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Abstract
Many multinucleated giant cells are well-known to form from macrophage origin. Those formed
from other cell types are less described, but may be as prevalent in pathological tissue. Giant
multinucleated cells derived from secondary and primary fibroblast sources in various cultures
with similar characteristics to foreign body giant cells are reported. Secondary-transformed NIH
3T3 fibroblasts rapidly fuse within 24 hours in contact co-cultures with RAW 264.7 immortalized
macrophages, while 3T3 mono-cultures, non-contact (transwell) co-cultures, and macrophage-
conditioned media-treated 3T3 mono-cultures all do not fuse. Primary-derived murine fibroblasts
also form multinucleated cells, both in the presence or absence of co-cultured macrophages that
increase during long-term culture (5–30 days). In contrast to 3T3 fusion, this primary cell
phenomenon is not due to fibroblast fusion, but rather to nuclear division without cytokinesis.
That these multinucleated fibroblasts can originate via different mechanisms may influence and
distinguish their behaviors in conditions under which they may arise, including various in vitro
culture assays, and in certain fibroblastic pathologies such as the foreign body response, fibrosis,
cancer and aged tissue.
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1. Introduction
Fibroblasts are the most common cell type in the body and can become altered in various
pathologies such as fibrosis, cancer, aging, and the foreign body response (FBR) [1–9]. One
phenotypic alteration that is not widely acknowledged, but possible is fibroblast
multinucleation [6–8]. Additionally, several other multinucleated giant cells including
foreign body giant cells (FBGCs), Langhans’ cells, and osteoclasts, all commonly derived
from a macrophage cell origin are known [10].

Significantly, FBGCs can form from the fusion of multiple monocytes/macrophages [11]
during the FBR, mounted by the host against implanted biomedical materials [12]. The FBR
can cause device failure due to degradation by enzymes secreted by macrophages and
abnormal collagen production by fibroblasts, resulting in an impeding collagen capsule
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[9,12,13]. Macrophages and fibroblasts are both primary FBR effector cells [9,12], though
unlike macrophages, fibroblasts are not commonly considered to form multinucleated giant
cells. However, the mileu surrounding implants is abnormal, can be toxic to cells [14], has
been speculated to stimulate tumorigenesis [15,16], and can elicit altered cell phenotypes
such as FBGCs [17]. This unusual environment may also prompt fibroblasts to alter their
phenotype and form multinucleated giant cells.

Previous studies have identified multinucleated cells in vivo ostensibly of fibroblast origin
[6,7], one describing cells appearing as “bizarre, atypical fibroblasts with hyperchromatic
and large, pleomorphic nuclei and multinucleated floret-like giant cells”[8]. Several studies
describe the presence of multinucleated fibroblasts in vitro [18–21] and in vivo in
pathologies such as fibrosis and cancer and in aged tissue [1–8]. However, whether these
cells multinucleate in vitro and in vivo via fusion similar to FBGCs [11] or through nuclear
division without cytokinesis [18] is unclear.

This study definitively identifies fibroblasts that become multinucleated through both
mechanisms—fusion and mitosis without cytokinesis—depending on fibroblast phenotype
and culture conditions. Immortalized secondary fibroblasts formed multinucleate cells via
fusion with other fibroblasts during contact co-culture with secondary-derived macrophages
after 24 hours. Primary fibroblasts formed multinucleate cells in mono-culture after
becoming senescent and undergoing nuclear division without cytokinesis.

2. Methods and materials
2.1. Cell Culture

2.1.1. Secondary cell culture—Macrophage-like cell line RAW 264.7 and fibroblast-
like cell line NIH 3T3 were purchased from the American Type Culture Collection (TIB-71
for RAW and CRL-1658 for 3T3 ATCC, Manassas, VA) and cultured in 96-well tissue
culture-treated polystyrene plates (BD Falcon, San Jose, CA) unless otherwise specified,
during contact co-culture experiments at 37°C with 5% supplemental CO2 for 24–72 hours.
Fibroblasts were used at passages 6–30 and macrophages were used below passage 10.
RAW cells were passaged by scraping with a rubber policeman. 3T3 cells were passaged
using TripLE (Invitrogen, Carlsbad, CA). For optimal cell fusion, 2×104 fibroblasts and
1×104 macrophages were plated into co-culture wells. This same number of fibroblasts and
macrophages were also plated into control wells for comparison. Cells were always cultured
in complete media (Dulbecco’s modified eagle medium (DMEM) with 10% fetal bovine
serum, and 1% antibiotic/antimycotic (Invitrogen, Carlsbad, CA). Secondary NIH 3T3
fibroblasts were cultured for 24–72 hours under four different conditions: 1) in direct co-
culture contact with secondary RAW 264.7 macrophages, 2) co-culture but separated from
RAW cells by a Transwell® microporous insert (RAWs in insert and 3T3s in well beneath),
3) in RAW-conditioned complete media, and 4) alone, devoid of macrophage signaling [22].
Mono-cultured RAW cells in complete media served as a control. Non-contact co-cultures
utilized 3 µm porosity plasma-treated polycarbonate Transwell® Permeable Supports
(Corning, Corning, NY) in 12-well tissue-culture treated polystyrene plates (BD Falcon, San
Jose, CA). Cell numbers were scaled linearly with respect to surface area from the 96-well
culture dishes to accommodate larger sized wells. In the same 12-well plates all 4 culture
conditions—i.e., mono-culture, conditioned media, contact co-culture, and Transwell® co-
culture—were also employed. Macrophage-conditioned media was collected after 24 hours
of exposure to RAW cells (density=1×105 cells/well) and placed over mono-cultured
fibroblasts in 12-well plates. New conditioned media was collected from the original RAW
culture well every day for 3 days to be placed over the conditioned media-treated fibroblasts.
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2.1.2. Murine primary cell sourcing—Specific-pathogen-free, 2–3 month-old male
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). Animals were
kept in the University of Utah animal facility, and provided water, mouse chow, bedding,
and modes of enrichment ad libitum throughout this study. Animals were euthanized via
CO2.

