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Cellular and microenvironmental
cues that promote macrophage
fusion and foreign

body response
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Developmental and Regenerative Medicine, University of Oxford, Oxford, United Kingdom

During the foreign body response (FBR), macrophages fuse to form foreign body
giant cells (FBGCs). Modulation of FBGC formation can prevent biomaterial
degradation and loss of therapeutic efficacy. However, the microenvironmental
cues that dictate FBGC formation are poorly understood with conflicting reports.
Here, we identified molecular and cellular factors involved in driving FBGC formation
in vitro. Macrophages demonstrated distinct fusion competencies dependent on
monocyte differentiation. The transition from a proinflammatory to a reparative
microenvironment, characterised by specific cytokine and growth factor
programmes, accompanied FBGC formation. Toll-like receptor signalling licensed
the formation of FBGCs containing more than 10 nuclei but was not essential for
cell-cell fusion to occur. Moreover, the fibroblast-macrophage crosstalk influenced
FBGC development, with the fibroblast secretome inducing macrophages to secrete
more PDGF, which enhanced large FBGC formation. These findings advance our
understanding as to how a specific and timely combination of cellular and
microenvironmental factors is required for an effective FBR, with monocyte
differentiation and fibroblasts being key players.
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Introduction

Macrophages choreograph the innate immune response by detecting microenvironmental
changes, phagocytosing pathogens, releasing soluble mediators to direct cell responses, and
regulating tissue repair (1). However, a distinctive phenomenon of macrophages is their unique
ability to fuse into multinucleated giant cells (MGCs) that perform highly specialised functions
depending on their anatomical location and fusion stimulus (2). Specifically, macrophage-
derived MGCs include osteoclasts, which resorb bone and regulate bone tissue homeostasis (3),
Langhans giant cells (LGCs), which arise in response to granulomas induced by
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microorganisms like Mycobacterium tuberculosis or non-infectious
granulomatous disorders (4), and foreign body giant cells (FBGCs),
which are generated exclusively during the immune response to
implanted biomaterials (5). MGC formation results from ‘frustrated
phagocytosis’, which occurs when individual macrophages cannot
phagocytose large cell aggregates or foreign materials (6).
Consequently, MGCs release tissue-degrading molecules such as
matrix metalloproteinases (MMPs), acids and reactive oxygen species
to destroy non-phagocytosable substrates (7). Whilst MGCs provide
biological benefits to the host such as restricting the spread of
microorganisms (8), FBGC formation can hinder the therapeutic
efficacy of biomaterials (9, 10).

The presence of FBGCs is a hallmark of the foreign body
response (FBR) that distinguishes it from chronic inflammation
(11) and a critical determinant of the longevity of implanted
biomaterials. FBGCs can persist at the material-tissue interface
for the lifetime of the implant (12) where they induce severe
biomaterial degradation by creating an oxidative environment
(13). Conversely, FBGC formation also coincides with a transition
of the microenvironment to one that favours tissue repair and
extracellular matrix (ECM) remodeling (14). Macrophages actively
contribute to wound healing by synthesising collagen (15) and, in
conjunction with FBGCs, secrete growth factors that stimulate
fibroblasts to synthesise new ECM (14). However, the persistence
of FBGCs can lead to prolonged fibroblast activation and excessive
collagen deposition, thus contributing to the fibrotic encapsulation
of foreign biomaterials (16). In addition to inducing tissue repair
activities, the production of MMPs by macrophages and FBGCs
also mediates the resorption and remodelling of the deposited
fibrous tissue (17). Consequently, macrophage depletion results in
the formation of an irreversible acellular fibrotic capsule around the
biomaterial that can impede the efficacy of drug delivery systems or
biochemical monitoring sensors (18).

Macrophages and FBGCs have a demonstrable role in directing the
progression of the FBR (14, 16). It is hypothesised that modulating
macrophages and FBGC formation may control the FBR in a desirable
manner (10, 19). However, macrophage multinucleation is a dynamic
and multistage process in which a myriad of microenvironmental
factors programme macrophages to participate in fusion (4, 20).
During the FBR, these microenvironmental cues may include
inflammatory signals (e.g. anaphylatoxins, microbial products,
danger-associated molecular patterns), soluble factors (e.g. cytokines,
chemokines, growth factors), cells specific to the tissue type and
anatomical location (e.g. fibroblasts), and the implanted biomaterial.
Over the past three decades, research focused on the in vitro formation
of FBGCs (21) and the impact of biomaterial properties on specific
elements of the FBR (22, 23) has elucidated critical signalling pathways
and molecular mediators of macrophage fusion, including STAT6 (24,
25), DC-STAMP (26), and integrins (27, 28). However, the role of
microenvironmental cues on FBGC formation at the cellular and tissue
level remains largely underinvestigated. To address this, we performed
a holistic evaluation of relevant molecular and cellular interactions and
characterised their effect on FBGC formation. Building upon the
established understanding that macrophages require a permissive
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substrate and STAT6-activating cytokines to induce fusion (20), we
identified that monocyte differentiation and macrophage phenotype
were determinants of macrophage fusion competency and FBGC
formation. We also demonstrated that toll-like receptor (TLR)
activation was a driver of large FBGC formation, and fusogenic
conditions were associated with a highly inflammatory
microenvironment for the first 7 days. Over time, the fusion process
coincided with a transition of the microenvironment to one that
favoured tissue repair activities, and exogenously added growth
factors further enhanced FBGC formation. Finally, we identified
fibroblasts as key cells in mediating FBGC development, with
fibroblast-secreted soluble mediators enhancing FBGC formation
and, strikingly, macrophage-fibroblast direct contact enabling
macrophage fusion on non-permissive substrates. Understanding
major drivers of FBGC formation may identify new avenues for
targeting FBGC development to direct the FBR in a favourable manner.

Materials and methods

Isolation and culture of primary
human monocytes

Peripheral blood mononuclear cells (PBMCs) were extracted
from peripheral blood (NHS Blood & Transplant) using
Lymphoprep density gradient medium (Stemcell Technologies) in
SepMate PBMC Isolation Tubes (Stemcell Technologies) followed
by CD14" monocyte isolation with human CD14 MicroBeads
(Miltenyi Biotec). Isolated monocytes were cultured in RPMI
1640 containing 10% (v/v) FBS (Gibco) and penicillin/
streptomycin (100 U/100 pg/mL; Lonza). Monocytes were
differentiated into macrophages by supplementing media with
recombinant human macrophage-colony stimulating factor (M-
CSF) (25-100 ng/mL; PeproTech) or granulocyte macrophage-
colony stimulating factor (GM-CSF) (2.5-10 ng/mL; PeproTech).
Macrophages were cultured for up to 28 days with media
replacement every three to four days.

