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Abstract

Macrophage behavior upon biomaterial implantation conditions the inflammatory
response and subsequent tissue repair. The hypothesis behind this work was that
fibrinogen (Fg) and magnesium (Mg) biomaterials, used in combination (FgMg) could
act synergistically to modulate macrophage activation, promoting a pro-regenerative
phenotype. Materials were characterized by scanning electron microscopy, Fg and Mg
degradation products were quantified by atomic absorption spectroscopy and ELISA.
Whole blood immune cells and primary human monocyte-derived macrophages were
exposed to the biomaterials extracts in unstimulated (MO) or pro-inflammatory LPS or
LPS-IFNy (M1) conditions. Macrophage phenotype was evaluated by flow cytometry,
cytokines secreted by whole blood cells and macrophages were measured by ELISA,
and signaling pathways were probed by Western blotting. The secretomes of
macrophages preconditioned with biomaterials extracts were incubated with human
mesenchymal stem/stromal cells (MSC) and their effect on osteogenic differentiation
was evaluated via Alkaline Phosphatase (ALP) activity and alizarin red staining.
Scaffolds of Fg, alone or in the FgMg combination, presented similar 3D porous
architectures. Extracts from FgMg materials reduced LPS-induced TNF-a secretion by
innate immune cells, and macrophage M1 polarization upon LPS-IFNy stimulation,
resulting in lower cell surface CD86 expression, lower NFkB p65 phosphorylation and
reduced TNF-a secretion. Moreover, while biomaterial extracts per se did not enhance
MSC osteogenic differentiation, macrophage secretome, particularly from cells
exposed to FgMg extracts, increased MSC ALP activity and alizarin red staining,
compared with extracts alone. These findings suggest that the combination of Fg and
Mg synergistically influences macrophage pro-inflammatory activation and crosstalk

with MSC.
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Statement of significance

Modulating macrophage phenotype by degradable and bioactive biomaterials is an
increasingly explored strategy to promote tissue repair/regeneration. Fibrinogen (Fg)
and magnesium (Mg)-based materials have been explored in this context. Previous
work from our group showed that monocytes interact with fibrinogen adsorbed onto
chitosan surfaces through TLR4 and that fibrinogen scaffolds promote in vivo bone
regeneration. Also, magnesium ions have been reported to modulate macrophage pro-
inflammatory M1 stimulation and to promote bone repair. Here we report, for the first
time, the combination of Fg and Mg materials, hypothesizing that it could act
synergistically on macrophages, directing them towards a pro-regenerative phenotype.
As a first step towards proving/disproving our hypothesis we used extracts obtained
from Fg, Mg and FgMg multilayer constructs. We observed that FgMg extracts led to a
reduction in the polarization of macrophages towards a pro-inflammatory phenotype.
Also, the secretome of macrophages exposed to extracts of the combination material

promoted the expression of osteogenic markers by MSCs.



1. Introduction

Inflammation is necessary for adequate and complete bone healing upon injury, but
exacerbated inflammation underlies most musculoskeletal diseases [1]. While fracture-
related injury elicits a beneficial acute inflammatory response, chronic inflammation

impairs bone health and repair [1].

Thus, biomaterials capable of modulating the inflammatory response have been
increasingly explored to promote tissue repair/regeneration [2].
Monocytes/macrophages are a central cell population in biomaterials response,
conditioning inflammatory and regenerative processes, by transitioning between pro-
(M1) and anti-inflammatory (M2) phenotypes [3]. Polarizing macrophages towards an
M2 phenotype is a strategy that impacts on recruitment of Mesenchymal Stem/Stromal

Cells (MSC) via paracrine factors [4, 5], leading to their osteogenic differentiation [4, 5].

Fibrinogen (Fg) is a protein with essential roles in coagulation, wound healing and
inflammation. Its healing properties are well known and are the basis for wide use of
fibrin glue [6]. On the other hand, its pro-inflammatory impact has been described in
several diseases, like Alzheimer’s, Stroke, or Rheumatoid Arthritis [7]. Previous work
from our group showed that Fg adsorbed to chitosan interacts with monocytes through
TLR4 [8], enhances the production of osteogenic factors by macrophages [9], and MSC
recruitment by natural killer (NK) cells [10]. In addition, in a femoral bone defect model,
Fg adsorbed to chitosan [11] or as pure Fg scaffolds [12] modulated local and systemic
response to injury, both at 6 days (end of acute inflammation) and 8 weeks

(repair/remodeling stage) post-injury, improving bone repair [12].

On the other hand, Magnesium (Mg) alloys are promising biomaterials for orthopedic
applications, due to their mechanical properties similar to human bone, degradability
and the physiological role of Mg in bone [13]. However, the use of Mg alloys is limited
by their fast degradation rate, which leads to the release of high amounts of metallic

ions, substantial pH increase and generation of hydrogen gas, all with adverse tissue
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effects. This destabilizes the bone-implant interface and hinders healing [13, 14].
Interestingly, at low concentration Mg degradation products may have beneficial effects
in modulating the immune response, and promoting MSC proliferation and osteogenic
differentiation [15, 16]. To tailor Mg biomaterials degradation rate and biocompatibility,
alloying elements and subsequent thermal or mechanical treatment have been
explored [17, 18]. Also, combining Mg biomaterials with degradable polymers could be
an attractive option, to gain greater control over biodegradability and promotion of fully

functional remodeled bone tissue [14, 18].

Herein, we hypothesize that the combination of Fg and Mg into the same biomaterial
can act synergistically to modulate macrophage activation and their crosstalk with
MSC. To test this hypothesis, pure fibrinogen scaffold (denoted as “Fg”), Mg discs
(“Mg”) and multilayer constructs combining Fg and Mg (“FgMg”) were prepared.
Instead of seeding cells directly on these biomaterials we have used their extracts. The
potential of Fg, Mg and FgMg extracts to modulate the phenotype of macrophages, and
the impact of their secretome on MSC differentiation were evaluated. Results show, for
the first time, that FgMg material extracts were capable of reducing M1 polarization in
primary macrophages, leading them to produce a secretome that promoted MSC

osteogenic differentiation.