2.1.3. Primary macrophage cell culture—Bone marrow cells were collected from the
femurs and tibias of 2–3 month-old male C57BL/6 mice and differentiated into bone marrow
macrophages (BMMΦs) using a previously described method [23,24]. On day 7, the cells
were removed from surfaces by incubation in Ca+2/Mg+2-free phosphate-buffered saline
solution and scraping with a rubber policeman. Harvested cells were spun at 500 rcf for 5
minutes to form a pellet and then resuspended in DMEM with 10% heat-inactivated fetal
bovine serum, 10% L929-conditioned media, 1% antibiotic/antimycotic, 1% MEM
nonessential amino acids, 1% HEPES, and 1% sodium pyruvate. Also in 96-well plates,
1×104 primary macrophages per well were seeded alone or in contact co-culture with
primary fibroblasts. Alternatively, primary monocyte-like cells were obtained by using the
bone marrow cells on day 1, 2, or 4, before complete macrophage differentiation was
expected [25–27]. Pure monocytes were obtained using the EasySepR Magnetic Mouse
Monocyte Enrichment Kit (Stemcell Technologies Inc., Vancouver, BC) from bone marrow
cells according to the manufacturer’s instructions, typically producing monocyte purity of
80%–93%.

2.1.4. Primary fibroblast cell culture—Primary fibroblasts were obtained post-mortem
from ear dermal tissue of 2–3 month-old freshly sacrificed male C57BL/6 mice. Ear tissue
was clipped at the base of the ear and soaked in 70% ethanol for 5 minutes and then rinsed
in sterile phosphate-buffered saline (BD Falcon, San Jose, CA). Tissues were placed in a
Petri dish and diced using a sterile razor, placed into 2 ml of 5 mg/ml collagenase solution in
DMEM and incubated for 2 hours in a 37°C water bath with agitation [25–27] then filtered
though a 70 µm cell filter (BD, San Jose, CA). An equal portion of complete media was
added to the filtrate and spun at 500 rcf for 5 minutes to create a cell pellet. Supernatant was
aspirated off and the cell pellet was resuspended in primary cell media (DMEM with 10%
fetal bovine serum, 1% antibiotic/antimycotic, and 1% MEM nonessential amino acids
(Invitrogen, Carlsbad, CA), placed in T75 cell culture flasks (BD Falcon, San Jose, CA), and
incubated at 37°C with 5% supplemental CO2. Cells required 3–7 days to become confluent
and were subsequently passaged and used in further experiments. Cells were passaged by
incubation with TripleE (Invitrogen, Carlsbad, CA). Primary fibroblasts (1×104 cells per
well in 96-well plates, characterized by anti-CD14 and anti-vimentin labeling, as well as Oil
Red O post-differentiation, vide infra) were cultured alone or in physical contact with
primary macrophages for up to 30 days. On different occasions, primary ear-derived
fibroblasts were also co-cultured with either secondary RAW 264.7 cells, primary
monocyte-like cells or pure monocytes, to determine if more monocytic cells could prompt
cell fusion.

2.2. Cell labeling
2.2.1. H&E—A hematoxylin and eosin (H&E) stain (Fisher Scientific, Kalamazoo, MI) was
employed according to manufacturer’s instructions to stain for nuclei and cytoplasm
respectively.

2.2.2. Fluorescent cell labeling—For fixed fluorescence labeling, cells were fixed in
4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for 10 minutes at room temperature
and labeled with rhodamine-phalloidin and counterstained with 4,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes, Eugene, OR) according to manufacturer’s
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instructions. Live cell in situ fluorescent detection used either a green Vybrant® CFDA SE
Cell Tracer Kit or a red Cell Trace Far Red DDAO-SE long-lived intracellular dye
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. These dyes label 100%
of cells (data not shown) and have been shown not to transfer to neighboring cells [28].
Macrophages were labeled with the green live dye, while fibroblasts were labeled with the
red live dye prior to seeding in both mono- and co-cultures in order to distinguish fibroblast
and macrophage populations during co-culture and determine cellular origin of the resulting
multinucleated cells (Scheme 1A). These same dyes and experimental procedure were used
to determine FBGC fusion [11]. Analogously two fibroblast populations were labeled with
either red or green live cell dye prior to seeding in mono- and co-cultures to determine
fibroblast fusion by dye co-localization (Scheme 1B). These same procedures were
employed for both secondary- and primary-derived fibroblast cultures.