Inducing macrophage fusion and
FBGC formation

Polyethylene terephthalate (PET) film (0.1 mm thickness;
Goodfellow Cambridge) was sterilised in 70% (v/v) ethanol for 30
minutes followed by three washes in PBS. Sterilised PET films were
transferred to 96-well plates (Corning) and incubated under UV
light (254 nm) for 20 minutes. Monocytes (1.5x10° cells/well) were
seeded onto PET surfaces and incubated in M-CSF- or GM-CSF-
supplemented media for 72 hours, unless otherwise stated.
Thereafter, media was replaced with fresh media containing M-
CSF or GM-CSF and either IL-4 (10 ng/mL; PeproTech), IL-13 (10
ng/mL; PeproTech) or both IL-4 (5 ng/mL) and IL-13 (5 ng/mL).
Each experimental condition was repeated in triplicate and cultured
for up to 28 days with media replacement every three to four days.
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Cytology of macrophages and FBGCs

Cultures were terminated by fixing cells in 50 pL/well of ice-cold
methanol for five minutes. Macrophages and FBGCs were stained
with 50 uL/well of May-Griinwald (Sigma-Aldrich) for one minute
and washed with 200 pL/well of PBS, followed by staining with 50
pL/well of Giemsa (Sigma-Aldrich) for five minutes and washing
with deionised water twice (29). Plates were air-dried overnight
prior to imaging.

Five sampling points were imaged per well (Zeiss Axioplan) and
processed using Fiji (30). The quantitative data obtained from each
of the five images was totalled to represent the entire well. Each
experimental condition was repeated in triplicate with quantitative
data reported as average with standard deviation. Experimental
observations were confirmed with monocyte-derived macrophages
(MDMs) obtained from multiple biological donors and data for
statistical analyses and figure generation reported as average of the
means + standard error of the mean (SEM).

Multinucleated cells and FBGCs were defined as a cell that
contained >2 nuclei/cell and >4 nuclei/cell, respectively. Nuclei
counting and measurement of cell area and circularity was
performed manually using Fiji. Example images of counting
individual macrophages and FBGCs are shown in Supplementary
Figure S8. Macrophage fusion was calculated according to Equation 1.

N
Macrophage fusion (%) = Ir\Inc x 100 (1)

Nmc = Number of nuclei counted within multinucleated cells

N = Number of nuclei counted in total

Adhesion assay

Monocytes were seeded on culture surfaces as above and left to
adhere for one hour at 37°C. Cells were fixed in 4% (v/v) PFA in
PBS for 15 minutes at room temperature (RT) and stained with 1%
(w/v) toluidine blue O in 4% PFA for 10 minutes at RT. Cells were
washed thoroughly with PBS to remove excess dye followed by
rinsing with deionised water prior to imaging (Zeiss Axioplan).
Stained monocytes were lysed in 2% (w/v) sodium dodecyl sulphate
until a uniform colour was achieved. The absorbance at 590 nm was
measured using a microplate reader (BioTek Synergy HT). Each
biological donor was repeated in quadruplicate.

Enzyme-linked immunosorbent assay

Cell supernatants were analysed with ELISA kits to quantify
TNF-a, IL-1B, IL-6, IL-8, IL-10, CCL2, PDGF-BB and TGF-B1
(Human DuoSet; R&D Systems), and tenascin-C (Abcam),
according to the manufacturer’s instructions. Absorbance at 450
nm was read on a microplate reader (BioTek Synergy HT) and the
data analysed in GraphPad Prism (version 9.4.1). Each biological
donor was repeated in duplicate.
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TLR4 inhibition

TAK-242 (1 pg/mL (15); CLI-095, InvivoGen) was added to
monocytes in conjunction with IL-4 on day 3 of culture. Dimethyl
sulfoxide (DMSO) was used as solvent for TAK-242 and added to
monocytes in the control condition. Each biological donor was
repeated in triplicate.

TLR activation

Heat-killed Staphylococcus aureus (HKSA; 1x107 cells/mL;
InvivoGen) was added to monocytes during initial cell seeding.
Macrophage differentiation and fusion was induced as described
above. The experiment was terminated after 21 days of culture and
macrophages stained with Giemsa for imaging. Each biological
donor was repeated in triplicate.

FBGC and fibroblast co-culture

Human primary monocytes, obtained from at least three
biological donors, and human foreskin fibroblasts (BJ; CRL-2522,
ATCC) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (v/v) FBS and penicillin/streptomycin
(100 U/100 pg/mL). Cultures were continued for at least three
weeks, unless stated otherwise, with media replaced with fresh every
three to four days.

Indirect co-culture

Fibroblasts (9x10* cells/well) were seeded onto glass coverslips
in 24-well plates and left to adhere for 24-72 hours. Monocytes
(3x10° cells/insert) were seeded into Transwell inserts (polyethylene
terephthalate; 0.4 um pore diameter; Corning). Only media within
the inserts was supplemented with M-CSF (50 ng/mL) and IL-4 (10
ng/mL) to induce macrophage differentiation and fusion. Each
biological donor was repeated in duplicate.

Conditioned media

Monocytes (1.5x10° cells/well) were seeded onto TCPS or PET
surfaces in 96-well plates and incubated in media containing M-
CSF (50 ng/mL). Fibroblasts (2x10* cells/well) were seeded in 12-
well plates without cytokines. After 72 hours, fibroblast
supernatants were collected, diluted with an equal volume of fresh
media and added to monocyte cultures. Fibroblast-conditioned
media was also supplemented with M-CSF (50 ng/mL) and IL-4
(10 ng/mL) where indicated. Cultures were continued for 21 days
with media replacement every two to three days. Each biological
donor was repeated in triplicate.

Direct co-culture

Fibroblasts (5x10* cells/well) were seeded in 96-well plates and
left to adhere for 24 hours to form a semi-confluent layer.
Monocytes (1.5x10° cells/well) were seeded on fibroblast cultures
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or TCPS surfaces and incubated with M-CSF and IL-4 as above.
Each biological donor was repeated in triplicate.

Platelet-derived growth factor

Monocytes were seeded on PET film and incubated in a
cytokine cocktail of M-CSF and IL-4 for seven days. Recombinant
human PDGF-BB (PeproTech) was added from day 7 at increasing
concentrations (day 7: 100 pg/mL, days 10 and 14: 200 pg/mL, day
17: 400 pg/mL) to mimic an increase in PDGF secretion observed by
fusion-competent macrophages and FBGCs over time. Cultures
were terminated for image analysis after 21 days of culture. Each
biological donor was repeated in triplicate.

Statistical analysis

Statistical analyses were performed using two-way ANOVA
followed by the Sidak or Tukey multiple comparison tests or
unpaired t-tests with GraphPad Prism (version 9.4.1). P values
are reported as * p<0.05, ** p<0.01, *** p<0.005, *** p<0.001.