2. Materials and Methods
2.1. Biomaterial formulations

21.1. Fg scaffolds: Fg 3D scaffolds (12 mm diameter x 9 mm thickness)
(Supplementary Fig.1) were prepared by freeze-drying, as previously described [12].
Briefly, a solution of Fg 60 mg/mL (from human plasma, Grifols S.A., Barcelona, Spain)
was prepared from an 80 mg/mL Fg stock solution, in water, and cast into 48-well

plates (1000 ulL/well), frozen overnight (o0.n.) at -20 °C, and freeze-dried for 48 h, at -80
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°C. Resulting scaffolds were chemically crosslinked o.n. with N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, E1769, Sigma-Aldrich
Co., St Louis, MO, USA) at 8.8 mM, prepared in ethanol, as described [19]. Then,
scaffolds were removed from the plate, neutralized and disinfected, through
impregnation under vacuum in a gradient of ethanol solutions (99.9%, 70%, 50% and

25%), followed by three washes in cell culture media.

2.1.2. Mg discs: Pure Mg ingots (Mg; 99.95%) were prepared by permanent mould
gravity casting at Helmholtz Zentrum Geesthacht (Geesthacht, Germany). After
extrusion, 10 mm diameter x 1.5 mm thickness discs were cut from rods, as described
in [20]. The discs (Supplementary Fig.1) were cleaned by sonication for 20 min in n-
hexane (Merck, Darmstadt, Germany), for 20 min in acetone (Merck, Darmstadt,
Germany) and for 3 min in 100% ethanol. Lasily, specimens were sterilized in 70%
ethanol (20 min with sonication) and dried under sterile conditions [20]. Degradation
rate of the current batch of Mg discs (Mg pure 16614) was determined prior to in
vitrotests. The degradation rate, 0.32 mm/year, was measured in media
supplemented with FBS, during 7 days immersion, and under cell culture conditions (37

°C, 21% 02, 5% CO2, 95% RH), as previously described in [21].

2.1.3. Fg scaffolds combined with Mg discs (multilayer constructs): a solution of Fg
60 mg/mL (from human plasma, Grifols S.A., Barcelona, Spain) prepared as above
was cast into 48-well plates (500 plL/well) and frozen o.n. at -20 °C. Mg discs were
cleaned as above, cooled (-20°C), and placed on top of the Fg layer. Then, another
layer of Fg (500 uL) was added on top of the Mg disc. Resulting multilayer constructs
(Supplementary Fig.1) (a total of three layers (Fg-Mg-Fg), with combined 12 mm
diameter x 10,5 mm thickness (each Fg layer with 4,5 mm thickness and Mg disc with
1,5 mm thickness)) were frozen, freeze-dried and then chemically crosslinked and

processed as described above for Fg scaffolds.
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2.2 Scanning electron microscopy (SEM) and energy dispersive spectroscopy

(EDS) characterization

Microstructure/surface morphology of Fg alone or in the FgMg combination was
analysed by SEM/EDS using a high resolution (Schottky) environmental EM with X-ray
microanalysis and electron backscattered diffraction analysis (Quanta 400 FEG ESEM
/ EDAX Genesis X4M). Cross-sections of approximately 1 mm thickness were cut and
mounted with carbon tape. Samples were coated with a gold (Au)/ palladium (Pd) thin
film, by sputtering for 80 sec with 15 mA current, to provide conductivity, using the SPI
module sputter coater equipment [12]. EDS coupled to SEM was used for elemental

analysis.

2.3. Extracts preparation and characterization

Extracts were prepared according to EN ISO standards 10993:5 (ISO 10993-5:2009)
and 10993:12 (ISO 10993-12:2012), using 0.1 g material/mL extraction medium for Fg
and 0.2 g material/mL extraction medium for Mg and FgMg. After sterilization, samples
were incubated in extraction media (Roswell Park Memorial Institute (RPMI) 1640
media with L-glutamine, Corning, Manassas, USA), supplemented with 10% fetal
bovine serum (FBS) (Biowest, Riverside, MO, USA) for 72 h at 37 °C with 120 rpm
agitation. pH measurements were performed using an ArgusX pH Meter (Sentron
Europe BV, Roden, the Netherlands) for pure Fg, Mg, and FgMg extracts, and RPMI
cell culture media, as control. Mg content on elutes (mg/L) was measured via atomic
absorption spectroscopy (AAS; Agilent 240 AA, Waldbronn, Germany). An external
calibration was performed for quantification, which uses Mg reference solution to cover
the targeted analyte range (element-specific detections at absorbance 285.2 nm).
Air/Acetylene flame type together with pre-read delay time of 3 seconds and a read
time of three seconds with three replicates were used. Fg degradation product D-dimer

was quantified by enzyme-linked immunosorbent assay (ELISA), using RayBio®
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Human D-Dimer ELISA Kit (RayBiotech, Norcross, GA, USA), according to
manufacturer’s instructions. A calibration curve using standards was used to quantify
the relative amount of D-Dimer in each sample. Before being used for cell culture
experiments, pure extracts were diluted (1:10) in fresh RPMI 1640 media, complete
with L-glutamine (Corning, Manassas, USA), and supplemented with 10% fetal bovine
serum (FBS, Biowest, Riverside, MO, USA), using methods adapted from [15], and pH

measurements upon extracts dilution were performed as above.