2.2.3. Antibody labeling—A phycoerythrin-conjugated macrophage marker, anti-CD14
(clone Sa2–8, IgG2a, diluted 1:100, eBioscience, San Diego, CA) [29] was added to control
RAW cells, 3T3 cells, and co-cultures of RAW and 3T3 cells to determine possible
inadvertent macrophage contamination in fibroblast cultures and to confirm multinucleate
cell origins (Scheme 1C). This marker was also added to primary-derived macrophages and
fibroblasts to determine multinucleate cell origin. Cyanine3-tagged fibroblast marker anti-
vimentin [30] (clone V9, IgG1, diluted 1:100, Sigma, St. Louis, MO) was added to primary
fibroblasts to assert phenotype and multinucleate cell origin.

2.2.4. Senescence—Both primary and secondary macrophages and fibroblasts and
primary adipose-derived stem cells (ASCs, isolation and characterization described in
Supplementary Information) were stained with a senescence-labeling kit staining for beta-
galactosidase [31] (Cell Signaling Technology, Danvers, MA) according to manufacturer’s
instructions.

2.2.5. Cell Apoptosis—Primary fibroblasts were cultured for 3 days prior to apoptosis
testing. Positive control fibroblasts were incubated with 1 mg/ml bupivicaine (Hospira, Lake
Forest, IL) for 2 hours at 37°C. Primary fibroblasts were labeled with Poly Caspases
FLICA™ in vitro Apoptosis Detection Kit (Immunochemistry Technologies, Bloomington,
MN) according to manufacturer’s instructions.

2.2.6. Mycoplasma Assay—Mycoplasma testing was performed using DAPI labeling,
according to standard protocols [32–34].

2.2.7. TRAP Assay—Secondary fibroblast-derived multinucleated cells were stained
using a tartrate resistant acid phosphatase (TRAP) assay (Sigma-Aldrich, St. Louis, MO),
specific for osteoclasts [35], according to manufacturer’s instructions.

2.3. Imaging
Fluorescent, brightfield, and colored microscopy images of cells in culture were acquired
using a Nikon Eclipse TE2000-U microscope equipped with fluorescent optics, CCD
camera, and Metamorph and Q Capture Pro software. Confocal images were captured using
a FV1000 IX81 Olympus confocal microscope. Fluorescence and confocal images were
used to identify dye co-localization within cells. At least 9 replicates from 3 separate cell
experiments were imaged to determine representative image samples of all experiments in
this study. Experiments producing multinucleated fibroblasts were repeated at least 6 times.
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2.4. Video
Confocal time-lapse video was acquired using a Nikon A1 Confocal microscope over 24–48
hours. In videos taken from 0–24 hours, cultured cells did not readily adhere to the surface
of the plate, most likely due to microscope micromotion (results not shown). Four 20X
fields were digitally stitched together into a mosaic for the video included in this study.

2.5. Statistics
Numbers of giant cells per frame, percent nuclei fused, and percent multinucleated cells
between short-term co-cultures and long-term mono-cultures compared to short-term mono-
cultured fibroblasts were evaluated using a student’s t-test with significance defined as p <
0.05. A Single-Factor ANOVA was utilized to determine significance between groups of
samples. A post-hoc student’s t-test was used to determine statistically significant
differences between samples (p < 0.05). Cell counts were taken from 15X objective images.
Three frames per replicate were counted and the mean was used for analysis. At least 3
independent replicates were counted with independent replicates defined as different
experiments using different mice for primary cells, and different passage numbers for
secondary cells.

3. Results
3.1. Mycoplasma detection

All cell cultures, both those derived from primary and secondary sources, stained negative
for mycoplasma contamination using DAPI fluorescence (data not shown).

3.2. Secondary-derived multinucleate cells
Figure 1 shows multinucleated cells appearing during contact co-culture with secondary
RAW macrophages (Row 5). RAW and 3T3 cells cultured alone (Rows 1&2, respectively)
and 3T3s in the presence of RAW-conditioned media (Row 3) do not form multinucleated
cells. In order to test for signaling effects of short-lived excreted cytokines, 3T3s were co-
cultured with RAWs separated by Transwell® inserts (Row 4), where the permeable
polyester membrane prevents physical contact of each cell type, but permits mass transport
of soluble culture components. No formation of multinucleated fibroblasts occurred in this
co-culture system.

Multinucleated cells have been reported in vivo to have “increased nuclear-cytoplasmic
ratio, pale pink scant cytoplasm, and indistinct cell boundaries (with rosette arrangement of
hyperchromatic nuclei)”[8] similar to those seen in this study (Figure 1, Row 5). This can be
seen both with live cells (Figure 1, column 1) and fixed cells stained with H&E (Figure 1,
Columns 2&3). 3T3 cells begin multinucleation immediately upon adherence to tissue
culture surfaces in the presence of RAWs (data not shown) and is readily apparent at 24
hours (Figure 2).