Results

M-CSF and GM-CSF have distinct effects
on macrophage fusion

Macrophage-colony stimulating factor (M-CSF) and granulocyte
macrophage-colony stimulating factor (GM-CSF) are hematopoietic
growth factors that induce monocyte differentiation and generate
mature, but phenotypically distinct (31) myeloid cell populations in
vitro (32, 33). M-CSF is expressed at biologically active concentrations
in the circulation under homeostatic conditions and produces mature
macrophages of a neutral, non-biased phenotype (32). Conversely,
GM-CSF is expressed during tissue damage or infection and is a driver
of tissue inflammation, polarising macrophages towards a pro-
inflammatory phenotype (33). However, GM-CSF has also been
widely used in vitro to obtain dendritic cells (34). Previous studies
have utilised either GM-CSF (24, 25, 35) or M-CSF (2, 36) to induce
monocyte differentiation prior to FBGC formation without
consideration of their potential impact on macrophage fusion. To
test whether macrophage phenotype influences FBGC formation, we
differentiated monocytes with M-CSF (M-MDM:s) or GM-CSF (GM-
MDMs) to represent macrophages within homeostatic and
inflammatory environments, respectively (32) (Figure 1), and
classified multinucleated cells containing >4 nuclei/cell as FBGCs
(21). Both M-MDMs and GM-MDMs exhibited low levels of fusion
(Supplementary Figures SIA, B), with many multinucleated cells being
not true FBGCs (Figures 2A, B). However, M-MDMs and GM-MDMs
displayed different cell morphologies (Figure 2C) wherein M-MDMs
were a mixed population of small round and elongated cells whilst
GM-MDMs possessed large and round morphologies, which indicated
alternatively-activated and pro-inflammatory phenotypes
(37), respectively.
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Interleukins IL-4 and IL-13 are vital cytokines to induce
macrophage fusion and large FBGCs in vitro (24, 25) and in vivo
(38). IL-4 and IL-13 both activate the signal transducer and
activator of transcription factor 6 (STAT6) pathway (39) that
enables macrophages to adopt a fusion-competent state (20).
Most studies utilised IL-4 to induce macrophage fusion but there
is limited evidence to indicate whether IL-4 or IL-13 have different
effects on FBGC formation. To address this gap in knowledge, we
added interleukins individually or in combination 72 hours
following monocyte seeding as per previous reports (20, 24) and
analysed FBGC formation (Figure 1). The addition of interleukins
did not significantly affect macrophage fusion by either M-MDMs
or GM-MDMs (Supplementary Figures S1A, B). However,
macrophages differentiated with 100 ng/mL of M-CSF had a
greater percentage of fusion (Figure 2A, Supplementary Figure
S1A) and number of fused macrophages in FBGCs
(Supplementary Figure S1C) following interleukin treatment,
especially when IL-4 was added, compared to M-MDMs
differentiated with lower concentrations of M-CSF. Conversely,
GM-MDMs differentiated with 5 ng/mL or 10 ng/mL of GM-CSF
exhibited a slight increase in fusion (Figure 2B, Supplementary
Figure S1B) and number of fused macrophages in FBGCs (p<0.05,
Supplementary Figure S1D) in response to IL-13 polarisation.
Whilst characteristic macrophage morphologies were observed in
most cytokine combinations, GM-MDMs polarised by IL-4
produced cell morphologies resemblant of dendritic cells
(Figure 2C) and during the 28 days of culture their cell density
significantly decreased (data not shown).

Together, these data demonstrated that M-MDMs and GM-
MDMs respond differently to IL-4 and IL-13, with M-MDM:s being
more responsive to IL-4 and GM-MDMs to IL-13. These
observations suggest that macrophage differentiation and
polarisation shape FBGC formation.

The combination of a foreign biomaterial
with IL-4 licenses FBGC formation

Despite reports of interleukins inducing large FBGC formation
on standard tissue-culture surfaces (5, 20, 24, 25), our experiments
yielded low levels (<20%) of fusion when macrophages were
cultured on tissue culture polystyrene (TCPS). To explore
whether macrophage fusion is enhanced in the presence of a
biomaterial with a known foreign body reaction, we seeded
monocytes on polyethylene terephthalate (PET) film, which has
previously induced FBGC formation in vivo (40) and in vitro (41).
Changing the culture substrate from TCPS to PET induced a
striking enhancement (p<0.005) in the fusion of M-MDMs
(Figure 3A). M-MDMs on PET also adopted large, round
morphologies that contrasted the small, elongated M-MDMs on
TCPS (Figure 3C). However, culturing GM-MDMs on PET did not
induce any statistically significant increase in macrophage fusion
compared to GM-MDMs on TCPS (Figure 3A), nor any observable
changes in cell morphologies (Figure 3D).

We next determined the combined effect of PET and
interleukins on fusion. Adding IL-4 to M-MDMs on PET
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macrophages into FBGCs in vitro and investigate the effect of molecular (A, B) and cellular (C) factors on FBGC formation. Created with

BioRender.com.

remarkably enhanced (p<0.001) macrophage fusion and the
formation of large (>10 nuclei/cell) FBGCs (Figure 3A). Large
FBGC formation was associated with reduced cell circularity
(Figure 3B) as the cell membranes became more distended during
expansion (Figure 3C). M-CSF concentration did not have a
significant impact on macrophage fusion or size of FBGCs
(Supplementary Figures S2A, S3A). However, whilst interleukins
increased the formation of FBGCs containing 4 to 10 nuclei/cell
(Supplementary Figure S3C), only macrophages differentiated with
100 ng/mL of M-CSF and polarised with IL-4 significantly increased
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(p<0.01) the formation of FBGCs with >10 nuclei/cell
(Supplementary Figure S3E).

Unlike M-MDMs, there was no significant change in the fusion
of GM-MDMs induced by the presence of PET and interleukins
(Figure 3A). Whilst, neither the GM-CSF concentration nor the
combination of interleukins significantly affected FBGC formation by
GM-MDMs (Supplementary Figures S2B, S3B, D), only GM-MDMs
differentiated with 2.5 ng/mL of GM-CSF and polarised with IL-13
produced FBGCs containing >10 nuclei/cell (Supplementary Figure
S3F). No morphological differences were observed between FBGCs
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formed by either M-MDMs or GM-MDM:s in response to IL-4 and/
or IL-13 (Supplementary Figure S2C).

These results indicate that introducing PET as a foreign
biomaterial in combination with interleukins was necessary to
induce effective FBGC formation. However, only M-CSF licensed
large FBGC formation, which indicates that the macrophage
phenotype dictates FBGC formation. The distinct effects on
fusion that we observed between macrophages adhered to TCPS
and PET also highlights the vital role of the substrate in priming
macrophages to fuse following activation of the STAT6 pathway by
IL-4 and/or IL-13.

As the culture surface influenced macrophage morphology and
fusion ability, we characterised the initial cell adhesion events
occurring when monocytes are seeded on TCPS and PET
substrates (Figures 4E, F). One hour following cell seeding, we
observed a 1.5-fold to 2.3-fold increase in monocytes adhered to
PET compared to TCPS in all experimental conditions. In previous
studies, the absence of adsorbed serum proteins on biomaterial
surfaces (42, 43) and the chelation of calcium by EDTA (44)
reduced macrophage fusion. We included similar experimental
conditions in our study to determine whether the absence of
serum proteins or calcium chelation would reduce initial
monocyte adhesion to a fusion-promoting surface. However, we
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did not observe any statistically significant differences in the extent
of monocyte adhesion to TCPS or PET (Figures 3E, F).