2.4. Ethics statement

All obtained human samples and procedures were performed in agreement with the
principles of the Declaration of Helsinki. Monocytes were isolated from surplus buffy
coats (BC) from healthy blood donors, kindly donated by Servico de
Imunohemoterapia, Centro Hospitalar Universitario de Sdo Jodo (CHUSJ), Porto.
Human mesenchymal stem/stromal celis (MSC) were obtained from healthy human
bone marrow from patients undergoing knee ligament surgery, kindly donated by
Servico de Ortopedia, CHUSJ, Porto. All experimental protocols were conducted
following the approval and recommendations of the CHUSJ Ethics Committee for
Health (references 90/19 and 260/11). Buffy coats and bone marrow samples were

provided anonymized and patient identification was not provided to researchers.

2.5. Whole blood innate immune stimulation

Buffy coats from peripheral blood of healthy blood donors were cultured for 24h (200 pl
per well) with Fg, Mg and FgMg extracts (diluted 1:10, as described in 2.3), in presence
or absence of 10 ng/mL LPS, Escherichia coli 055:B5 (Sigma-Aldrich Co., St Louis,
MO, USA), following protocols adapted from [22]. After incubation, the bloods were

centrifuged for 2 min, 10000 g, RT (Heraeus™ Fresco™ 21 Microcentrifuge,
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ThermoFisher Scientific, Waltham, MA, USA) and supernatants were collected. The
effect on Human tumor necrosis factor o (TNF-a), secretion was investigated by ELISA

(ELISA Max™ Deluxe, BioLegend, San Diego, CA, USA) according to manufacturer's

instructions [12].

2.6. Primary human monocyte isolation and macrophage differentiation

Human monocytes were isolated from peripheral blood of healthy blood donors by
negative selection, using methods described in [8]. Briefly, BC were centrifuged at
room temperature (RT) for 20 min at 1200 g (Eppendort Centrifuge 5810R, VWR
International LLC, Radnor, PA, USA), without active acceleration or brake, for blood
components separation. Peripheral blood mononuclear cells (PBMC) were collected
and incubated with RosetteSep™ Human Monocyte Enrichment Cocktail (StemCell
Technologies, Vancouver, Canada) at RT for 20 min under gentle mixing. The mixture
was then diluted at a 1:1 ratio with 2% heat inactivated FBS (Biowest, Riverside, MO,
USA) in PBS, gently layered over Histopaque-1077 (Sigma-Aldrich Co., St Louis, MO,
USA) and centrifuged as previous. The enriched monocyte layer was collected and
washed three times with PBS by centrifugation at 17 min, 700 rpm, RT (Eppendorf

Centrifuge 5810R, VWR International LLC, Radnor, PA, USA).

For macrophage differentiation, 0,5 x 10° monocytes were seeded on glass coverslips
in 24-well plates, and cultured for 7 days in RPMI 1640 media with L-glutamine

(Corning, Manassas, VA, USA) supplemented with 10% heat-inactivated FBS (Biowest,

Riverside, MO, USA), 100 U mL—1 penicillin and 100 pg/mL_1 streptomycin (P/S, both
from Invitrogen, Carlsbad, CA, USA), in the presence of 50 ng/mL of recombinant
human macrophage colony-stimulating factor (rh M-CSF, ImmunoTools, Friesoythe,
Germany). After 7 days, cell culture media was replaced and M-CSF was removed. At

day 10, media was replaced and monocytes/macrophages were stimulated with 10
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ng/mL LPS, (as above) and 50 ng/mL IFNy (ImmunoTools, Friesoythe, Germany), for
M1, in presence or absence of Fg, Mg and FgMg extracts (diluted 1:10, as described in
2.3), for 72h. Supernatants were collected under sterile conditions at day 13,
centrifuged at 13,000 rpm, 5 min, 4 °C (Eppendorf Centrifuge 5810R, VWR
International LLC, Radnor, PA, USA), to remove any cellular debris, and stored at -20
°C until further analysis, or used to prepare conditioned media for MSC cultures.
Macrophages were then incubated with PBS-50 mM ethylenediaminetetraacetic acid
(EDTA, VWR International LLC, Radnor, PA, USA) during 15 min at 4 °C and gently
harvested for further experiments. The complete experimental procedure is described

in Fig. 1.

2.7. Macrophage polarization evaluation by flow cytometry

Macrophages collected at day 13, were washed, resuspended in FACS buffer (PBS,
2% FBS, 0.01% sodium azide (Sigma-Aldrich Co., St Louis, MO, USA) and stained
with specific fluorochrome-conjugated antibodies, in the dark, for 30 min at 4 °C.
Macrophages were incubated with the following antibodies: anti-human CD14-APC
(clone MEM-18), CDG@6-FITC (clone BU63) (all from ImmunoTools, Friesoythe,
Germany) and CD163-PE (clone GHI/61) (BD Biosciences, San Jose, CA, USA).
Isotype-matched antibodies were used as negative controls, to define background
staining. After additional washes, 10,000 cells, gated according to forward and side
scatter parameters, were acquired using a BD FACSCanto II™ flow cytometer (Becton
Dickinson) using FACSDiva™ software (both from BD Biosciences, San Jose, CA,
USA). Data were analysed using FlowJo software (BD Biosciences, San Jose, CA,
USA, version 10) and the percentage of CD14, CD86 and CD163 positive cells was

calculated by subtracting the corresponding isotype control.
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2.8. Western blot analysis