3.3. Multinucleate cell origin
Figure 3 shows RAW cells (Figure 3A) labeled with a cytoplasmic fluorescent green dye
prior to co-culture with fibroblasts, and 3T3s (Figure 3B) labeled with a cytoplasmic
fluorescent red dye prior to co-culture with macrophages. Resulting multinucleated cells
(Figure 3C) exhibited red fluorescence, with no detectable green fluorescence. Additionally,
as proof of negligible macrophage contamination in the fibroblast population, anti-CD14
added to the mixed population readily bound all mono-cultured RAW cells (Figure 3D) but
not mono-cultured fibroblasts (Figure 3E). In the co-culture system, no multinucleated cells
were fluorescently labeled by anti-CD14 (Figure 3F). Other external macrophage markers
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analyzed, including MHC-II, CD40, CD18, CD11b, and F4/80, were analyzed (data not
shown). However, anti-CD14 provided the most reliable and prominent labeling and was
thus presented in this study.

3.4. Secondary fibroblast fusion
Separate 3T3 fibroblasts cultures containing either green or red cytoplasmic dyes were
added simultaneously to non-labeled RAW macrophage cultures (Figure 3 G–L). Figure 3
I&L shows that resulting multinucleated cells exhibit both red and green nuclei with yellow
(i.e. both red and green co-localization) cell bodies. A video of these cells fusing between 24
and 48 hours in culture is available online in Supplementary Data. This video also shows
these cells to be highly motile, traveling hundreds of microns over the course of 24 hours.
Figure 4 shows still frames from that video and the corresponding approximate cell
trajectories of one tracked multinucleated cell.

Multinucleated cells derived from 3T3 fibroblasts exhibit similar qualities to FBGCs, with
enlarged cytoplasms, multiple cellular adhesions, and multiple centric nuclei [36]. However,
they do not possess punctate podosomal actin [17,37] but do possess prominent stress fibers,
features consistent with fibroblasts [38] but contrary to FBGCs and osteoclasts (Figure 5A).
Furthermore, secondary-derived multinucleated cells in this study did not stain positive for
macrophage-marker CD14 (Figure 3 D–F) or osteoclast-marker TRAP (Supplementary
Figure 1).

Interestingly after passages greater than 20, 3T3s cultured on the same surface for extended
periods of time (>5 days) began forming multinucleated cells even in the absence of
macrophages (Figure 5 C–D). The spontaneously formed multinucleated cells frequently had
nuclei that appeared polymorphonuclear.

3.5. Primary-derived multinucleate cells
Primary murine ear dermal fibroblast isolations were confirmed to be dominantly
fibroblastic using several cell phenotype assays (see Supplementary Information and
Supplementary Figure 4).

Figure 6 shows that primary fibroblasts cultured in the presence of primary bone marrow-
derived macrophages (Figure 6 A–C) or secondary-derived RAW cells (Figure 6 D–F) also
become multinucleated, while the macrophages alone do not over the same culture time
period. No noticeable differences between fibroblast fusion rates in the presence of either
primary macrophages or monocytes were seen (data not shown). Primary-derived
multinucleated cells are not macrophage-like. Primary macrophages containing cytoplasmic
green dye cultured with primary fibroblasts containing cytoplasmic red dye for 24 hours
yield multinucleated cells with only red fluorescence (Figure 6 G–I). Additionally, while
both primary macrophages and fibroblasts stained positive for CD14, upregulated in
macrophages [29,39], primary BMMΦs stained strongly positive (Figure 6J), while
fibroblasts exhibited only very dim fluorescence (Figure 6K). Differentiation between the
two cell types is clear. Additionally, fibroblasts stained positive for the fibroblast-specific
marker, vimentin, including cells with multiple nuclei (Figure 6 L&O).

Figure 6 also shows primary multinucleated cells in mono-cultures of fibroblasts containing
no added macrophages. No significant differences are noted between fibroblasts cultured
alone or during co-culture both at short time points (<3 days) (Figure 2). Primary
multinucleated cells do not appear to form via cell-cell fusion. Figure 6 M&N shows two
populations of primary fibroblasts labeled green or red prior to co-culture together.
Resulting multinucleated cells were either green or red, but not both, i.e., yellow,
demonstrating that primary multinucleated cells do not appear to form via cell-cell fusion.
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3.6. Primary multinucleate cell morphology
Multinucleated cells from fibroblasts can be seen as early as 1 day post-culture, though the
frequency of multinucleated cells and number of nuclei per cells increases at days 5–30 as
seen in Figures 2 and 7. Nonetheless, even after extended culture periods (5–30 days), the
frequency of multinucleated cells from primary fibroblasts was far less than those from
secondary-derived fibroblasts during co-culture at short time periods (24 hours, Figure 2).