Given that macrophage morphology and function are known to
be influenced by materials’ mechanical and biophysical properties
(45), we compared TCPS and PET surface properties to elucidate
possible cues that may induce a circular cell shape and enhance
monocyte adhesion and subsequent macrophage fusion observed
on PET. Both TCPS and PET surfaces exhibited a similar extent of
wettability (Supplementary Figure S4A). However, TCPS was
significantly stiffer (p<0.001; Supplementary Figure S4B) whilst
PET was smoother (p<0.05; Supplementary Figure S4C) with a
different topography (Supplementary Figure S4D). The two
materials also had different surface chemistries, including the
presence of ester bonds in PET and aromatic side chains in TCPS
(Supplementary Figure S4E), which likely contributed to different
biosorption and physical properties that would alter cell
response (42).

In summary, monocytes adhered more to PET than TCPS, but
the extent of monocyte adhesion to PET reduced when serum
proteins were omitted from the culture media. However,
characterising the material surface properties revealed no
biologically relevant differences between TCPS and PET. This
indicates that the contrasting macrophage responses induced by
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of (C) M-CSF- and (D) GM-CSF-differentiated macrophages and FBGCs cultured for 28 days on TCPS or PET without or with IL-4. Cells stained with
May-Grunwald and Giemsa prior to imaging. Scale bar, 50 um. (E) Representative images of toluidine blue-stained monocytes adhered to TCPS and PET
substrates one hour after seeding in regular culture media, media without serum, and media with EDTA. Scale bar, 50 um. (F) Absorbance of toluidine
blue at 590 nm following monocyte lysis to represent the proportion of monocytes adhered to TCPS and PET substrates after one hour when cultured
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determined by two-way ANOVA with the Sidak multiple comparison test.
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TCPS and PET was likely due to serum protein adsorption as a
result of different surface chemistries.

FBGC formation is associated with a
temporal transition from inflammation to
wound healing

To elucidate the timescale on which macrophage fusion occurred
within our in vitro model, cultures were stopped at weekly intervals for
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up to four weeks. After 7 days of culture, minimal cell fusion occurred
(Figure 4A), although we observed the appearance of many large cell
clusters when macrophages were cultured on PET with IL-4
(Figure 4B). After 14 days, relatively similar levels of macrophage
fusion were recorded for macrophages cultured on PET with and
without IL-4 (Figure 4A); however, IL-4 enhanced the formation of
larger FBGCs (Supplementary Figures S5A, B). By day 21, substantial
macrophage fusion (p<0.001; Figure 4A) and large FBGC formation
(Figures 4B, Supplementary Figures S5A) was observed in response to
PET and IL-4. Continuing the FBGC cultures for up to 28 days did not
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FIGURE 4
Temporal changes in secretome during FBGC formation (A) Macrophage fusion percentage at weekly intervals when macrophages were cultured on
TCPS or PET and differentiated with M-CSF (50 ng/mL), with or without IL-4 (10 ng/mL). Data is the mean + SEM of four biological donors. (B)
Representative images of fusing macrophages and FBGCs stained with May-Grinwald and Giemsa at weekly intervals when macrophages were
cultured on PET with media containing M-CSF and IL-4. Scale bar, 100 um. (C—R) The amount of cytokines and growth factors secreted by M-CSF-
and GM-CSF-differentiated macrophages and FBGCs cultured in fusogenic and non-fusogenic conditions was determined by ELISA at weekly
intervals. Data is the mean + SEM of three (J-L) to four (C—I, M—R) biological donors. Statistical significance was determined at each time point by
two-way ANOVA with the Sidak multiple comparison test (*p<0.05, **p<0.01, ***p<0.005, ****p<0.001). ns, not significant.

further enhance fusion (Figure 4A) nor FBGC size (Figures 4B,  regulate the fusion process. M-MDMs released very low amounts of
Supplementary Figures S5A). the pro-inflammatory mediator IL-1f (Figure 4C) in all

Once we established that maximal FBGC formation occurred  experimental conditions, but had a significantly enhanced
after three weeks of culture, we characterised the secretome of  production of TNF-o and IL-6 in response to IL-4 (Figures 4E,
macrophages and FBGCs to identify soluble mediators that may  G). GM-MDMs, which were predisposed to a pro-inflammatory
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phenotype by GM-CSF, also produced these inflammatory
mediators, but in contrast to M-MDMs, the addition of IL-4
reduced the secretion of IL-1B, TNF-o. and IL-6 by GM-MDMs
(Figures 4D, F, H). As cell-cell contact is a prerequisite for fusion to
occur, we also quantified the production of IL-8 and CCL2 to
determine whether macrophage fusion was associated with an
elevated expression of pro-inflammatory chemokines involved in
cell migration. M-MDMs cultured on PET with IL-4 secreted the
greatest amount of IL-8 and CCL2 at day 7 (Figures 4I, K), which
then reduced over time. However, similar to that observed for the
pro-inflammatory cytokines, GM-MDMs produced higher
amounts of IL-8 at day 7 than M-MDMs (Figure 4]). M-MDMs
and GM-MDMs cultured on TCPS also produced greater amounts
of CCL2 than macrophages cultured in fusogenic conditions from
day 14 onwards (Figures 4K, L). These results indicate that whilst
M-MDMs cultured on PET with IL-4 exhibited an initial
inflammatory response, GM-MDMs also mediated a pro-
inflammatory environment at day 7.

We then analysed mediators involved in resolving
inflammation and mediating tissue repair to identify any
association with FBGC formation. The secretion of IL-10 and
PDGF by M-MDMs was significantly enhanced in response to IL-
4 at day 14 (Figures 4M, O), although IL-10 was only increased
when M-MDMs were cultured on TCPS. Conversely, no significant
differences in the secretion of TGF-B1 by M-MDMs and FBGCs
occurred over time (Figure 4Q). In contrast, GM-MDMs produced
very low amounts of IL-10 and PDGF regardless of experimental
conditions (Figures 4N, P) and relatively high amounts of TGF-B1
at day 14 (Figure 4R). However, IL-4 significantly reduced the
production of TGF-B1 by GM-MDMs (Figure 4R).

This analysis of the macrophage and FBGC secretomes during
fusion revealed that whilst no cytokine or growth factor was unique to
fusing macrophages, FBGC formation is associated with a specific
and controlled programme of soluble mediator production that
transitioned from pro-inflammation to wound healing. Fusion-
competent M-MDMs cultured on PET with IL-4 produced the
greatest amount of TNF-o,, IL-6, IL-8 and CCL2 compared to M-
MDMs cultured in other experimental conditions. Whilst GM-
MDMs were also associated with an early production of
inflammatory mediators, GM-MDMs failed to adopt a reparative
phenotype that was observed by M-MDMs at later time points. Over
time, macrophages undergoing fusion facilitated a microenvironment
that was conducive to wound healing with a reduced production of
pro-inflammatory mediators and substantially increased secretion of
PDGF, which coincided with the appearance of large FBGCs.

