Immunobiology 224 (2019) 834-842

Contents lists available at ScienceDirect

= Immunobiology

Immunobiology

journal homepage: www.elsevier.com/locate/imbio

Factors influencing multinucleated giant cell formation in vitro

Check for
updates

z

Kevin L. Trout, Andrij Holian"

Department of Biomedical and Pharmaceutical Sciences, University of Montana, Missoula, MT, United States

ARTICLE INFO ABSTRACT

Keywords: Macrophages fuse together to form multinucleated giant cells (MGC) in granulomas associated with various
Multinucleated giant cell pathological conditions. Improved in vitro methods are required to better enable investigations of MGC biology
Macrophage and potential contribution to disease. There is a need for standardization of MGC quantification, purification of
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Mouse

MGC populations, and characterization of how cell culture variables influence MGC formation. This study ex-
amined solutions to address these needs while providing context with other current and alternative methods.
Primary mouse bone marrow-derived macrophages were treated with interleukin-4, a cytokine known to induce
fusion into MGC. This model was used to systematically assess the influence of cell stimulant timing, cell seeding
density, colony stimulating factors, and culture vessel type. Results indicated that MGC formation is greatly
impacted by alterations in certain culture variables. An assessment of previously published research showed that
these culture conditions varied widely between different laboratories, which may explain inconsistencies in the
literature. A particularly novel and unexpected observation was that MGC formation appears to be greatly in-
creased by silicone, which is a component of a chamber slide system commonly used for MGC studies. The most
successful quantification method was fluorescent staining with semi-automated morphological evaluation. The
most successful enrichment method was microfiltration. Overall, this study takes steps toward standardizing in
vitro methods, enhancing replicability, and guiding investigators attempting to culture, quantify, and enrich

MGC.

1. Introduction

Multinucleated giant cells (MGC) are homotypic macrophage syn-
cytia associated with granulomas. Occasionally, other cell types that
become multinucleated in pathological conditions are referred to as
giant cells (Trout et al., 2016); however, the focus of this study is on
multinucleated cells of monocyte/macrophage origin. These MGC are
found in some autoimmune or idiopathic conditions, but are most
commonly formed as a result of exposure to persistent foreign micro-
organisms or materials. Recent in vitro studies have led to many new
discoveries about MGC, such as their mechanism of formation (Helming
and Gordon, 2009). However, many of these studies are completed
using a range of methods with little systematic comparison or justifi-
cation.

Investigators have observed fusion of monocyte/macrophage cells
into MGC in vitro using primary cells and cell lines from a variety of
tissue sources and species. Species include human (McNally and
Anderson, 2015), mouse (Jay et al., 2010; Lemaire et al., 2011; Yagi

et al., 2007), rat (Lemaire et al., 2011), rabbit (Warfel, 1978), and pig
(Tambuyzer and Nouwen, 2005). Primary cells include bone marrow-
derived macrophages (BMdM) (Jay et al., 2010; Yagi et al., 2007),
blood monocytes (McNally and Anderson, 2015), peritoneal macro-
phages (Lemaire et al., 2011; Warfel, 1978), alveolar macrophages
(Lemaire et al., 2011; Warfel, 1978), splenic macrophages (Yagi et al.,
2007), and microglia (Tambuyzer and Nouwen, 2005). Cell lines in-
clude RAW264.7 (Jay et al., 2010), UG3 (Ikeda et al., 1998), and J774
(Lemaire et al., 2011). While it is useful to make observations using a
variety of model systems, results can be difficult to compare. Cell lines
present a unique challenge because multinucleation due to rapid divi-
sions of immortalized cells could lead to artifacts, though they may be
particularly useful for studying MGC in the context of cancer. The two
most commonly published in vitro MGC models are human monocytes
and mouse BMdM. There are certain advantages to mouse BMdM:
availability of transgenic models, replicability gained from genetic and
environmental interindividual similarity, ethical considerations, and
ability to obtain high yields of relatively pure monocyte/macrophage
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Methods analysis. Assessment of culture variables during IL-4-induced fusion of mouse BMdM into MGC. All studies used a two-part process: maturation of BM cells
using M-CSF (A), followed by fusion into MGC using IL-4 (B). Notes for specific parameters are indicated by asterisks. *Stimulating proteins were occasionally
sourced from cell line supernatants rather than recombinant proteins. **Media was changed periodically throughout culture period. ***%Fusion estimated from

BALB/c mice rather than C57Bl/6.