Macrophages were treated with Fg, Mg and FgMg biomaterial extracts (diluted 1:10, as
described in 2.3) in the presence/absence of M1 stimulation (as above), for 30 min.
Using methods described in [8], cells were harvested and washed twice with cold PBS,
before cell lysis with RIPA buffer (1% NP-40 (Sigma-Aldrich Co., St Louis, MO, USA),
150 mM NaCl (VWR International LLC, Radnor, PA, USA), 50 mM Tris-HCI (pH 7.5)
(Sigma-Aldrich Co., St Louis, MO, USA), 2 mM EDTA (VWR International LLC, Radnor,
PA, USA)) supplemented with a mixture of phosphatase and protease inhibitors (10
pag/mL NaF (VWR International LLC, Radnor, PA, USA), 20 ug/mL NazVO, 10 pg/mL
PMSF, 10 yg/mL aprotinin, 10 ug/mL leupeptin and 50 yg/mL Na,P,0; (all from Sigma-
Aldrich Co., St Louis, MO, USA)) for 30 min, on ice, with frequent shaking. Lysates
were collected, centrifuged at 14,000 rpm, 10 min, 4°C (Eppendorf Centrifuge 5810R,
VWR International LLC, Radnor, PA, USA), and supernatants were recovered and
stored at -80 °C until protein quantification using DC protein assay kit (Bio-Rad
Laboratories, Irvine, CA, USA). The same amount of protein per sample (30 pg/lane)
was resolved by SDS-PAGE in reducing conditions using 10% polyacrylamide gels,
and transferred to nitroceliulose membranes (GE Healthcare, Chicago, IL, USA).
Membranes were blocked in a solution of 5% bovine serum albumin (BSA, VWR
International LLC, Radnor, PA, USA) in Tris-buffered saline (TBS)-Tween 0.1%, and
then probed o.n. at 4 °C, using the following primary antibodies: phospho-p38 MAPK
(dilution 1:1000; cat. no.4511); phospho-p44/42 MAPK (Erk1/2) (dilution 1:2000; cat.
no.4370); phospho-SAPK/JNK (dilution 1:1000; cat. no.4668); phospho-NF-kB p65
(dilution 1:1000; cat. n0.3033), glyceraldehyde 3-phosphate dehydrogenase (GAPDH -
used as protein loading control; dilution 1:1000; cat. no.5174) (all from Cell Signalling
Technology, Danvers, MA, USA). The secondary antibody used for signal detection
was horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin (IgG)

(dilution 1:2000; cat. no.7074, Cell Signalling Technology, Danvers, MA, USA). Blots
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were visualized using a chemiluminescent substrate ECL Prime (GE Healthcare,
Chicago, IL, USA) and exposure to X-ray films [8]. The films were scanned in a
Molecular Imager GS-800 calibrated densitometer (Bio-Rad Laboratories, Irvine, CA,
USA), and quantitative results were obtained using Image Lab (Bio-Rad Laboratories,
Irvine, CA, USA, version 6.0.1), normalizing the values of each sample with the values

of GAPDH.

2.9. Macrophage cytokine secretion profile by ELISA

The relative concentration of different cytokines was quantified (pg/mL) in macrophage
culture supernatants from 72h stimulation, using commercially available ELISA Kits.
Human tumor necrosis factor a (TNF-a), interleukin (IL) -6, IL-1B, IL-12p70 and IL-10
(ELISA Max™ Deluxe, BioLegend, San Diego, CA, USA) [12], and human transforming
growth factor B1 (TGF-p1) (DuoSet® ELISA development system, R&D systems,
Minneapolis, Minnesota, USA) [23] ELISA were performed according to manufacturer's

instructions.

2.10. Primary human mesenchymal stem/stromal cells isolation, culture and

osteogenic diiferentiation

Primary human MSC were isolated from bone marrow by density gradient
centrifugation followed by selection of adherent cells, and characterization according to
the international stem cell society criteria, as previously described [10]. Bone marrow
was collected from patients undergoing orthopaedic surgery. After lymphoprep gradient
centrifugation at 1100 g, 30 min, 20°C, without brake (Eppendorf Centrifuge 5810R,
VWR International LLC, Radnor, PA, USA), cells were collected and plated in MSC
growth medium (Dulbecco's modified Eagle’s medium (DMEM) supplemented with 10%

FBS Gibco MSC qualified (Fisher Scientific, Hampton, New Hampshire, USA) and 1%
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P/S) [10]. For MSC culture and maintenance, cells were seeded in 175 cm? tissue
culture flasks (Falcon, Corning, Manassas, USA) with Dulbecco's modified Eagle’s
medium (DMEM,; low-glucose with glutamax Corning, Manassas, USA) supplemented
with 10% FBS Gibco MSC qualified (Fisher Scientific, Hampton, New Hampshire, USA)
and 1% P/S. Media was changed twice a week. Cells were passaged at 80%
confluence by washing with warm PBS and detaching cells by using Gibco trypsin-
EDTA 0.05% (Fisher Scientific, Hampton, New Hampshire, USA) for 5 min at 37 °C.
The viable cells were counted using trypan blue (Sigma-Aldrich Co., St Louis, MO,
USA) exclusion dye and seeded at a density of 3000 cells/cm? in 175 cm? tissue culture

flasks (Falcon, Corning, Manassas, USA).

For osteogenic differentiation assays MSC were used at passage 7 and a total of 6000
cells’em? were seeded on 96-well plates and incubated at 37 °C in DMEM
supplemented with 10% FBS and 1% P/S. After reaching confluence, media was
changed for: (i) negative control (basal media: DMEM (with 10% FBS and 1% P/S); (ii)
positive control (osteogenic media: DMEM with 10% FBS (Biowest, Riverside, MO,
USA), 1% P/S, 100 mM dexamethasone (Sigma-Aldrich Co., St Louis, MO, USA), 0.05
mM ascorbic acid (Sigma-Aldrich Co., St Louis, MO, USA) and 10 mM -
glycerophosphate (Sigma-Aldrich Co., St Louis, MO, USA)); (iii) biomaterials extracts
controls (Fg, Mg and FgMg extracts diluted 1:10, as described in 2.3, and then diluted
1:2 in basal media to have similar conditions as for conditioned media); and (iv)
conditioned media from day 13 macrophages preconditioned with biomaterials extracts
in presence/absence of M1 stimulation (as described in 2.6), diluted in basal media 1:2.
For each condition, two replicates were made for colorimetric evaluation of ALP activity
and calcium deposition (alizarin red staining). Media was changed twice a week

maintaining the respective stimulation, until day 14.