Toll-like receptor activation and signalling
play a role in the formation of large FBGCs

Under fusogenic conditions, macrophages mounted an early
innate immune response featuring a specific programme of pro-
inflammatory mediators (Figures 4C-L). Macrophages express
pattern recognition receptors (PRRs), including Toll-like
receptors (TLRs), which are activated upon recognition of
pathogens (pathogen-associated molecular patterns (PAMPs)) or
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endogenous molecules that signal cell damage (damage-associated
molecular patterns (DAMPs)) and drive the expression of pro-
inflammatory mediators (46). However, little is known about the
putative role of TLR activation in FBGC formation. To determine
the effect of TLR activation on macrophage fusion, we inhibited and
activated TLR signalling by DAMPs and PAMPs.

First, we determined the presence of a DAMP in the
microenvironment surrounding macrophages. DAMPs including
HMGBI, HSPs, S100 proteins and annexins, which are intracellular
molecules normally inaccessible to the immune system that are
released following cell necrosis or cell activation upon injury, were
reported previously to adsorb to biomaterial surfaces and activate
macrophages (47, 48). However, other DAMPs, including ECM
molecules that are specifically upregulated in response to tissue
injury, have not yet been studied in connection with FBGC
formation. Here, we quantified the production of the pro-
inflammatory ECM glycoprotein tenascin-C (TN-C), which is
transiently expressed upon tissue injury and induces cytokine
synthesis via TLR4 activation in myeloid cells (15). As expected,
pro-inflammatory GM-MDMs produced the greatest amount of
TN-C; however, culturing macrophages in fusion-permissive
conditions did not induce any statistically significant differences
in TN-C secretion (Figure 5A).

Next, we investigated whether TLR4 blockade would impair
macrophage fusion. Although TAK-242, an inhibitor of TLR4
signal transduction, did not affect total macrophage fusion
(Figure 5D) or the size of FBGCs formed on TCPS (Figure 5E),
macrophages on PET were unable to form large FBGCs (>10 nuclei/
cell) in the presence of TAK-242 (p<0.05; Figures 5B, F).

We subsequently investigated the impact of PAMP-mediated
TLR signalling on macrophage fusion by activating macrophage
TLRs with heat-inactivated Staphylococcus aureus (HKSA) (49).
The addition of HKSA to macrophage cultures only increased the
percentage of macrophage fusion when M-MDMs were cultured in
fusion-permission conditions (p<0.01; Figure 5G). Macrophages
cultured on TCPS had an increased formation of small (2-3 nuclei/
cell) multinucleated cells (p<0.05; Figure 5H) in the presence of
HKSA. Conversely, culturing macrophages on PET with HKSA
significantly increased the formation of large FBGCs (p<0.01;
Figures 5C, I).

In brief, FBGC formation was in part mediated by TLR
activation by DAMP and PAMP signals, with TLR inhibition and
activation resulting in reduced and enhanced formation of large
FBGCs, respectively.

Fibroblast co-culture enhances
FBGC formation

As both macrophages and fibroblasts are critical cells involved
in the progression of the FBR, we established a series of monocyte/
macrophage-fibroblast co-cultures (Figure 1) to determine whether
fibroblasts may contribute to FBGC formation. To assess the impact
of macrophage-fibroblast crosstalk via paracrine and autocrine
signals on FBGC formation, an indirect co-culture system was
developed by culturing fibroblasts in TCPS wells whilst
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FIGURE 5

Effect of Toll-like receptor activation and signalling on FBGC formation. (A) The amount of tenascin-C (TN-C) secreted by macrophages and FBGCs
cultured in fusogenic and non-fusogenic conditions was quantified by ELISA. Macrophages were cultured in M-CSF (50 ng/mL) or GM-CSF (5 ng/mL)
with or without IL-4 (10 ng/mL). Data is the mean + SEM of three biological donors, except for the TN-C control condition denoted with (#) which
represents one biological donor. No statistical significance was determined by two-way ANOVA with the Tukey multiple comparison test. Representative
images of May-Grunwald/Giemsa-stained M-MDMs and FBGCs cultured in fusogenic conditions in the presence and absence of (B) TLR4 inhibitor TAK-
242 and (C) TLR activator HKSA. Scale bar, 50 um. (D) Percentage of macrophage fusion on TCPS and PET in response to TLR4 inhibition. FBGC size in
response to TLR4 inhibition according to number of nuclei per FBGC when macrophages cultured on (E) TCPS or (F) PET. Data is the mean + SEM of
five biological donors. (G) Percentage of macrophage fusion on TCPS and PET in response to TLR activation by HKSA. FBGC size following TLR
activation by HKSA according to the number of nuclei/FBGC when macrophages were cultured on (H) TCPS or (I) PET. (B—1) Macrophages and FBGCs
were cultured in M-CSF (50 ng/mL) and IL-4 (10 ng/mL). Data is the mean + SEM of three (PET) and four (TCPS) biological donors. Statistical significance
was determined by two-way ANOVA with the Sidak multiple comparison test (*p<0.05, **p<0.01). ns, not significant.

monocytes were seeded on PET inserts and differentiated into  large FBGC formation in co-cultures (p<0.1, Supplementary Figures
macrophages with M-CSF (Figure 6A). Co-culturing macrophages  S6A, B; Figures 6B, C). Expansive syncytia were also observed at day
with fibroblasts did not significantly affect FBGC formation 14 wherein co-cultures contained up to 177 nuclei in one cell mass
(Figure 6B, Supplementary Figures S6A-D). However, at day 14  (Figure 6I), whereas the largest FBGC that was detected in

we observed a trend towards enhanced macrophage fusion and  monocultures contained 86 nuclei (Figure 6H).
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Supernatants from both inserts and wells were sampled to  with fibroblasts. TNF-o and IL-8 were primarily detected in insert
determine whether there was any change in the production of  supernatants (Figures 6D, E), indicating that macrophages were the
soluble mediators due to co-culturing macrophages and FBGCs  primary producers of these mediators. Interestingly, macrophages
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FIGURE 6

Effect of fibroblasts on FBGC formation in macrophage-fibroblast indirect co-cultures. (A) Schematic of indirect co-culture set-up. Fibroblasts (FB)
were seeded into wells and cultured in media without cytokine supplementation. Monocytes were seeded into PET inserts and differentiated to
macrophages (Mac) with M-CSF (50 ng/mL). IL-4 (10 ng/mL) was added to monocytes after 72 hours to induce FBGC formation. The combination of
M-CSF and IL-4 in the medium is depicted as a blue-green gradient within the insert. (B) Percentage of macrophage fusion at weekly intervals with
stacked bars showing the percentage of nuclei within FBGC containing a total of<5, 6 to 10, 11 to 20, 21 to 30 and/or >30 nuclei/cell.