A. Overview and BM maturation

Laboratory # of articles Media %FBS Antibiotic M-CSF, FIt3L, Days
ng/mL ng/mL
Aderem 1 DMEM 10 Yes 50 No 4
Gordon 5 aMEM,RPMILOptiMEM 10 Yes 50* No 3-10
Keegan 2 aMEM 10 Yes 20 No 1-5
Kyriakides 6 IMDM 10-20 Yes 1.5 100 10%*
Miyamoto 6 aMEM 10 No 50 No 2-3
Morrison 2 aMEM 10 Yes 30 No 2
Park 1 DMEM 10 No 10 No 7
B. MGC formation and quantification
Laboratory Cell seeding, x10°/cm? Growth surface IL-4, CSF, Days Primary quantification MGC definition %Fusion
ng/mL ng/mL estimate
Aderem Unspecified Unspecified 50 No 6 Ploidy > 16n ploidy 8
Gordon 1.3-2.5 Permanox 100* + GM 100 1-4 %Fusion > 2 nuclei 0-64
Keegan Unspecified Glass 10 M 20 5 %Fusion > 2 nuclei 46%**
Kyriakides 2.6-5.3 Untreated PS 10 +GM 10 3-7%* %Fusion > 2 nuclei 29-77
Miyamoto 1.6 Microplate 50 + GM 50, other 2-10 MGC/well, /cm? > 3 nuclei 0.2-10
Morrison 0.15 Microplate 50 GM 50 4-8 MGC/view > 3 nuclei N/A
Park Unspecified Permanox 25 No 7 MGC number > 1 nucleus N/A

primary cell populations using simple methods.

It is common for in vitro studies involving BMdM fusion into MGC to
first use macrophage colony-stimulating factor (M-CSF) for BM cell
maturation, followed by treatment with interleukin (IL)-4 to stimulate
MGC formation. Osteoclasts have been formed in vitro using similar
methods, except that receptor activator of nuclear factor kappa-B ligand
(RANKL) is used instead of IL-4. IL-13 signaling has some overlap with
IL-4, and both cytokines each result in similar rates of MGC formation
(DeFife et al., 1997). Monocytes/macrophages have also been stimu-
lated to fuse into MGC in vitro by other means: live microbes, microbial
components, concanavalin A with/without interferon-y in older pub-
lications, genetic manipulations, and stimulating factors released from
other cells. Some researchers use co-stimulatory factors together with
IL-4, the most common of which is granulocyte-macrophage colony-
stimulating factor (GM-CSF). One laboratory group (Table 1, Kyr-
iakides) reports quite high fusion with Fms-related tyrosine kinase 3
ligand (F1t3L) when delivered together with IL-4. GM-CSF and FIt3L are
often used to generate dendritic cells with phenotypes distinct from
each other (Xu et al., 2007, p. 3) and from M-CSF-dependent macro-
phages (Akagawa et al., 1996; Lacey et al., 2012). MGC are traditionally
considered to be more macrophage-like, but some suggest dendritic
cells can also fuse (Dong et al., 2011; Oh et al., 2014; Rivollier et al.,
2004). Because these cell types have many overlapping features, more
studies are needed to examine phenotypes as they relate to MGC.

Experimental models of IL-4-induced BMdM fusion vary widely in
terms of in vitro conditions, such as media composition, stimulant
concentrations, culture timing, and cell seeding density (Table 1). An-
other important variable is the cell growth surface. These surfaces may
include untreated polystyrene (PS), tissue culture-treated PS (TCPS),
glass, various biomaterials, or various coatings. MGC formation has
been reported to be enhanced on chamber slides made from Permanox™
plastic (Helming and Gordon, 2007). Also, a culture dish coating of
particular interest is Arginine-Glycine-Aspartate (RGD) (McNally and
Anderson, 2015), which is a tripeptide sequence present in extracellular
matrix proteins (e.g.fibronectin) that can coat implanted foreign bodies
and are bound by integrins for cell attachment.

One of the most widely used MGC quantification metrics is the
percent fusion of MGC defined morphologically, usually viamicroscopy,

as containing three or more nuclei within a common cytoplasm.
Although binucleated cells could be MGC precursors, they could also
arise from cells undergoing mitosis without yet completing cytokinesis,
so binucleated cells are often excluded from MGC calculations to avoid
artifacts that may especially occur in cell line or cancer studies. A fusion
index is calculated by dividing the total number of nuclei within MGC
by the total nuclei in all cells within the field of view or sample, which
can then be converted to a percent. This normalized metric provides a
meaningful number that can be used for comparisons between multiple
studies, while other limited relative metrics (i.e.MGC number per field
of view) only allow for comparisons within a single study. The percent
fusion metric is also more objective than semi-quantitative scoring.
However, counting all the nuclei can be tedious. High content imaging
methods have recently been described (Pegoraro et al., 2014), but au-
tomated methods may require specialized equipment such as a laser
scanning cytometer and can be less accurate when it comes to distin-
guishing MGC from clumped macrophages.