Over time, multinucleated cells from primary-derived fibroblasts change their morphology,
developing larger, more-extended cell bodies and even developing what appears to be
polymorphonuclei (Figure 5 E&F). Cultured adipose-derived stem cells (ASCs)
(Supplementary Figure 2, description of ASC isolation and identification are found in
Supplementary Information) and cardiomyoblasts (data not shown) were also observed to
form multinucleate cells under identical culture conditions, occasionally possessing
polymorphonuclei as well. Interestingly, primary-derived multinucleated cells possessed
prominent stress fibers but lacked punctate podosomal actin (Figure 5B), consistent with
fibroblasts [38], but not FBGCs or osteoclasts [17, 37].

3.7. Primary multinucleate cell senescence
A senescence assay [31] was employed for primary fibroblasts on Days 1, 2, 3, 10, and 20.
Fibroblasts stained positive for senescence first on Days 10 and 20 (Figure 8, Panel A).
ASCs, also seen to create multinucleate cells, were also tested for senescence during the
same time frame and began staining positive for senescence as early as Day 1, though not
prevalently until Day 3 onward (Supplementary Figure 3). Secondary-derived multinucleate
cells were also tested with this assay and found to exhibit no detectable positive senescence
in either 3T3s or RAWs during either co-culture or mono-culture (data not shown).
Significantly, all multinucleate cells regardless of the culture time period stained positive for
senescence and negative for apoptosis (Figure 8, Panel B).

4. Discussion
The majority of multinucleated cells are believed to originate from macrophages [10].
However fibroblasts, the most prevalent cell type in the body, are also capable of forming
multinucleate cells both in vitro [18] and in vivo [1–8]. Though some studies claim they
form via fusion [4,7] and others mitosis without cytokinesis [18], this study found that both
of these mechanisms can create multinucleated fibroblasts, depending on cell sourcing and
culture conditions.

Secondary fibroblast-derived multinucleated cells formed when 3T3 fibroblasts were in
direct physical contact with secondary-derived RAW macrophages after 24 hours (Figure 1,
Row 5). This was not only seen during co-culture between RAW macrophages and 3T3
fibroblasts but also in identical co-cultures between RAW and L929 fibroblast cells (data not
shown). Importantly, cell multinucleation in secondary cultures did not occur 1) during 3T3
fibroblast mono-culture in either complete or RAW macrophage-conditioned complete
media, or in non-contact Transwell® macrophage co-cultures with soluble media-phase
diffusive exchange between macrophages and fibroblasts. Consistent with a previous study,
contact co-cultures of RAW 264.7 macrophages and NIH-3T3 fibroblasts formed
multinucleate cells while those with 3T3 fibroblasts and primary bone-derived macrophages
did not [22]. Additionally, cell multinucleation in secondary cultures did not occur when
either cell type was allowed to adhere prior to adding the other cell type (data not shown).
Lack of observed cell fusion in secondary cell cultures of both macrophage-conditioned
media and Transwell® co-cultures indicates that cell fusion requires 3T3 fibroblasts in
physical contact with RAW macrophages rather than just soluble signal exchange [22].
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Necessity for physical cell-cell contact may suggest involvement of external cell membrane
receptors such as inter-cellular adhesion molecule (ICAM) 1 on observed secondary-cell
multinucleation. ICAM is deemed responsible for many interactions between macrophages
and fibroblasts [40], and significantly, fusion between macrophages to form FBGCs [41]. In
this study, cultured RAW macrophages were very motile, making contact with many cells
over a 24-hour period. Surprisingly, multinucleated cells derived from 3T3 fibroblasts were
also found to be highly motile, traveling hundreds of microns during the same 24-hour
period (Figure 4 and video in Supplementary Data). Cell mobility in these secondary-
derived cultures, enabling facile macrophage-fibroblast and fibroblast-fibroblast
interactions, increases the likelihood of physical stimulation of 3T3 fibroblasts by RAW
macrophages and subsequent fusion with other 3T3 fibroblasts (Figure 3 I&L).

Multinucleated cells from RAW macrophage contact co-cultures with 3T3 fibroblasts arise
from the fibroblast, not macrophage, population. 3T3 fibroblast cultures do not contain
contaminating macrophages: CD14 antibodies specifically bound RAW macrophages but
not 3T3 fibroblasts and multinucleated cells. Assayed for TRAP, a prominent marker for
multinucleate osteoclasts [35], cultured RAW macrophages, 3T3 fibroblasts, and
multinucleate cells all stained negative (supplementary data), indicating that these cells were
not osteoclastic.