2.11. ALP and Alizarin Red staining
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Before ALP staining at day 14, MSC were washed twice with PBS and fixed with 4%
paraformaldehyde (Sigma-Aldrich Co., St Louis, MO, USA). Then, fixed MSC were
incubated with ALP substrate, composed by 4% naphtol AS-MX phosphate alkaline
solution in Fast Violet B solution (both from Sigma-Aldrich Co., St Louis, MO, USA) for
45 min at RT [24]. Calcium deposition was assessed by staining fixed MSC with
Alizarin Red S (AZ) (Sigma-Aldrich Co., St Louis, MO, USA) for 10 min at room
temperature [24]. Samples were washed twice in PBS at 4 °C and kept in water until
being photographed under a stereomicroscope (Olympus SZX10, Shinjuku, Tokyo,
Japan). The acquired images were analysed using an algorithm developed in MATLAB
(Mathworks, Natick, MA, USA, version R2017b) to quantify ALP and AZ staining, as
previously described [25]. In detail, ALP and AZ intensities were quantified after
thresholding colour images on the total area of each well (ALP: red > 0.1; red > 0.9 x

green; green< 0.92 x blue; AZ: red > 1.4 x green; red > 1.3 x blue).

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism software (San Diego, CA,
USA, version 7). Data were tested for normality using D’Agostino & Pearson normality
test. To compare multiple groups Friedman’s or Kruskal-Wallis tests were performed,
followed by Dunn’s multiple comparisons test for non-parametric data, while for
parametric data ANOVA followed by Sidak’s multiple comparisons test were used, as
specified in figure legends. Data are represented as arithmetic mean + standard
deviation (SD) from at least three independent experiments. Error bars on box-and-
whiskers plots indicate the minimum and maximum values obtained in the analysis.

Statistical significance was considered for *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

3. Results

15



Journal Pre-proof

3.1. Fg scaffolds and their combination with Mg discs: 3D architecture and

extract composition

Fg scaffolds were produced by freeze-drying, as described before [12], and combined
with Mg discs. First, we analyzed the morphology of the Fg layer (Fig. 2). The SEM
analysis revealed that the interconnected porous structure of Fg was largely
maintained in the FgMg materials (Fig. 2A). As expected, EDS analysis showed the
presence of detectable amounts of Mg in the Fg layer, only when analysing the FgMg

combination (Fig. 2B).

Next, material extracts were produced and their Mg and Fg composition was evaluated.
AAS was used to measure Mg concentration, and results (Fig. 2C) showed, as
expected, that extracts from Fg materials had only residual Mg content, and
significantly less than those from Mg and FgMg materials, which contained an average
of 122.8£10.11 and 205.8+30.05 mg/L of Mg, respectively. The presence of Fg
degradation products was measured using the D-Dimer quantification kit. Extracts from
Fg materials had slightly higher levels of D-dimer than those from FgMg materials, and
both had significantly more D-dimer than the residual amounts detected in Mg
materials extracts (Fig. 2D). The pH of the extract solutions was also determined and
was higher in the extracts of Mg-containing biomaterials when compared with Fg-only
ones, Fg (8.29 = 0.02), Mg (9.80 + 0.11) and FgMg (9.94 + 0.02), and with RPMI cell
culture media (7.81 = 0.09). Upon 1:10 dilution, the pH of all extracts was in the

physiologic range, 7.93 + 0.15 for Fg, 8.31 £ 0.04 for Mg and 8.32 + 0.02 for FgMg.

Overall, these results indicated that the presence of Mg discs still allows the formation
of a porous 3D structure characteristic of Fg, but Mg is released and found in the Fg
layer of combination materials. Concentrations of degradation products for Mg and Fg
were not statistically different between the single material extract and the extract of the

combination.
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3.2. FgMg biomaterial extracts decreased LPS-stimulated TNF-a secretion

To evaluate the activation of innate immune cells and the potential for biomaterial
extracts to act as immune-modulators, we first analyzed the impact of Fg, Mg and
FgMg extracts, alone or upon endotoxin (i.e. LPS) stimulation, on concentrated whole
blood, containing all peripheral blood immune cell populations. Results illustrated in
Fig. 3 show that, none of the biomaterial extracts per se led to TNF-a secretion. As
expected, secretion levels of TNF-a were significantly up-regulated in blood samples
stimulated with LPS, comparing to non-stimulated samples. All extracts have shown
the capacity to reduce TNF-a secretion levels, in response to LPS stimulation, but only
extracts from the FgMg combination led to significantly less TNF-a secretion, when

compared to the LPS stimulated control.

3.3. FgMg biomaterial extracts impaired macrophage M1 polarization

As macrophages play a central role in biomaterials response, next we sought to
investigate in more detail whether macrophage polarization could be modulated by the
degradation products from Fg, Mg or FgMg biomaterials. Macrophages were exposed
to the materials extracts and either left unstimulated, or stimulated towards M1 pro-
inflammatory phenotype, by the addition of LPS and IFNy. Cell surface markers
associated to M1 (CD86) and M2 phenotypes (CD163) were analyzed in relation to the
lineage marker CD14, at day 13. Dot plots illustrating macrophage phenotype in the
different conditions are presented in Fig. 4A. When the percentage of positive cells for
each marker was quantified across different donors, high percentages of CD14 positive
cells were found, as expected. M1 stimulation increased the percentage of CD14 cells,
particularly when combined with the presence of FgMg extracts, leading that increase
to be statistically significant, compared to the respective MO control (Fig. 4B). The

biomaterial extracts per se did not increased CD86 cell surface expression, as all MO
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conditions show similar and low percentages of CD86 positive cells. M1 stimulation,
with LPS-IFNy, increased the percentage of cells expressing CD86 in control (CTRL)
culture conditions and in the presence of extracts of Fg and Mg materials separately.
Interestingly, in presence of extracts from the FgMg combination biomaterial, the
percentage of CD86 positive cells was no longer significantly different from MO
unstimulated conditions (Fig. 4C). As expected, the percentage of cells expressing
CD163 (M2 marker) decreased when cells were stimulated towards M1 polarization
and results showed that the presence of the different biomaterial extracts did not have
a significant impact on CD163 expression (Fig. 4D). The decrease in CD86 levels in
M1 stimulated macrophages exposed to FgMg extracts suggests that this combination

impairs M1 polarization.