Enrichment of MGC from mixed cultures would allow for more ef-
fective analysis of these cells. Cells with unique surface proteins can be
targeted by antibodies for sorting using methods such as magnetic-ac-
tivated or fluorescence-activated cell sorting (MACS or FACS). Certain
surface proteins are upregulated in MGC (e.g.dendritic cell-specific
transmembrane protein (Yagi et al., 2005)), but whether the magnitude
of upregulation is sufficient for effective sorting has not yet been de-
termined. Due to the lack of MGC-specific markers, nuclear fluores-
cence has been used with flow cytometry to distinguish MGC from
macrophages (Dutta et al., 2015; Schlesinger et al., 1984). However,
these methods may have undesired effects on subsequent in vitro assays
due to cell stress during handling and interference from stains or an-
tibodies. Manual isolation methods such as laser capture microdissec-
tion (Luttikhuizen et al., 2007) or picking with a micromanipulator
(Seitzer et al., 1997; Solari et al., 1995) are damaging to cells and are
not feasible for large scale experiments. Some investigators propose
that a short incubation with trypsin or other proteases allows mono-
nucleated cells to be removed by washing while multinucleated cells
remain (Dickson et al., 2008; Tezuka et al., 1992), but this technique
can result in low purity and artificially selects for a phenotype of cells
containing more adhesion proteins. Density gradient centrifugation is
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suggested to result in partial purification of osteoclasts (Collin-Osdoby
and Osdoby, 2012), so testing this method for MGC separation would be
valuable. Finally, a simple approach without the need for stains is to
sort based on size, which may be possible using differential cen-
trifugation (Xu et al., 2013), microfluidics, microfiltration (Milde et al.,
2015), or light scatter signals from flow cytometry.

The objective of this study was to evaluate how these various in vitro
conditions influence IL-4-induced fusion of primary mouse BMdM into
MGC, as well as improve methods for MGC quantification and enrich-
ment. Experimental variables were selected which we hypothesized
would have the greatest impact on MGC formation, including treatment
timeline, seeding density, CSF treatment, and growth surface. A quan-
tification method was developed using fluorescent staining for a semi-
automated approach to morphological evaluation using routine mi-
croscope equipment and freely available software. Finally, enrichment
methods which we expected to be most promising were tested for
sorting MGC based on size or density. Results will help guide in-
vestigators attempting to study MGC, enhance replicability, and eluci-
date factors critical to MGC formation. Furthermore, observations such
as fusion kinetics or reactions to different materials/surfaces have im-
plications in understanding granuloma formation in response to foreign
materials or biomaterials.

2. Methods
2.1. Analysis of methods in literature

Primary research involving IL-4-induced fusion of mouse BMdM
into MGC was assessed. Related published research methods were
grouped according to articles sharing a common author, as shown in
each row of Table 1. The “Laboratory” column contains the last name of
this author, which is often the senior or corresponding author on the
cited publication(s). The articles examined include: Aderem (Sissons
et al., 2012), Gordon (Helming et al., 2009, 2008; Helming and Gordon,
2007; Milde et al., 2015; Sheikh et al., 2015), Keegan (Moreno et al.,
2007; Yu et al., 2011), Kyriakides (Jay et al., 2010, 2007; MacLauchlan
et al., 2009; Moore et al., 2016, 2015; Skokos et al., 2011), Miyamoto
(Katsuyama et al., 2015; Miyamoto et al., 2012a,b; Oya et al., 2017;
Yagi et al., 2007, 2005), Morrison (Khan et al., 2016, 2013), and Park
(Binder et al., 2013). Seeding density during the MGC formation step
was calculated to a universal unit of cells/cm? where possible. The
quantification method most widely used in all MGC literature, in-
cluding in vivo studies, is %fusion of MGC defined as containing > 2
nuclei. However, some BMdM publications deviated from this standard.
Estimates of %fusion were calculated using data graphs and/or re-
presentative images from these publications where possible. Accuracy
of these estimates may vary depending on the amount of information
provided in the article.