In secondary 3T3 cell contact co-cultures with RAW macrophages, multinucleation is
shown to result from fusion of two or more fibroblasts. Two separate populations of
secondary-derived fibroblasts labeled with either a red or green cytoplasmic dye prior to
plating with non-labeled secondary-derived macrophages, an experiment analogous to that
used to determine macrophage fusion to FBGCs [11], produced multinucleated cells with
both red and green nuclei and yellow (red plus green) cell bodies. Co-localization of both
red and green dyes was seen with both fluorescent and laser scanning confocal microscopy
(Figure 3 I&L, respectively). Red and green coloration occupied the same volume, shape,
and focal plane (optical cross-section was 0.45 µm, less than a cell thickness), confirming
cytoplasm fusion (Figure 3L). All secondary multinucleated cells displayed this color co-
localization, with multinucleate cell density being approximately 15 giant cells per 15X
frame (Figure 2). A 24-hour time-lapse video (supplementary data) shows a red 3T3
fibroblast traveling approximately 1 mm and apparently fusing with several green and red
3T3 fibroblasts to accumulate approximately 5 nuclei that, conjoined together, move within
the same membrane containing both red and green fluorescence.

Primary ear-derived dermal fibroblasts formed multinucleated cells in physical contact with
primary bone marrow-derived macrophages (Figure 6 A–C), secondary RAW macrophages
(Figure 6 D–F) and primary bone marrow monocyte-like cells and monocytes (data not
shown) in 24–72 hours. Primary and secondary macrophages formed extremely rare or no
multinucleated cells during the same culture time under these conditions (Figure 2). Primary
fibroblasts loaded with a red cytoplasmic dye and primary macrophages containing a green
cytoplasmic dye produce red multinucleated cells (Figure 6 G–I) (i.e., from the fibroblast
population, not from macrophages). Interestingly, primary fibroblasts also form
multinucleated cells in mono-culture (complete absence of macrophages, shown by very dim
CD14 labeling (Figure 6K) over the same time frame, increasing in their density over 30
culture days (Figure 2). Though primary fibroblasts are commonly cultured, multinucleated
fibroblasts are not commonly reported, likely due to the fact that any rarely occurring
multinucleated cells may be dismissed as contaminating cells or phenotypic anomalies.
Figure 6 M&N shows mono-cultured primary fibroblasts loaded with either red or green
cytoplasmic dye prior to seeding. In these representative images, multinucleated cells
display only one color (either red or green) supporting a non-fusion mechanism to create
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multinucleated cells in primary fibroblast cultures. Similar multinucleated cells are also
observed in primary ASCs (Supplementary Figure 2) and cardiomyoblasts (data not shown).

This observed multinucleation event that retains color fidelity in primary fibroblasts is
consistent with nuclear division without cytokinesis. This phenomenon has been described
previously [18–21], and the dye co-localization studies performed here further substantiate
this phenomenon. This asserted nuclear division in the absence of cytokinesis is also
supported by Supplementary Figure 5 E&F, showing the presence of globular or
pleomorphic nuclei sharing a membrane with one or more nuclei. In vivo presence of
multinucleated giant fibroblasts with pleomorphic nuclei has also been reported in a fibroma
[8]. Polymorphonuclei exhibiting only 1 nucleus but with multiple lobes are also possible.
Figure 5F shows a thread-like feature (circled) that may represent a strand of chromatin
often seen connecting lobes of a polymorphonucleus [42]. This has also been seen
previously in fibroblasts cultured in vitro, displaying tumor-like phenotypes [43]. After high
passage numbers (>20), and extended culture beyond 5 days, secondary 3T3 fibroblasts in
monoculture also occasionally express multiple nuclei and develop amorphic nuclei similar
to those seen in the mono-cultured primary cells (Figure 5 C&D). That this type of
multinucleation is more apparent in primary fibroblasts after 1 week in mono-culture and in
secondary fibroblasts at high passage numbers in mono-culture, both in cells that appear to
be non-dividing, is likely due to ageing. Previous work found multinucleated fibroblasts
with pleomorphic nuclei in 17% of fibroblasts in periodontal ligaments of aged mice (20
months), while no such cells were seen in young mice (5 weeks) [7].

Aging has been shown to manifest as replicative senescence [44], and is suggested to result
from damage to the mitotic machinery of dividing cells [45]. To prove if multinucleation
events in primary fibroblasts are correlated with cellular age, as seen previously in
fibroblasts [18], primary fibroblasts were cultured for 20 days in complete media, and
stained for β-galactosidase, a common marker for replicative senescence [31]. At Day 10,
(i.e., approximate time when multinucleation in primary cells was observed to increase)
senescent cells also became more frequent and all multinucleated cells, regardless of the
culture time point, stained positive for senescence (Figures 2 and 8). Both multinucleation
and polyploidy (nuclear replication without nuclear division) have been seen in senescent
fibroblasts [18,19]. Multinucleation and polyploidy are also well-known in trophoblasts
[46,47] and cancerous tissue [20,43]. Though senescence has been proposed as a mechanism
to prevent cells from oncogenesis [48], the nuclear material in senescent multinucleate
fibroblasts is considered highly unstable, and on occasion cells can escape senescence by a
nuclear budding process known as neosis [20,21,49]. During neosis multinucleate senescent
cells can shed karyoplasts to become highly mitotically active and tumorigenic Raju cells
[20,21,49]. Interestingly, this nuclear budding process has also been reported in osteoclasts
in order to create mononuclear cells from a multinucleate osteoclast [50].

