

of bone biology and OC-mediated diseases. Classically, OCs

were generated in co-cultures with osteoblasts or stromal

cells and hematopoietic cells from the spleen or bone

marrow38,39 . A significant breakthrough in the understanding

of osteoclastogenesis was the identification of RANKL

as the major regulator of OC formation, differentiation,

and survival40 . Early protocols of RANKL-dependent

https://www.jove.com
https://www.jove.com/
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https://www.jove.com/files/ftp_upload/64698/suppl.Figure 3.pdf


Copyright © 2023  JoVE Creative Commons Attribution 3.0 License jove.com January 2023 • 191 •  e64698 • Page 16 of 21

culture systems utilized PBMCs for OC generation21,41 ,42 .

However, these mixed cultures are lengthy and present

many confounding factors that limit the ability to test

the direct effects on OC differentiation and function.

This protocol describes an efficient and reliable in vitro

model of osteoclastogenesis from human peripheral CD14+

monocytes in which optimal osteoclastogenesis can be

obtained within 7 days (Figure 1 and Figure 2), which

is considerably faster when compared to some other

protocols43,44 ,45 ,46 . The main distinguishing features of this

protocol are (1) the use of purified CD14+  monocytes, (2)

the priming of the monocytes with M-CSF prior to exposure

to RANKL, (3) the length of the culture (<7 days), and (4)

the reliable detection of the inhibition of OC formation (TRAP

staining) and function (resorption, ATP production, actin ring

reorganization) with inhibitors.

During the optimization of the methodology, several critical

points were identified. It has been observed that the in vitro

differentiation of OCs is largely dependent on the seeding

density of the CD14+  monocytes. Thus, in this protocol, the

cells are seeded at a high density (1 x 105  cells/well of a 96-

well plate, in 100 µL of medium), as it is essential for the cells

to be able to interact with each other and to be in proximity

to fuse and become mature OCs. Similarly, seeding cells at

a density that is too high limits their differentiation and growth

due to medium limitations and a lack of the required space.

Furthermore, to achieve maximum success with this protocol,

it is important to perform the density gradient separation

carefully and to ensure that the enriched population of

CD14+  cells is as pure as possible. For example, inadequate

washing steps result in a lack of removal of platelets, which

consequently inhibits OC differentiation47,48 . Similarly, the

presence of minor T cell contamination in isolated CD14+

preparations stimulated with M-CSF alone can result in OC

differentiation, potentially via RANKL secretion by T cells49 .

Therefore, it is important to include an M-CSF control for every

experiment. A routine purity check, especially when using a

new isolation kit, is also recommended to ensure the purity

of the sample.

Optimum OC numbers (range: ~200-1,600 OCs/well) are

achieved using α-MEM medium enriched with nucleosides

and L-glutamine. Other conventional culture media, including

Dulbecco's modified eagle medium (DMEM) and Roswell

Park Memorial Institute (RPMI) 1640 medium, affect

the OC yield. The source of FBS can also influence

osteoclastogenesis. Different batches of FBS can lead to

reduced RANK-L-derived osteoclastogenesis, as well as the

appearance of low numbers of TRAP+  multinucleated cells in

the M-CSF controls (Supplementary Figure 3). Therefore,

to achieve consistent results, it is advised to test new

FBS batches before use and to continue with the same

batch throughout the experiments to minimize variations

in the differentiation process. Additionally, donor-to-donor

variability, in terms of total numbers of differentiated OCs

obtained at the end time point, constitutes a limitation when

using this protocol to compare, for instance, healthy donors

to patients. In these cases, it is imperative to use exactly the

same conditions and the same lot of medium, FBS, and other

reagents.

Another necessary step for optimum OC differentiation and

maturation is priming the monocytes with M-CSF before

the RANKL addition. The exposure of the cells to M-CSF

18-24 h prior to RANKL primes the monocytes to upregulate

RANK expression15,26 . The addition of RANKL at this time

point ensures optimal OC differentiation in a dose-dependent

manner. The degree of OC differentiation varies from donor

to donor; however, 25 ng/mL RANKL is usually sufficient

https://www.jove.com
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to differentiate a high number of OCs in most donors.

Additionally, 25 ng/mL RANKL can be used in assays for the

initial screening of compounds, as it facilitates the evaluation

of both the enhancing and inhibitory effects of the test

compounds. Other culture systems have used longer M-

CSF pre-incubation times prior to RANKL addition, but this

results in a longer culturing time for osteoclastogenesis50 . In

addition, leaving the primed monocytes to incubate overnight

allows them to attach to the plate, albeit not in a fully adherent

state. Therefore, when RANKL is introduced for the first time,

the medium must be half-changed very carefully rather than

completely changed to prevent the detachment and loss of the

primed monocytes. The medium also needs to be refreshed

every 3-4 days to avoid medium depletion and prevent cell

death. Moreover, due to the low volume used in this assay

(100 µL/well in a 96-well plate), it is of the utmost importance

to have a frame of empty wells that are filled with an aqueous

solution (i.e., sterile distilled H2O or PBS) around the assay

wells. This prevents medium evaporation and edge effects.

Finally, for metabolic assays (e.g., ATP assays), it is

imperative that the cells are viable to avoid huge standard

deviation between replicates (Figure 5). High viability of the

cells is also important for sorting the cells and for the further

culturing of the sorted OCs (Figure 4). This method, however,

has several limitations. Fully mature OCs are very adherent

and difficult to detach from the plates. The larger OCs are

often impossible to detach, which can lead to a lower cell

yield. Therefore, the cells need to be counted after sorting and

prior to plating at the required concentration. Furthermore,

in the present protocol, a non-enzymatic method (accutase)

to detach the OCs is used to prevent membrane alterations

in downstream surface staining for flow cytometry. The use

of cell scrapers (both with soft or hard endings) was also

tested and led to high cell death. Enzymatic detachment using

0.05% Trypsin/EDTA solutions can be used for a higher yield

of detached OCs when membrane integrity is not required

for downstream applications. Additionally, to prevent the OCs

from clumping together, the use of a high concentration of

EDTA in all the buffers following cell detachment, as well as

appropriate filtering prior to flow cytometry acquisition, are

highly recommended. It is important to note that OC cultures

are a heterogeneous population of cells consisting of mature

OCs, OC precursors, and macrophages. Macrophages can

be easily distinguished from OCs, although both mononuclear

pre-OCs and multinuclear OCs express OSCAR and cannot

be distinguished with the present method (Figure 4). Indeed,

this latter issue constitutes the main limitation of this method.

In addition, a low expression of OSCAR is also present in M-

CSF cultures (Figure 4B) and might indicate macrophages

that are primed for OC lineage commitment. It is important to

set the gate for OSCAR+  cells based on the FMO staining

signal, as shown in Figure 4B.

In summary, this protocol describes an optimized and robust

method for the efficient production of active and functionally

mature OCs from circulating primary human monocytes. The

strength of this protocol is its ability to generate OCs in a

short time duration and yield high numbers of differentiated

OCs. This method opens the way for investigating the basic

mechanisms underlying OC differentiation and function.
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