2.2. Cell culture materials and methods

Cells were grown in a humidified, water jacketed incubator
(Thermo Fisher Scientific, Waltham, MA) at 37 °C and 5% CO,. Sterile
0.2 um filtered culture media consisted of RPMI-1640 with 10% heat-
inactivated fetal bovine serum (FBS), 25 mM HEPES, 2mM L-gluta-
mine, 1 mM sodium pyruvate, 100 L.U./mL penicillin, and 100 pg/mL
streptomycin (FBS: VWR Seradigm, Radnor, PA; all others: Corning
subsidiary Mediatech, Manassas, VA). Cells were suspended by using
0.05% trypsin with 0.53 mM EDTA in HBSS (Corning) or Accutase®
with 0.5mM EDTA in Dulbecco’s PBS (BioLegend, San Diego, CA),
followed by physical dislodging of cells as necessary using a cell scraper
or pipette action. When specified, cells were fixed by 4% paraf-
ormaldehyde in PBS for 10 min at room temperature. Treatment con-
centrations for all recombinant murine proteins was 30ng/mL, in-
cluding M-CSF (R&D Systems, Minneapolis, MN), GM-CSF (PeproTech,
Rocky Hill, NJ), and IL-4 (R&D Systems). Centrifugations of cells in
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tubes were performed at RCF,,; 300 x g for 5 min. Cytocentrifugations
of cells onto slides were performed at approximately RCF,; 250 x g for
5min. Cell counting was completed using a Beckman Coulter
(Indianapolis, IN) Z2 cell counter.

Permanox is a trademarked (Nalge Nunc International, Rochester,
NY) polymethylpentene (TPX RT18XB; Mitsui Chemicals, Tokyo,
Japan) tissue culture-treated growth surface. Permanox slides have a
silicone gasket (MDX4-4210; Dow Corning, Midland, MI) that connects
removable natural polystyrene chamber walls. Media working volumes
per chamber or vessel were as follows: 8-chamber permanox slides
(Thermo Fisher) at 0.4mL, 60x15mm permanox dishes (Thermo
Fisher) at 5 mL, 8-chamber borosilicate glass slides with non-removable
wells (Thermo Fisher) at 0.4 mL, 24-well PS or TCPS plates (Greiner
Bio-One, Monroe, NC) at 0.5mL, and T75 TCPS flasks at 20 mL.
Designated plates were coated with 5ug/cm?® RGD protein polymer
(F5022; Sigma-Aldrich, St. Louis, MO) for 30 min, then washed twice
with PBS and used immediately.

2.3. Mice

Male and female C57Bl/6 mice (Jackson Laboratories, Bar Harbor,
ME) aged 9-20 weeks were used for all experiments. Mice were housed
in microisolator cages with ad libitum access to food and water in a
specific-pathogen-free facility maintained at 22 = 2°C, 30-40% hu-
midity, and 12-h light/12 -h dark cycle. Mice were euthanized by in-
traperitoneal injection of sodium pentobarbital followed by a secondary
mechanical means of euthanasia prior to removal of rear legs for bone
marrow isolation in a tissue culture hood. Experimental protocols were
approved by the University of Montana Institutional Animal Care and
Use Committee.

2.4. Multinucleated giant cell (MGC) culture

BMdM methods were similar to those previously used in our la-
boratory (Migliaccio et al., 2008). BM was flushed from the tibiae and
femora in a sterile environment, pooled, centrifuged, resuspended in
media, and seeded at 4 x 10° cells/cm? in a T75 flask. Cells were in-
cubated at 37 °C overnight. Adherent stromal cells were discarded, and
suspended macrophage progenitor cells were collected. In culture
timeline evaluation experiments, these suspended progenitor cells were
seeded at 6 x 10° cells/cm? in Permanox slides with M-CSF until the
media was replaced with IL-4-containing media at varying time points
(Fig. 2). In other experiments after the timeline was optimized, sus-
pended progenitor cells were added to T75 flasks at 2 x 10° cells/cm?
with M-CSF for four days to mature into BMdM. Then, mature BMdM
were seeded at 9 x 10° cells/cm? (established in Fig. 3) in specified
culture vessels with IL-4 for four days.

2.5. Staining and microscopy

Cells in initial experiments (Fig. 1A, B) were stained using a method
similar to Wright-Giemsa (PROTOCOL™ Hema 3™; Fisher Scientific,
Kalamazoo, MI) by submerging slides in a methanol-based fixative for
90 s, “Solution I” for 120s, “Solution II” for 30s, and water for 90s.
Cells in remaining experiments were stained with HCS NuclearMask
Blue followed by CellMask Orange Plasma Membrane according to
manufacturer (Thermo Fisher) recommendations. When necessary,
FluorSave™ (Calbiochem, MilliporeSigma, Burlington, MA) medium
was used to mount coverslips on slides. Images for MGC quantification
were collected using a routine transmitted light and epifluorescent Zeiss
Axioskop upright microscope with AxioCamMR3 camera (Carl Zeiss,
Jena, Germany) at 200x magnification with DAPI and TRITC filters. At
least five random, independent (non-overlapping) images were ac-
quired per sample chamber. Fluorescent images used to illustrate dif-
ferences among staining methods (Fig. 1C, D) were collected using an
Olympus FluoView FV1000 IX81 confocal microscope.
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Fig. 1. Quantification method. Comparison of staining
methods for morphological quantification of MGC.
Brightfield images show cells stained with Hema 3, a
method similar to Wright-Giemsa. Pseudo-color fluor-
escent images show cells stained with NuclearMask
(green) and a second channel consisting of either dif-
ferential interference contrast (DIC) or CellMask
Plasma Membrane stain. (A) Example of lower-quality
staining with adherent cells. (B) Example of higher-
quality staining with cytocentrifuged cells. (C)
NuclearMask + DIC. (D) NuclearMask + CellMask.
Scale bars 20 ym.