3.4. FgMg biomaterial extracts decreased NF-kB p65 phosphorylation, following

M1 stimulation

To uncover the mechanism by which the FgMg extract could be impairing the M1
activation of macrophages, the MAPK signalling pathways (JNK, ERK and p38) and
NF-kB p65 phosphorylation, known to be stimulated in monocytes/macrophages in
response to M1 stimulation [8, 26-28], were probed by Western blotting. Results
depicted in Fig. 5 highlighted that biomaterial extracts per se did not induce activation
of MAPK pathways or NF-kB p65 phosphorylation. As expected, activation of all MAPK
pathways occurred in response to M1 stimulation. When results were quantified across
different donors, we could observe a tendency for FgMg extracts to increase ERK and
decrease p38 phosphorylation levels in the presence of M1 stimulation, albeit this
observation was not statistically significant. Interestingly, the presence of materials
extracts reduced phosphorylation levels of NF-kB p65, activated in response to M1
stimulation, reaching statistical significance for the FgMg combination extract. In
conclusion, results showed that FgMg extracts lead to the downregulation of NF-kB
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p65 phosphorylation, suggesting that this combination may have an impact over the

inflammatory signaling pathways.

3.5. Fg, Mg and FgMg biomaterials extracts influenced cytokine secretion by M1

stimulated macrophages

Cytokines are important players in the inflammatory response to biomaterials and
important regulators of its progression and resolution [29]. To explore the functional
consequences of Fg, Mg and FgMg extracts on MO and M1-stimulated macrophages,
cytokine secretion profiles were assessed. Results presented in Fig. 6 show that
biomaterial extracts per se had no significant impact on the secretion levels of TNF-a,
IL-6, IL-1B, IL-12 p70, IL-10 or TGF-B1. As expected, in control conditions secretion
levels of TNF-a, IL-6, IL-1B, IL-12p70 and IL-10 were up-regulated in M1 stimulated
macrophages, comparing to their MO counterparts. Interestingly, material extracts
impacted cytokine secretion levels in response to M1 stimulation. While all material
extracts reduced TNF-a secretion levels upon M1 stimulation, with loss of the
statistically significant increase between MO and M1 in presence of Fg and FgMg
extracts, IL-6 secretion was only impacted by Mg material extract. Moreover, Fg
extracts impaired the increased IL-1p secretion in response to LPS-IFNy stimulation,
compared to the respective MO, and showed significantly lower secretion, when
compared with M1 in CTRL conditions. Secretion levels of IL-12p70 were not
significantly increased by M1 stimulation when macrophages were in presence of Mg
and FgMg extracts. Materials extracts did not impact the increased IL-10 secretion
upon M1 stimulation, when compared with respective MO macrophages. In addition,
FgMg extracts significantly increased macrophage TGF-p1 secretion in response to M1
stimulation, when compared to their MO counterparts. Overall, Fg, Mg and FgMg

extracts led to decreased secretion of specific cytokines by M1-stimulated
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macrophages which might point towards distinct immunomodulatory effect upon

different cytokines.

3.6. Secretome from macrophages preconditioned with FgMg biomaterial

extracts increased MSC ALP activity and calcium deposition

Next we wanted to evaluate the impact of the observed macrophage
immunomodulation by the biomaterials extracts, on their crosstalk with MSC. So, the
secretome produced by macrophages preconditioned with biomaterials extracts in the
presence/absence of M1 stimulation, was used for promoting MSC osteogenic
differentiation in the absence of osteoinductive stimulation (ascorbic acid, pB-
glycerophosphate and dexamethasone). MSC cultured in presence of Fg, Mg and
FgMg extracts were used as controls, for the potential direct effect of biomaterials
extracts on osteogenesis. Osteogenesis in presence of chemical inductors was used
as positive control. ALP activity staining was performed at day 14, as an indicator of
early osteogenesis. Results illustrated in Fig. 7A show the quantification of ALP-stained
areas across the different experiments. In general, secretome from M1 stimulated
macrophages promoted higher ALP activity than those of MO macrophages, although
the differences were not statistically significant. Interestingly, the secretome of
macrophages exposed to FgMg extracts promoted the highest ALP activity, with that of
MO macrophages, inducing significantly higher ALP activity than the one from CTRL
MO macrophages, or from MO exposed to Fg material extracts. When macrophage
secretomes were compared to the biomaterial extracts per se, the secretome of MO
macrophages exposed to Mg extracts induced significantly higher ALP activity than Mg
extracts, and secretomes of macrophages (MO and M1) exposed to FgMg extracts

induced higher ALP activity than FgMg extract.

Moreover, the effect of macrophages secretome on mineral deposition was analysed

by alizarin red staining. Results presented in Fig. 7B show that, similarly to ALP
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activity, materials extracts per se did not increase calcium deposition significantly, while
more alizarin red staining could be observed in MSC stimulated by the secretome of
macrophages. In general, macrophage exposure to biomaterials extracts led to
secretomes that induced significant increases in alizarin red staining in MSC cultures,
when compared to those exposed to extracts alone. Albeit, MSC cultured with
secretome of MO macrophages not exposed to any extract led to a significant increase

in the alizarin red staining, compared to their M1 counterparts.