(C) Representative images of May-Grinwald/Giemsa-stained macrophages and FBGCs in monocultures and indirectly co-cultured with fibroblasts at
weekly intervals. Scale bar, 50 um. (D—G) Secretion of cytokines and growth factors determined by ELISA from macrophages and FBGCs in
monoculture and indirect co-culture with fibroblasts. Supernatants were obtained from both inserts and wells. Data is the mean + SEM of three

(E), four (D, F) and five (G) biological donors. Statistical significance was determined by two-way ANOVA with the Sidak multiple comparison test
(*p<0.05, ****p<0.001). Representative images of the largest syncytium formed in (H) macrophage monocultures and (I) macrophage-fibroblast
indirect co-cultures. Macrophages/FBGCs were stained with May-Grlinwald/Giemsa and imaged after 14 days. The largest cell mass contained 86
and 177 nuclei in monoculture and co-culture, respectively. Scale bar, 50 um. ns, not significant.
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within the co-culture system had an enhanced production of IL-8 at
day 7 (p<0.001, Figure 6E) and PDGF at day 14 (p=0.082, Figure 6F)
compared to macrophages in monocultures. In contrast, TGF-B1
remained largely unchanged until day 21, when its levels raised in
co-cultures compared to macrophage monocultures (Figure 6G).
We next cultured macrophages in conditioned medium from
fibroblast monocultures to determine whether macrophage fusion
could be enhanced by fibroblast-secreted mediators. The addition of
fibroblast-conditioned medium (CM) did not significantly affect
macrophage fusion (Figure 7B); however, fibroblast-CM did
increase the formation of large FBGCs containing >10 nuclei/cell
(p<0.05; Figures 7A, C). Fibroblast-CM was also added to
macrophages cultured on TCPS and PET without IL-4 to
determine whether macrophage fusion could be initiated in the
absence of a foreign substrate and IL-4. No effect on macrophage
fusion (Supplementary Figure S7B) or FBGC size (Supplementary
Figures S7C, D) was observed by the addition of fibroblast-CM,
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FIGURE 7

Effect of fibroblast-conditioned medium and fibroblast-macrophage contact on FBGC formation. Representative images of macrophages and FBGCs
stained with May-Griinwald and Giemsa after 21 days of culture on PET in M-CSF (50 ng/mL) and IL-4 (10 ng/mL) without or with (A) fibroblast-
conditioned media (CM; diluted 1.1 with fresh media) and (D) PDGF (100 pg/mL from day 7, 200 pg/mL from day 10, 400 pg/mL from day 17). Scale
bar, 50 um. Percentage of macrophage fusion after 21 days of culture on PET in M-CSF and IL-4 with the addition of (B) conditioned media or (E)
PDGF. FBGC size according to number of nuclei per FBGC when macrophages were cultured for 21 days on PET with M-CSF and IL-4 with the
addition of (C) conditioned media and (F) PDGF. (G) Representative images of macrophages and FBGCs directly co-cultured with fibroblasts in
media containing M-CSF (50 ng/mL) and IL-4 (10 ng/mL) for 14 days. Macrophages, FBGCs and fibroblasts were stained with May-Grunwald and
Giemsa. Scale bar, 50 um. (H) Percentage of macrophage fusion and (I) FBGC size according to number of nuclei/FBGC when macrophages were
directly co-cultured with fibroblasts in medium containing M-CSF and IL-4 for 14 days. Data is the mean + SEM of three (E, F) to four (B, C, H, 1)
biological donors. No statistical significance for (B, E, H) was determined by unpaired t-tests. Statistical significance for (C, F, 1) was determined by
two-way ANOVA with the Sidak multiple comparison test (*p<0.05, ***p<0.005).
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which indicated that fibroblast soluble mediators only contribute to
enhancing FBGC formation in fusion-permissive conditions.
Fibroblast-CM also caused macrophages on TCPS to adopt an
elongated morphology, whilst macrophages on PET exhibited no
morphological changes (Supplementary Figure S7A).

As enhanced PDGF secretion coincided with the time scale
observed for large FBGC formation in mono- (Figure 40) and co-
cultures (Figure 6F), fusing macrophages were supplemented with
recombinant PDGF to determine whether PDGF facilitates
macrophage fusion. Similar to culturing macrophages in
fibroblast-CM, only the formation of large FBGCs (>10 nuclei/
cell) was significantly enhanced (p<0.005; Figures 7D, F) despite
there being a minimal difference in the total percentage of
macrophage fusion (Figure 7E).

Finally, to elucidate the contribution of direct cell-cell
interactions between macrophages and fibroblasts towards
macrophage fusion, macrophages were seeded on a fibroblast
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monolayer on TCPS and cultured in a cocktail of M-CSF and IL-4
to induce fusion (Figure 7G). Similarly, the total percentage of
macrophage fusion was relatively unaffected (Figure 7H), whilst
there was a trend towards increased large FBGC formation (>10
nuclei/cell) when macrophages were directly co-cultured with
fibroblasts (p=0.065, Figure 71).

In summary, exposing fusing macrophages to soluble mediators
produced by fibroblasts increased the formation of large FBGCs. IL-
8 and PDGF secretion was enhanced when macrophages and
FBGCs were indirectly co-cultured with fibroblasts. Supporting
our earlier observations of FBGC formation coinciding with
increased PDGF secretion, exogenous PDGF also enhanced large
FBGC formation.

Discussion

Macrophage multinucleation is a complex and dynamic process
in which manifold microenvironmental factors dictate FBGC
formation in the context of the FBR. However, the effect of
microenvironmental cues at the cellular and tissue level on FBGC
formation is poorly understood. This study investigated key factors
implicated in programming macrophage activities during the FBR

10.3389/fimmu.2024.1411872

and their effect on FBGC formation in vitro. We showed that
monocyte differentiation influenced the ability of macrophages to
adopt a fusion competent state and FBGC formation was associated
with specific and temporal microenvironmental cues. Large FBGCs
were distinctly associated with an initial inflammatory response
likely involving TLR activation that transitioned into wound healing
activities mediated by autocrine and paracrine signalling of growth
factors. We also identified a notable contribution of the fibroblast
secretome and fibroblast-macrophage cell contact in driving FBGC
formation. The microenvironmental cues that promoted FBGC
formation are multifactorial and can occur simultaneously to
drive the FBR (Figure 8).

Within 24 hours of biomaterial implantation, circulating
monocytes are recruited to the site of tissue injury (50).
Monocyte differentiation into functional mature macrophages has
been overlooked in the investigation of FBGC formation. Whilst
studies have employed either M-CSF (2, 36) or GM-CSF (24, 25, 35)
to induce monocyte differentiation prior to FBGC formation, we
identified that M-CSF and GM-CSF have distinct effects on
programming macrophages to adopt a fusion-competent state.