2.6. Quantification

MGC were defined morphologically as containing three or more
nuclei within a common cytoplasm. The number of MGC nuclei were
manually counted, while the total nuclei were counted by an automated
method developed in the freely available, open-source ImageJ v1.51-
1.52 software (https://imagej.nih.gov/ij/index.html) as shown in
Video S1. The number of nuclei within MGC was divided by total nuclei
within all cells to calculate a fusion index for each image field. Fusion
indices of all image fields within a sample were combined into a mean,
then multiplied by 100 to be expressed as percent fusion.

2.7. Enrichment

Cultures of mature mouse BMdM treated with IL-4, as described
above, contain a mixture of MGC and macrophages. Separation of this
cell mixture into purified populations was attempted using three en-
richment methods. First, the mixed cell suspension was layered on
sterile isotonic Percoll™ colloid (GE Healthcare, Uppsala, Sweden) di-
luted with cell culture medium to densities of 1.02, 1.05, and 1.08 g/mL
to form a discontinuous gradient. The gradient was centrifuged at
RCF,yg 400 x g for 30 min in a swinging bucket rotor with slow accel-
eration/deceleration. Fractions were collected with a sterile Pasteur
pipette at gradient interfaces for staining and analysis. Second, the
mixture of cells was stained with NuclearMask for measuring nuclear
fluorescence, forward scatter (FSC), and side scatter (SSC) with an
Attune NXT flow cytometer (Thermo Fisher). Third, the mixture of cells
was suspended in 2 mL media, transferred onto a pre-rinsed cell strainer
(PluriStrainer by PluriSelect; Leipzig, Germany), and washed twice with
4 mL/wash into a tube. Then, the strainer was inverted and washed
twice with 4 mL/wash into a new tube. The first tube contained cells
that were small enough to pass through the sieve, while the other tube

contained larger cells that were blocked by the sieve. The number of
MGC relative to macrophages in each tube was assessed for various cell
strainer sizes.

2.8. Statistics

Graphs display mean and standard error for n=3 independent re-
plicate mice in each condition. M-CSF groups in culture timing ex-
periments were analyzed by linear regression to assist interpretation of
MGC formation over time (Fig. 2). Effects of CSF on IL-4-induced fusion
was assessed by one-way ANOVA (Fig. 4). Fusion data from cell seeding
density (Fig. 3) and culture vessel (Fig. 5) experiments included some
sample groups with a normal underlying distribution and some groups
with a nonsymmetric, bimodal distribution due to the large number of
zero values. This was confirmed by Shapiro-Wilk tests. This violates
assumptions of normality required by parametric methods and violates
assumptions that all sample distributions are approximately the same
form required by the nonparametric Kruskal-Wallis test. Therefore, a
one-sample sign-test with one-sided alternative was selected to de-
termine whether % fusion of each group was significantly different
from zero. The Holm-Bonferroni correction was applied to p-values to
counteract increased type I error due to multiple comparisons. All
analysis was completed in R v3.4.0 statistical software. Statistical sig-
nificance was defined as a probability of type I error occurring at less
than 5%.

3. Results
3.1. Analysis of methods in literature

Primary literature was systematically assessed to determine which
culture variables may have the most potential to influence IL-4-induced
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Fig. 2. Culture timing effects on MGC formation. Time-course examining fusion
kinetics of immature and mature BMdM. BM on Permanox slides were treated
with M-CSF for x days until media was replaced with IL-4-containing media.
Then, groups of cells were fixed daily for 6 days to be analyzed for % fusion.
Regression lines with y-intercepts set to zero had slopes of 1.8, 1.2, 0.6, 1.8, 1.5,
and 1.4 corresponding to groups x = 1, 2, 3, 4, 5, and 6 (regression not dis-
played on graphs). Higher slopes reflect fast and consistent increases in % fu-
sion.