To determine the contribution of the materials degradation products, contained in
macrophage secretome, for ALP activity and mineral depaosition the concentration of
Mg ions and Fg degradation product, D-dimer, in conditioned media was evaluated.
The results obtained are presented in Fig. 8, and show similar Mg concentrations in the
conditioned media of macrophages exposed to all extracts and control conditions, while
Fg degradation product D-dimer was more concentrated in conditioned media from
macrophages exposed to Fg and FgMg biocmaterials. Together, these results indicated
that the macrophage secretion products induced ALP activity and mineral deposition on
MSC, while direct exposure to biomaterial degradation products did not have the same

impact.

4. Discussion

Macrophages are key players in the inflammatory response to injury and to biomaterial

implantation [2], and their modulation is an increasingly sought-after strategy [2, 30].

Development and clinical application of Mg-based materials is impaired by Mg
unpredictable corrosion in aqueous environments, hydrogen gas formation and pH
alkalization during degradation [17, 18, 31]. Mg combination with polymers, may
improve Mg corrosion resistance [32], and Fg regenerative properties, render it an

attractive interface for Mg-based materials and host tissue. Thus, in this study Fg and
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Mg were combined for the first time to make FgMg. The rational underlying this
biomaterial combination was that Fg and Mg could act synergistically to modulate
macrophage polarization and promote a pro-regenerative microenvironment. Herein,
the Mg disc was surrounded by an upper and a lower Fg layer, aiming to provide a
protective coating to Mg. The presence of Mg material did not alter the Fg layer
porosity, which was similar to that previously reported for Fg scaffolds [12]. In the
current work in vitro degradation rates of Fg, Mg and FgMg were indirectly evaluated,
via the concentration of Mg®* and D-dimer (Fg degradation product) in their extracts. Fg
scaffolds were previously reported to be more susceptible to in vitro hydrolysis, than
proteolysis [12]. For Mg-based biomaterials, correlations between in vivo and in vitro
degradation rates are reported to be better achieved when biomaterials are immersed
in cell culture media under physiological conditions (37 °C, 21% 02, 5% CO2, 95%
RH) [33]. Importantly, comparison between in vitro and in vivo degradation rates is not
straightforward. Degradation rates determined in vitro allow only to infer a potential in
vivo degradation pattern [34]. Protein adsorption upon biomaterial implantation, is
known to condition the host inflammatory response and interactions with immune cells
[35]. Fg is one of the most studied proteins for adsorption to biomaterials [36], being
able to interact with other proteins. The Fg layer in FgMg is expected to facilitate

interaction with host proteins and cells.

The current study used biomaterial extracts to evaluate the immunomodulatory impact
of Fg, Mg and FgMg degradation products, particularly on primary human
macrophages. This approach has been previously reported to evaluate the impact of
Mg-based materials on different cell populations [15, 20, 37, 38], including on THP1-
derived macrophages [39], but not primary human macrophages. Here, biomaterial
extracts were diluted 10-fold, achieving a physiological pH, in agreement with previous
recommendation on improving conditions for in vitro testing Mg-based materials [31,

40].
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Stimulation of immune cells in buffy coats from peripheral blood of healthy blood
donors was evaluated based on TNF-a secretion, as TNF-a is reported to be secreted
in response to endotoxins, like LPS, in a concentration dependent-manner [22]. The
biomaterial extracts per se did not promote TNF-a secretion, supporting low endotoxin
content. When cells were stimulated with LPS, TNF-a secretion was impaired by the
presence of biomaterials extracts, particularly for FgMg. These results were further

supported by the cytokine profile observed herein for macrophages.

Depending on microenvironmental cues, macrophages can polarize towards a range of
phenotypes, from pro-inflammatory M1 to anti-inflammatory M2 [3]. The classical pro-
inflammatory LPS-IFNy M1 stimulation [41] was performed for 72h, which leads to full
cell maturation [16]. Cell surface expression of M1 marker (CD86) showed that extracts
from FgMg combination materials impaired macrophage M1 polarization, more
efficiently than those from Fg or Mg separately. None of the extracts promoted
increased the M2 macrophage marker CD163, suggesting a reduction of M1
polarization, but that is not accompanied by increased M2 phenotype. Previous work
using RAW 264.7-derived macrophages on Mg-treated titanium materials showed that
release of Mg?* led to decreased pro-inflammatory markers (CD86), but the authors
report also increased anti-inflammatory molecules, (CD163 and CD206), in non-

stimulated or LPS-stimulated conditions [42, 43].

Moreover, Mg ions from materials containing Mg [42, 43], their extracts [39] or Mg salts
(MgSO,4) [44-46], have also been associated with decreased pro-inflammatory
cytokines production, including TNF-a and IL-6. Similarly, we observed a tendency for

Mg-containing biomaterials extracts, to reduce IL-6 and IL-12p70 secretion levels.

In line with results presented here, previous work from our group showed that Fg
adsorbed to chitosan reduced macrophage activation and pro-inflammatory cytokine
secretion, stimulating release of pro-osteogenic and angiogenic factors [9]. Conversely,

soluble Fg has been reported to stimulate macrophages towards a pro-inflammatory
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profile [47], and increase pro-inflammatory cytokines secretion by human monocytes
[48], and mouse macrophages [47]. Interestingly, here macrophage response to Fg-
biomaterials extracts was closer to the one observed for adsorbed Fg, rather than for
its soluble form. Of the anti-inflammatory cytokines tested, IL-10 has been described as
a M2 cytokine [49-51]. Nevertheless, in this work and previous ones [52-54], M1
polarized macrophages were shown as important IL-10 producers, which has been
suggested as a regulatory mechanism [55]. Additionally, FgMg extracts promoted an
increased TGF-B1 secretion, upon M1 stimulation. However, the role of this cytokine in

regulating macrophages responses remains incompletely established [56].