M-CSF induced very low levels of fusion that could not generate
true FBGCs. The addition of IL-4 and IL-13, which induce
macrophage fusion via the STAT6 pathway (20), enhanced

Foreign body (PET)

[rwwrm

Denatured serum
proteins

FIGURE 8

WGM -MDMs

Model of cellular and microenvironmental cues that dictate macrophage fusion and FBGC formation. Macrophages differentiated with M-CSF are
fusion competent and can form large FBGCs in the presence of IL-4 and a foreign body (e.g. polyethylene terephthalate (PET)), whereas GM-CSF-
mediated differentiation does not licence macrophages to form FBGCs. Fusing M-MDMs and FBGCs are associated with an early pro-inflammatory
response which transitions to tissue repair by day 14 (red and green gradients, respectively), whilst GM-MDMs maintain an inflammatory phenotype
(red gradient). Activation of TLRs by PAMPs (e.g. bacterial ligands) or DAMPs (e.g. TN-C and denatured serum proteins adsorbed to biomaterial)
allows the formation of large FBGCs. Finally, the autocrine growth factor PDGF and soluble paracrine factors secreted by fibroblasts also enhance

the formation of large FBGCs. Created with BioRender.com.
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macrophage fusion and formation of FBGCs. Notably, FBGC
development positively correlated with M-CSF concentration,
suggesting that macrophage maturation influences their fusion
competence. Accordingly, B1 integrins, which are only expressed
by mature macrophages and FBGCs, have been shown to facilitate
macrophage fusion (27). Furthermore, M-MDMs formed larger
FBGCs in response to IL-4 alone, regardless of substrate, which may
be due to IL-4 activating the STAT6 pathway through IL4Ro, more
effectively than IL-13 via IL13Ral (39).

In stark contrast, increasing concentrations of GM-CSF reduced
FBGC formation by GM-MDMs following IL-4 polarisation.
Numerous studies have used GM-CSF to differentiate MDMs
prior to FBGC formation despite GM-CSF in combination with
IL-4 inducing dendritic cell formation (51). Accordingly, our GM-
MDM cultures polarised with IL-4 displayed morphologies
characteristic of dendritic cells with cytoplasmic projections,
reduced cell density and lack of long-term (>14 days) survival
(52). As dendritic cells do not participate in cell-cell fusion, lower
GM-CSF concentrations may impair dendritic cell formation
following IL-4 polarisation, favouring monocyte differentiation
into macrophages, as we observed. In further contrast to M-CSF,
FBGC formation by GM-MDMs was more effective in response to
IL-13. The combination of GM-CSF and IL-13 may have skewed the
differentiation of monocytes into macrophages as IL-13 induces
dendritic cell formation less efficiently than IL-4 (53).

In our study, TCPS did not support effective FBGC formation
by macrophages and we sought to incorporate a model biomaterial
that invokes a strong FBR. Whilst PET is one of the most commonly
used polymers in biomedical applications (54), PET implants are
reported to induce a local foreign body reaction that can eventually
result in fibrosis (55, 56). Consequently, we utilised PET as a model
biomaterial to study FBGC formation in vitro. The PET biomaterial
further differentiated the ability of M-CSF and GM-CSF to facilitate
FBGC formation in the presence of polarising interleukins. Only M-
CSF-differentiated macrophages on PET underwent high levels of
fusion and formed large FBGCs. PET also reduced the appearance
of dendritic cell morphologies in GM-MDM cultures, possibly
inducing a monocyte activation state that favours macrophage
over dendritic cell differentiation. One reason for the discrepancy
between M-CSF and GM-CSF may be the differential expression of
fusion mediators such as dendritic cell-specific transmembrane
protein (DC-STAMP) and the M-CSF receptor (CSF-1R). GM-
CSF was reported to abolish DC-STAMP expression (26) and
cleaved the CSF-1R on macrophages (57), preventing macrophage
fusion. Together, these data reveal that GM-CSF induces a
macrophage program that impedes FBGC formation, whereas M-
CSF enables macrophages to respond effectively to fusogenic stimuli
forming large FBGCs as in vivo (40, 58).

The surface properties of TCPS and PET substrates, including
surface wettability, roughness, and substrate stiffness, were not
driving the substantial differences observed in the macrophage
response. It is possible that the chemical composition of TCPS
and PET distinctively affects serum protein adsorption that
influences macrophage fusion. The adsorption of serum proteins
to biomaterials is known to influence monocyte adhesion,
macrophage activation and FBGC formation (29, 43) as

Frontiers in Immunology

14

10.3389/fimmu.2024.1411872

denatured adsorbed proteins act as danger signals to
inflammatory cells (48). In our study, we did not observe any
statistically significant differences in the extent of monocyte
adhesion to biomaterial surfaces. However, the composition and/
or denaturation of serum proteins that adsorb to PET may induce a
stronger inflammatory response in monocytes and macrophages.
Variations in the adsorbed protein composition and/or
denaturation between TCPS and PET could be due to differences
in chemical composition of the substrates. The high prevalence and
accessibility of ester groups in PET may enable it to engage in
stronger interactions with adsorbed serum proteins (e.g. via
hydrogen bonds), increasing the likelihood of protein
denaturation. In contrast, TCPS possesses a denser arrangement
of aromatic groups that may restrict access to its polar groups,
possibly reducing its ability to interact with adsorbed proteins.

The theory that PET induces a greater inflammatory response,
likely via denatured adsorbed proteins, in monocytes and macrophages
is further supported by the cell morphologies that we observed. M-
MDMs on TCPS were relatively small with a round or elongated shape,
which indicates a neutral or alternatively-activated macrophage
phenotype (37). In contrast, M-MDMs on PET adopted large and
round, ‘pancake-like’ morphologies characteristic of pro-inflammatory
macrophages (37), which were also observed in GM-CSE-differentiated
macrophages regardless of substrate. Moreover, we did not observe
dendritic cell morphologies in response to GM-CSF and IL-4 when
monocytes were cultured on PET instead of TCPS. Preferential
macrophage differentiation when monocytes adhered to PET might
be the result of biomaterial-induced activation of the TLR pathway.
Indeed, when Xie et al. activated day 0 monocytes with
lipopolysaccharide followed by GM-CSF and IL-4, dendritic cell
differentiation was prevented (59). Our investigation of the role of
TLR signalling in FBGC formation revealed that TLR activation by
PAMP ligands increased macrophage fusion and formation of large
FBGCs. Correspondingly, inhibition of TLR4 signalling significantly
reduced the formation of large FBGCs. Whilst a deeper investigation of
the underlying molecular mechanism is required, our data suggest that
TLR signalling is a prerequisite to inducing FBGC formation on
permissive substrates such as PET and it can be activated by distinct
signals, including cell-derived DAMPs, biomaterial-associated DAMPs
(i.e. denatured, adsorbed serum proteins) and microbial ligands.