fusion of mouse BMdM into MGC (Table 1). Most studies used BM from
C57Bl/6 mice ranging in age from 4 (Keegan) to 30 weeks (Gordon).
Mouse sex, BM growth surface, and seeding density during the BM
maturation step were rarely reported. Methods for elimination of
stromal cells widely varied or were not reported. Determining corre-
lations between culture variables and effects on fusion was difficult
because the methods were so widely varied. However, this literature
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Fig. 3. Cell seeding density effects on MGC formation. BMdM were added to
Permanox slides at the specified seeding density and treated with IL-4. After
four days, cells were analyzed for % fusion. Samples with % fusion significantly

greater than zero by one-sample sign-test are shown as *p < 0.05 and
**p < 0.01.
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Fig. 4. Colony stimulating factor effects on MGC formation. BMdM were added
to Permanox slides at 9 x 10° cells/cm? and treated with IL-4 alone or in
combination with M-CSF or GM-CSF. After four days, cells were analyzed for %
fusion. No significant effects were observed by one-way ANOVA at p < 0.05
level.
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Fig. 5. Culture vessel effects on MGC formation. BMdM were added to the
specified culture vessels at 9 x 10° cells/cm? and treated with IL-4. After four
days, cells were analyzed for % fusion. (A) Culture vessels included Permanox
chamber slides, glass, untreated polystyrene (PS), tissue culture-treated PS
(TCPS), and RGD-treated PS or TCPS. The Permanox slides are manufactured
with chambers attached viasilicone gasket, which was hypothesized to be
causing increased MGC formation. (B) Therefore, fusion was compared for cells
on Permanox dishes without gaskets, Permanox slides containing gaskets, PS
wells without gaskets, and PS wells containing gasket pieces cut from the slides.
Samples with % fusion significantly greater than zero by one-sample sign-test
are shown as *p < 0.05 and **p < 0.01.
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synthesis demonstrates the importance of investigating these variables
because results show a very broad range of % fusion outcomes.

3.2. Quantification method

Non-standard MGC quantification methods in the literature create
challenges when attempting to compare and evaluate results. The
normalized and most objective metric is the percent fusion of macro-
phages into MGC, which are defined morphologically as containing
three or more nuclei within a common cytoplasm. These cells are ty-
pically visualized using brightfield microscopy with traditional histo-
logical stains, but manually counting nuclei to calculate %fusion is te-
dious and impractical for larger scale studies. Faster, more automated
analysis methods are possible by segmenting, or partitioning, images
into regions representing nuclei and cell borders. However, segmenta-
tion of these images was challenging due to inconsistencies in staining
quality (Fig. 1A, B) that often resulted in poor contrast and unclear
distinctions between nuclei, cytoplasm, and cell borders. Also, MGC
cytoplasm tended to stain darker than macrophage cytoplasm, which
obscured MGC nuclei during counting.

In an attempt to improve image segmentation based on nuclei, a
fluorescent nuclear stain was used together with differential inter-
ference contrast (DIC; Fig. 1C). This method allowed for automated
counting of nuclei, but cell borders in the DIC channel were unclear in
regions where other cells were within close proximity. Therefore, a
plasma membrane stain was added to improve visualization of cell
outlines and more accurately determine whether a particular nucleus
was within a macrophage or MGC (Fig. 1D). The resulting images were
well-suited for semi-automated analysis with freely available software
(ImageJ) to calculate % fusion. Furthermore, this stain combination is
compatible with routine fluorescent microscopes, which promoted
simple, rapid acquisition of images in subsequent experiments.

3.3. Culture timing

Primary mouse bone marrow cells treated with macrophage colony-
stimulating factor (M-CSF) mature into bone marrow-derived macro-
phages (BMdM), which then fuse into MGC when treated with inter-
leukin-4 (IL-4). An evaluation of studies using this in vitro model shows
that various permutations of culture conditions can have a range of
effects on BMdM fusion outcomes (Table 1). In order to make a more
systematic assessment of these variables, we first compared cell sti-
mulation timelines to determine kinetics of MGC formation and effects
of BMdM maturity on percent fusion.

As expected, BM cells that received M-CSF for only one day (x = 1)
were immature compared to cells in extended cultures. The average
total number of nuclei per image field on the first day after IL-4
treatment was 157 for the x = 1 group, while all other groups were
286 * 19 (standard error). Although the total number of nuclei in this
group remained consistent throughout all IL-4 treatment durations
(range 132 to 157), the rates of fusion were highly variable (Fig. 2,
x = 1). This suggests MGC death, detachment, or splitting may have
been occurring. Many of these MGC had a morphology that was dif-
ferent from those generated from mature BMdM in vitro or the MGC that
are typically observed in vivo. They appeared in localized regions of the
culture and often consisted of vast cytoplasm containing clustered areas
of packed nuclei.