The two types of multinucleated fibroblasts identified in this study in vitro in both secondary
and primary fibroblasts correlate with those proposed in vivo due to fusion [4,7] and nuclear
division without cellular fission [43,45]. Depending on conditions, some multinucleated
fibroblasts found in vivo seen in aged tissue, fibrosis, and fibromas [1–8] may be senescent
cells either undergoing nuclear division without cytokinesis or fusion-derived fibroblasts,
although direct evidence for either mechanism is scant. A clinical cancer study described
multinucleated fibroblast histology with large numbers of nuclei (7–20), less prominent
actin staining, and a prevalence of 10–30% multinucleated cells per microscopic field [3],
characteristics similar to fused secondary fibroblasts in this study. Multinucleate fibroblasts
with polymorphic nuclei seen in vivo [7,8,43] are better compared to the primary
multinucleate fibroblasts formed from nuclear division without cytokinesis as reported in
this study. Cells resulting from each mechanism are multinucleate, yet as they derive from
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different pathways, they may possess distinct traits characteristic of the pathologies in which
they arise. Understanding these distinctions should provide better insight into the etiology of
pathologies such as fibrosis, cancer, aging, and the FBR, where multinucleate fibroblasts
may play a significant role.

Secondary fibroblasts in macrophage co-culture did not form the same type of
multinucleated cells as primary cells in co- or mono-cultures. Secondary cells formed
multinucleated cells readily after 1 day, while primary cell multinucleation required several
days and was never as frequent (Figure 2). Additionally, far more nuclei per cell were
observed in multinucleate cells produced from secondary cells than from primary cells
(Figure 2), but primary cells possessed more prominent stress fibers (Figure 5). Most
interestingly, secondary cells fused to form multinucleated cells that stained negative for
senescence (data not shown), while primary cells did not appear to fuse but became
multinucleated instead by nuclear division without cytokinesis, correlated with replicative
senescence. These differences most likely reside in secondary cells that are transformed,
passaged many times, and display oncogenic phenotypes, such as rapid proliferation, lack of
contact inhibition and immortalization. Distinct behaviors between primary and secondary
fibroblasts in such cell-cell fusions should be considered both in model culture studies
employing or clinical histopathological observations invoking this cell type.