Macrophage polarization depends on activation of signaling pathways involving MAPK
and NF-kB, downstream of LPS-mediated TLR4 engagement [28, 57, 58]. Our previous
work indicated that adsorbed Fg induced MAPK phosphorylation, and that LPS induced
a phosphorylation peak 30 min upon stimulation [8]. However, herein Fg-biomaterial
extracts did not promote JNK, ERK and p38 phosphorylation, or modify
phosphorylation levels upon M1 stimulation. Although soluble Fg was reported to
increased monocyte NF-kB p65 activity [48], we did not find Fg extract-mediated NF-kB
p65 phosphorylation. Also, Mg**supplementation (Mg salts), has been shown to reduce
NF-kB activation, with subsequent reduction of pro-inflammatory cytokine secretion,
upon LPS stimulation with or without IFNy, in RAW 264.7 cell line [46] and cord blood
monocytes [44]. Among NF-kB family members, p65 is typically involved in
inflammatory response, with increased phosphorylation of NF-kB p65 being associated
to the pathogenesis of several chronic inflammatory diseases [59]. NF-kB inhibition
studies have shown that p65 silencing reduced secretion of pro-inflammatory
mediators, like IL-6 [60]. The current work showed that FgMg combination extracts
inhibit M1-stimulated NF-kB p65 to a greater extent than those of individual materials,

indicating a synergistic impact of Fg and Mg on macrophages.
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To address the functional implication of exposure to the biomaterials extracts on
macrophages, their crosstalk with MSC was probed. MSC can be isolated from several
sources, including bone marrow, adipose tissue, peripheral blood, placenta or umbilical
cord blood. However, the amount of MSC obtained, their proliferation and
differentiation capacity differ [61]. Herein, MSC were isolated from bone marrow, the
most widely used source, due to their involvement in the bone repair
microenvironment. Macrophages are reported to influence MSC osteogenic
differentiation, through cytokine secretion [4, 62-64]. ALP activity was used as a marker
for osteogenesis differentiation, as this enzyme activity is transiently increased when
MSC commit to the osteogenic lineage, peaking at 14 days of differentiation [65]. While
some studies highlight the role of pro-inflammatory M1 macrophages [62, 63] in
stimulating MSC osteogenic differentiation, others attribute this role to anti-
inflammatory M2 macrophages [4, 64]. In the current study, macrophage exposure to
biomaterial extracts had a greater impact than M1 polarization in their secretome
promoting MSC ALP activity and mineral deposition. Interestingly, gene expression
analysis at day 7 was not in agreement with ALP activity and alizarin red staining at
day 14, showing low transcripfion activation of RUNX2 and ALP by the secretome of
macrophages in all conditions tested (Supplementary Fig. 2). Although the impact of
the selected time point cannot be ruled out, this might also be dependent on different
mechanisms of regulation of protein translation and activity [66], as reported by
Rescigno et al, where short exposures to low frequency magnetic fields induced higher

ALP activity, when compared with its mRNA expression [67].

Together, the results presented here provide a proof-of-concept of Fg and Mg
synergistic impact on macrophage M1 response, and their crosstalk with MSC,
supporting the potential of FgMg combination biomaterials to be further developed for
bone tissue repair. Nevertheless, some important questions should be addressed in

future work. In the biomaterial development, analyzing the implications of changing the

25



Journal Pre-proof

proportions between Fg and Mg in the final biomaterial or the presence of alloying
elements in the Mg component could further improve the outcomes reported here.
Also, the angiogenic potential of the FgMg combination should be investigated.
Interestingly, previous work showed that incorporation of Fg in Ch materials stimulated
angiogenesis in a critical size bone defect model, although an increased number of
blood vessels did not directly correlate with bone repair [11]. Also, Mg extracts have
been reported to increase human umbilical vein endothelial cells proliferation, under
hypoxic conditions [20]. This effect was concentration-dependent, with low Mg
concentrations (10 mM) increasing vascular smooth muscle cell proliferation and
migration rate, and higher Mg concentrations (40-60 mM) inducing coagulation and
inflammation [68]. Finally, future evaluation of this combination biomaterial in vivo will
be essential to understand its capacity to dampen inflammation and promote bone

repair, particularly in inflammatory conditions.

Conclusion

In conclusion, the present study reports, for the first time, the combination of Fg and
Mg biomaterials and the impact of their degradation products on macrophages. The
results presented support the hypothesis that Fg and Mg can act synergistically to
reduce macrophage pro-inflammatory stimulation, and lead macrophages to promote
MSC osteogenic differentiation. Hence, the combination of Fg and Mg rises as an
interesting strategy to tune the initial inflammatory response, dampening the M1

macrophage response, to support bone repair.
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Fig. 6. Macrophage cytokine production upon preconditioning with Fg, Mg and FgMg
extracts alone or in the presence of M1 stimulation. TNF-a, IL-6, IL-1B, IL-12p70, IL-10
and TGF-B1 release were determined by ELISA using macrophages secretome at day 13,
from the following conditions: MO=naive/unstimulated macrophages; M1=LPS-IFNy
stimulated macrophages; and macrophages preconditioned with Fg, Mg and FgMg extracts
in the presence/absence of M1 stimulation. Graphs are minimum to maximum box-and-
whiskers plots, with median representation. Friedman’s test followed by corrected Dunn’s
multiple comparisons was performed for TNF-a, IL-6, IL-1B (all n=8), IL-12p70 (n=5) and IL-
10 (n=11). One-way ANOVA followed by Sidak’s multiple comparisons test was performed

for TGF-1 (n=11). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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