More consistent MGC results were observed with mature BMdM
(Fig. 2). In all cases, at least two days with IL-4 was required for high
levels of MGC. A relatively early timepoint with consistently high fusion
(M-CSF for 4d, then IL-4 for 4d) was selected for subsequent experi-
ments. The shorter culture period allows for more rapid sequential
experiments while still having sufficient number of MGC and avoiding
unexpected effects on primary cell condition when they are maintained
in culture for extended periods of time.
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3.4. Cell seeding density

The next in vitro variable examined was mouse BMdM seeding
density prior to IL-4-induced fusion into MGC. High cell density re-
sulted in high fusion, which peaked at 9 x 10° cells/cm? (Fig. 3). Fu-
sion was reduced in the highest seeding density, 12 x 10° cells/cm?.
This culture contained overlapping/clumping cells. Likely, MGC for-
mation was reduced due to the number of cells exceeding available
space for attachment to the growth surface. Therefore, the seeding
density with consistently high fusion, 9 x 10° cells/cm?, was used for
subsequent experiments.

3.5. Colony stimulating factors

As in previous experiments, BM cells were differentiated M-CSF.
Then, the BMdM were treated with IL-4 alone or in combination with
M-CSF or GM-CSF to examine the potential influence on fusion into
MGC. Results show that neither CSF significantly alters IL-4-induced
fusion (Fig. 4).

3.6. Culture vessel

The final in vitro variable examined was the influence of common
culture vessels on MGC formation. IL-4-induced fusion was highest on
Permanox chamber slides (Fig. 5A). MGC were observed in small
numbers on all other surfaces: glass, untreated polystyrene (PS) plates,
tissue culture-treated PS (TCPS) plates, and RGD-treated PS or TCPS.

Next, we investigated whether increased MGC formation on
Permanox slides was a result of the plastic surface (polymethylpentene)
or another component of the chamber slide system, particularly the
silicone gasket used by the manufacturer to attach the media chamber
to the slide base. Cells cultured on intact Permanox slides containing
gaskets were compared to cells on round 60 x 15 mm Permanox dishes
that did not contain gaskets. As an additional control, cells grown in PS
wells were compared to cells in PS wells containing pieces of gasket that
were cut from disassembled Permanox chamber slides.

In both cases, significant MGC formation was only observed in the
presence of the silicone gasket (Fig. 5B). Similar results were observed
in the presence of an alternative piece of silicone (ring gasket from a
cryogenic vial; data not shown). This shows that presence of silicone in
the culture has a greater influence on MGC formation than the growth
surface itself.

3.7. Enrichment

Exploratory experiments were completed to enrich MGC from mixed
macrophage-MGC cultures. A pre-formed, discontinuous density cen-
trifugation did not provide distinct separation between macrophages
and MGC. This indicates that the buoyant densities of these cells are
similar, likely as a result of similar ratios of nuclei to cytoplasm. The
similar ratios suggest that cytoplasm is conserved during macrophage
fusion. More extensive studies are needed to further test this hypothesis,
such as continuous density gradients and live cell imaging.

When cell nuclei were fluorescently stained for analysis by flow
cytometry, the cells could be distinguished into groups of mono-
nucleated macrophages, binucleated macrophages, and MGC. However,
the stain may interfere with experiments requiring cells to be cultured
after sorting, so forward scatter (FSC) and side scatter (SSC) parameters
were considered as a potential stain-free method of discrimination.
MGC tended toward slightly higher FSC and SSC than macrophages, but
the overlap in the populations would prevent sufficient separation of
highly pure MGC without losing many cells (Fig. S1).

The best enrichment was achieved using microfiltration. Sieve mesh
sizes 10, 15, 20, 30, and 35 um were tested. The enriched population
from the 20 um size had the highest average purity (number of MGC
divided by total cells), which was over 20-fold purer than the average
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filtrate population. Enrichment efficiency would likely be further in-
creased by protocol optimization (i.e.adjusting filter washing proce-
dures) or by using microfiltration in combination with another pur-
ification method. This simple approach would be useful for future
studies, allowing MGC populations to be compared with macrophage
control groups derived from the same source culture while avoiding
potential interference from cell stains or cell stress due to extensive
handling.

4. Discussion

This study shows IL-4-induced fusion into MGC in vitro is greatly
impacted by alterations in certain culture conditions. This was de-
monstrated by systematic assessment of cell stimulant timing, cell
seeding density, colony stimulating factors, and culture vessel type. A
particularly novel discovery is that MGC formation appears to be
greatly increased by silicone. MGC culture methods vary widely be-
tween different research laboratories, creating challenges when criti-
cally comparing results in the literature. Another challenge for re-
searchers attempting to study MGC is the ability to obtain relatively
pure populations of these cells together with appropriate macrophage
control populations. Solutions to this enrichment problem were ex-
plored, with microfiltration emerging as a successful method. Finally,
this study was enabled by our improved quantification methods, which
provided the means for accurate and efficient analysis of MGC forma-
tion.