5. Conclusions
Multinucleated cells are shown to form in both secondary- and primary-derived fibroblasts
cultures in vitro under distinct conditions. Differences are noted in multinucleation
mechanism between cultured fibroblasts from primary and secondary sources. Secondary
cells produce multinucleation by fusion of multiple fibroblasts only in direct contact culture
with macrophages. Primary cells do not multinucleate by fusion, but rather from senescent
cells no longer undergoing cytokinesis, and in the absence of co-cultured macrophages.
Clinical studies identify multinucleated fibroblasts with pleomorphic nuclei, similar to those
derived from primary cells here, as well as the frequent appearance of claimed-fused
fibroblasts similar to those from immortalized fibroblast cultures in this study, suggesting
that both types of fibroblast-dependent multinucleation may be present in vivo in different
pathologies. Understanding the impetus for the formation of each atypical multinucleated
fibroblast type is essential in understanding multinucleate fibroblast involvement in
pathologies such as the FBR, aging, and fibrotic diseases.
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Figure 1.
Phase contrast and hematoxilin and eosin (H&E)-stained cell images. Cultured 3T3
fibroblasts form multinucleated cells in contact co-culture with RAW macrophages (bottom
row), but not during mono-culture (top 2 rows), treatment with conditioned media (3rd row)
or non-contact co-culture (4th row). Images shown after 3 days of culture in complete media.
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Figure 2.
Multinucleate cell characterization. A) Percent nuclei found in multinucleate giant cells, B)
percent multinucleate giant cells found in cell population, C) number of multinucleate giant
cells per frame, and D) average number of nuclei per giant cell for primary- and secondary-
derived fibroblasts and macrophages alone (short-term, 1–3 days, and long-term, 30 days)
and in co-culture (short-term, 1–3 days) without the addition of exogenous cytokines. So
few giant cells per frame in the long-term fibroblast culture condition is due to the increase
in size of those fibroblasts compared to those cultured for short-term, consequently
decreasing the overall number of cells per frame (see Figure 7). Data represent the mean ±
SEM from 3 independent replicates. Significance (p < 0.05) was analyzed between primary
and secondary fibroblast short-term monocultures and short-term co-cultures and between
primary and secondary fibroblast short-term monocultures and long-term monocultures.
Images were taken with a 15X objective and yielded a frame size of 260, 891 µm2.
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Figure 3.
Fluorescence images showing A) RAW macrophages labeled green, B) 3T3 fibroblasts
labeled red, and C) an overlay of brightfield and red and green channels showing a red
(circled), and therefore fibroblastic, multinucleated cell. Fluorescence images showing D)
macrophages and E) fibroblasts incubated with DAPI (blue) and also fluorescently labeled
anti-CD14 (red), revealing F) fibroblasts that stain negative for CD14, are multinucleated
(circled), and are therefore not macrophages. Fluorescent G–I) and confocal J–K) images
revealing co-localization of a red-labeled population of fibroblasts fused with a green-
labeled population of fibroblasts in the presence of non-labeled macrophages, where G and J
are the green channel, H and K are the red channel, and I and L are overlays of I) brightfield
and red and green fluorescent channels and L) red and green channels (co-localization
experiments with 3 replicates each were repeated 3 times). Images shown after 24 hours of
culture.
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Figure 4.
Frames A–C show the approximate motility trajectory (black line) of a secondary-derived
multinucleated fibroblast (circled) traveling hundreds of microns over the course of 24 hours
(from 24–28 hours). This time-lapse image series also appears to show the fibroblast
beginning as only a few red-labeled cells and ending with several more nuclei including
those from green-labeled fibroblasts (full video available online in supplementary data).
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Figure 5.
Actin (red) and nuclei (blue) labeling for A) secondary-derived multinucleate fibroblasts and
B) primary-derived multinucleate fibroblasts. These images show prominent stress fibers
(more prevalent in primary versus secondary multinucleate cells) and the absence of
podosomes surrounding single and multinucleate cells, features contrary to those seen in
macrophage-derived FBGCs. Secondary multinucleate cells are shown after 1 day and
primary cells are shown after 30 days of culture. C&D) Phase contrast images (C 10X and D
40X) of secondary fibroblasts which spontaneously formed polymorphonuclear
multinucleated cells after >20 passages and culture for >5 days. E&F) Primary fibroblasts
contain several pleomorphic and budding nuclei seen in E) a confocal image of DAPI (blue)
and phalloidin (red) labeled cells and F) an H&E stained cell (purple line, potentially
chromatin, circled in black),shown after 30 days in culture.
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Figure 6.
Phase contrast images of A) primary-derived BMMΦs alone, B) primary fibroblasts alone
and C) contact co-culture of BMMΦs and fibroblasts. Note multinucleate cells in both the
mono-culture fibroblasts and contact co-cultures (arrows). H&E-stained images showing D)
secondary-derived RAWs cultured alone, E) ear fibroblast cultured alone and F) contact co-
culture of RAW cells and primary fibroblasts. Multinucleate cells can be seen in fibroblast
mono-culture as well as contact co-culture with RAW cells (arrows). G–I) Fluorescent
images of contact co-cultured primary macrophages (green channel, G), fibroblasts (Red
channel, H) and an overlay of red, green and brightfield channels (I). These images show
that the multinucleated cell is red and therefore of fibroblastic origin (H and delineated by
dotted lines in I). Confocal images of primary-derived J) BMMΦs and K) fibroblasts labeled
with DAPI (blue) and macrophage-marker CD14 (red), revealing a strong CD14 stain in
macrophages but not fibroblasts. L and O) show 40X and 20X confocal images,
respectively, of primary-derived fibroblasts labeled with fibroblast-marker vimentin (red),
showing that the majority of cells in this culture stain positive for fibroblasts, including
multinucleate cells. M and N) Confocal images of mono-cultured primary fibroblasts pre-
labeled with red or green long-lived intracellular fluorescence prior to culture, where the
multinucleated cells (arrows) found were either green or red, but not both (representative
images from 3 separate experiments and a total of 9 replicates). This lack of co-localization
indicates an absence of fusion to produce cell multinucleation. Images are shown after 3
days of culture.
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Figure 7.
Phase contrast (column 1) and H&E-stained (columns 2 &3) cell images show changes in
primary fibroblast morphology over time. Columns 1 and 2 are at a 40× magnification and
column 3 is at a 10× magnification. Day 1 cells possessed spindle and stellate morphologies.
By Day 15, cells began to develop larger cell bodies and nuclei. By day 30, the cells
possessed very large cell bodies, with some containing multiple and pleomorphic nuclei.
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Figure 8.
Panel A) Senescence staining (blue) in primary fibroblasts after 3, 10, and 20 days expressed
qualitatively as representative images and quantitatively in graph below. These data show
that at longer time points near day 10, senescence becomes prevalent in primary fibroblasts.
Data are represented as the mean ± SEM from 3 independent replicates. Importantly, all
multinucleated fibroblasts regardless of time point, stained positive for senescence. Panel B)
Confocal images showing DAPI (blue) and apoptosis staining (red) in primary fibroblasts
(top image) left untreated and (bottom image) treated with bupivicaine as a positive control.
Multinucleate fibroblastic cells even with highly polymorphic nuclei did not stain positive
for apoptosis. Images shown after 3 days in culture.
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Scheme 1.
Multinucleate cell origin was followed by fluorescent cell labeling. A) Macrophages were
labeled green and fibroblasts were labeled red prior to co-culture. B) Cell fusion was
visualized as a co-localization of two different labeled fibroblast populations (red and green)
with macrophages receiving no dye (grey). Cell co-localization of red and green dyes
appears yellow. C) After 24 hours, macrophage and fibroblast cultures were labeled with
DAPI (blue) and macrophage-specific anti-CD14(red) to identify possible macrophage
contamination within the plated fibroblast population.
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