Our analysis of the temporal changes in the macrophage secretome
during fusion further elucidated the microenvironmental cues
implicated in FBGC formation. In support of our data suggesting
that PET induces an inflammatory response in macrophages, GM-
MDMs cultured on PET produced the greatest amounts of IL-1f3 and
TNEF-o. by day 7. In contrast, M-MDMs cultured on PET produced less
TNEF-a, IL-6 and IL-8, which indicates that macrophages did not adopt
a highly pro-inflammatory phenotype in response to PET alone.
However, the addition of IL-4 to M-MDMs on PET increased the
early production of TNF-o,, IL-6 and IL-8, all of which are implicated
in acute inflammatory activities. Whilst IL-4 polarisation is typically
associated with anti-inflammatory activities, IL-4 is also reported to
potentiate the macrophage response to inflammatory or pathogenic
stimuli (60). In line with this, we anticipate that TLR activation primes
macrophages towards an inflammatory phenotype that is enhanced
following IL-4 polarisation. IL-8 mediates cell recruitment and
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migration during tissue injury and the enhanced production in
fusogenic conditions at day 7 coincided with substantial cell
aggregation that was only observed in macrophages primed to fuse.
As such, the release of this chemokine may facilitate cell-cell contact
which is fundamental for fusion to occur. Cell aggregation also
facilitates the expression and distribution of B integrins by
macrophages prior to fusion. For instance, cell aggregation was
reported to change the localisation of P integrins from a diffuse
distribution in non-fusing macrophages to clustering at the cell
periphery in fusing macrophages and FBGCs (27, 61). In our study,
it is possible that chemokine-driven cell aggregation initiated a change
in integrin distribution that is reported to facilitate cell fusion and
formation of large FBGCs. Moreover, as the peripheral distribution of
integrins was also associated with increased cell spreading (61), this
coincides with the greater cytoplasmic spreading and reduced cell
circularity that we observed in large FBGCs formed in highly
fusogenic conditions.

The inflammatory microenvironment generated by macrophages
under fusogenic conditions in week one shifted towards a wound
healing microenvironment. Unlike GM-MDMs, M-MDMs secreted
IL-10 at all-time points, and at the onset of FBGC formation (day 14)
they produced the highest amount of PDGF. This suggests that GM-
MDMs failed to produce large FBGCs as GM-CSF sustained a pro-
inflammatory microenvironment that prevented the phenotypic
transition of macrophages implicated in FBGC formation (31). As
FBGC formation became prominent (day 21), PDGF secretion by
fusing M-MDMs started to decline, which may reflect FBGCs
adopting a more quiescent role as the FBR attempts to isolate the
foreign material and facilitate tissue homeostasis (50). Surprisingly,
GM-MDMs secreted greater amounts of TGF-B1 compared to M-
MDMs. At first, this was unexpected, due to TGF-B1 being a master
regulator of wound healing (62), however, TGF-B1 exerts pleiotropic
effects depending on the cell microenvironment (63). Whilst no
specific cytokine or growth factor was identified to drive
macrophage fusion, a specific and temporal programme of soluble
mediator production was associated with FBGC formation in vitro.
This observation aligns with the shift from a pro-inflammatory to
alternatively-activated macrophage phenotype that has been reported
on day 14 of the FBR in vivo (16).

Not only macrophages, but also fibroblasts play critical roles in
wound healing with macrophages regulating inflammation and
mediating the fibrotic encapsulation of biomaterials (58) and
fibroblasts synthesising and remodelling new ECM following tissue
injury (14). How fibroblasts influence FBGC formation is unclear and
co-culturing macrophages with fibroblasts has yielded conflicting
results (64-66). Using an indirect co-culture model that enabled the
exchange of soluble mediators between fusing macrophages and
fibroblasts, we observed that at day 14 macrophages in co-culture
displayed a trend towards increased FBGC formation and were capable
of forming extremely large syncytia (>100 nuclei/cell). Co-cultured
macrophages also had an increased production of IL-8 and PDGF. IL-8
may facilitate cell-cell contact prior to fusion, as discussed above, while
PDGF may facilitate the establishment of a microenvironment
conducive to FBGC formation. We also observed increased TGF-1
production at day 21 in line with the study by Pierce et al. where
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treatment of rat fibroblasts with PDGF increased TGF-f mRNA and
protein production (67). Exogenously added PDGF substantially
increased the formation of large FBGCs (>10 nuclei/cell), indicating
that PDGF secreted by macrophages may act in an autocrine manner
to drive the formation of FBGCs. Similarly, large FBGC formation was
also enhanced when macrophages were cultured in fibroblast-
conditioned medium. However, fibroblasts in monoculture produced
low amounts of PDGF, thus other soluble factors might be implicated
in driving large FBGC formation. Fibroblasts are mechanosensitive
and can become activated in response to stiff tissue-culture plasticware
(68) and produce inflammatory cytokines (69) and DAMPs such as
TN-C (70). Such inflammatory stimuli may prime macrophages to
detect a foreign substrate, enhancing FBGC formation. This is
supported by recent findings in which fibroblasts produced DAMPs
that adsorbed to biomaterials in competition with plasma proteins and
induced an inflammatory response in murine macrophages via TLR2
activation (71).

There remain a number of outstanding questions. For instance,
whilst we identified that M-CSF and GM-CSF induced different
macrophage responses that permitted and prevented FBGC
formation, respectively, it will be important to examine whether
M-CSF and GM-CSF induce different macrophage programs that
facilitate or abrogate FBGC formation. Another key question is
what specific cues are provided by PET that trigger macrophage
fusion and how. The answer may involve the extent and
composition of protein deposition to the biomaterial and
macrophage polarisation, which have been found to be closely
linked (23). To this end, it will be important to determine the
identity and origins of DAMPs that drive activation of TLRs and
examine which specific TLR(s) and downstream signalling
pathways are involved in macrophage fusion and large FBGC
formation. Moreover, it is unknown whether a temporal
activation of TLRs permits FBGC formation or if continuous
stimulation is required to signal the persistence of a foreign body
and progress the immune reaction towards the chronic FBR stage.
Finally, this is the first report that demonstrates fibroblasts can
directly influence the development of FBGCs in the FBR. Here, we
focused on distinct types of fibroblast-macrophage interactions and
their effect on FBGC formation. Future work should identify
specific mediators synthesised by fibroblasts, including DAMPs
that may enhance the initial inflammatory response of
macrophages to foreign bodies (70, 71).

In conclusion, our study highlights key microenvironmental
cues ranging from monocyte differentiation to a temporal transition
of macrophage phenotype that are implicated in the initiation and
progression of the FBR. A specific combination of stimuli programs
macrophages to adopt a fusion-competent state and indicates that
FBGC formation is a tightly controlled phenomenon. Whilst the
FBR is centred upon the presence of a foreign biomaterial, it is the
subsequent biological processes that are responsible for permitting
and driving FBGC formation in the FBR. This enhanced biological
understanding of how microenvironmental cues at the cellular and
tissue level influence FBGC formation may provide greater insight
into strategies for modulating the FBR. For instance, characterising
the biomaterial adsorption of DAMPs, targeting M-CSF signaling,
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or modulating fibroblast activities may be explored to manipulate
the FBR advantageously in the design of therapeutic biomaterials.
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