Morphological analysis to calculate %fusion using brightfield mi-
croscopy and traditional histological stains was less suitable for large
scale studies, varied in accuracy with stain quality, and became more
subjective when cells are densely packed together. Image segmentation
was facilitated by using fluorescent nuclear and cell membrane stains,
which was more conducive to automation. Quantification could be
completed using routine laboratory microscopes and freely available
image analysis software, such as ImageJ or CellProfiler. This stain
combination would be adaptable to high-throughput automation as
necessary. When attempting to distinguish MGC from clumped macro-
phages, a stain specific for plasma membranes was more effective than
stains that diffuse throughout the entire cell. The CellMask plasma
membrane stain usually yielded well-defined cell outlines but is not
compatible with experiments requiring permeabilization. Alternatives
may include lipid, cholesterol, protein, or other novel membrane stains
(Wang et al., 2015).

BMdM cell maturity and culture density were important variables
affecting fusion. IL-4 treatment of more mature BMdM (at least four
days with M-CSF) resulted in more consistent MGC formation than
immature BMdM. High cell seeding densities resulted in high % fusion,
which is in agreement with previous results by Moreno et al (Moreno
et al.,, 2007) and follows logically with the idea that cells are more
likely to fuse when less migration is required to reach proximity. These
culture parameters were used for subsequent experiments. No sig-
nificant difference in fusion was observed when mature BMdM were
treated with IL-4 + M-CSF versusIL-4 + GM-CSF, which has also been
shown by Yagi et al (Yagi et al., 2007). To our knowledge, our report is
the first to compare fusion of mature BMdM treated with IL-4-only
versusCSF co-treatment. No differences were observed, likely because
BM were already sufficiently differentiated and cultured at a density
optimal for MGC formation. If IL-4 was added to immature BM at a
lower culture density, we would hypothesize CSF co-treatment to in-
crease fusion as an indirect side effect of CSF-stimulated proliferation
and differentiation.

IL-4-induced fusion of BMdM grown on Permanox slides was over
twice as high compared to other culture dishes, including: PS, TCPS,
glass, and RGD-modified polystyrene. This was expected based on
previous studies with mouse thioglycolate-elicited peritoneal macro-
phages (Faust et al.,, 2017; Helming and Gordon, 2007). However,
previous reports have not included control experiments to determine
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which component of the Permanox slide system causes increased fusion.
Surprisingly, we found that this occurred due to the presence of a sili-
cone gasket that attaches the media chamber to the slide, rather than
the Permanox surface itself. Future studies are needed to determine
how cellular events related to macrophage fusion are impacted by si-
licone. It is possible that culture medium composition or surface
properties are altered as a result of adsorption, leachables, or release of
by-products from manufacturing or degradation. Clinically, MGC are
commonly found surrounding breast implants and in other silicone
granulomas (Institute of Medicine, 1999). Understanding these me-
chanisms are important because of the variety of implantable silicone
medical devices with prolonged tissue contact, including those with
applications in ophthalmology, otology, cardiology, gastroenterology,
orthopedics, and aesthetics.

Many of the culture variables found to be important during fusion of
BMdM would likely influence other in vitro MGC models as well. For
example, we hypothesize that treatment timing and seeding density
would also affect fusion in human blood monocyte cultures, which is
another frequently published MGC model. Other variables such as CSF
treatment effects may differ, as these monocytes are often supple-
mented with autologous serum instead of additional M-CSF stimulation
(McNally and Anderson, 2015). It would be valuable to repeat methods
used in this study with other cell models, particularly the experiments
examining effects of silicone on MGC formation. Additionally, other
future investigations should compare phenotype and function of MGC
from various monocyte/macrophage sources, including MGC that have
formed in vivo. Standardization of in vitro methods will facilitate these
comparisons. However, isolating large quantities of MGC for ex vivo
experiments remains challenging, and different methods used to induce
MGC formation in vivo may result in diverse phenotypes.

Overall, this study demonstrates macrophage fusion is influenced by
many experimental variables, which need to be considered to improve
in vitro study replicability within a laboratory or between different la-
boratories. It is important for authors to provide detailed methods in
publications, such as culture vessel type and cell seeding density.
Including an IL-4-only positive control is helpful for interlaboratory
comparisons, reduction of false negatives, and troubleshooting when %
fusion is outside the typical range. Although we have assessed many
major factors affecting MGC formation, there are other possible vari-
ables that could be influential. Some examples include hormone
variability between serum lots, serum source (Vignery et al., 1990),
stimulating factor source, endotoxin levels (Katsuyama et al., 2015),
microbial contamination (Gharun et al.,, 2017), and interindividual
differences among organisms used for primary cell collection. This
study provides a step toward standardization of major parameters in-
fluencing macrophage fusion, and we hope it will serve as a guide for
new investigators attempting to culture, quantify, and enrich MGC.
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