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Calcium phosphates with submicron surface features have demonstrated superior performance to conventional
calcium phosphates and equivalence to autologous bone in pre-clinical bone healing models. This is related to
their ability to form bone in soft tissues, without the addition of cells and growth factors. It is hypothesized that a
specific innate immune response to submicron topography contributes to the enhanced bone healing by these
materials. Upregulation of pro-healing, anti-inflammatory ‘M2’ macrophages versus pro-inflammatory ‘M1’
macrophages on submicron-structured calcium phosphates may be involved. In this in vitro study, the response of
primary human macrophages to different calcium phosphate bone graft substitutes was assessed. Primary CD14™
monocytes were isolated from human buffy coats and were seeded on two different calcium phosphate materials.
The first material had a submicron topography of needle-shaped crystals (BCP ) while the second material had
no submicron topography (TCP). Macrophage M1/M2 phenotype characterization by protein and gene expres-
sion markers at 24 h and 72 h indicated overall stronger macrophage activation and subtle phenotypic skewing
towards the M2 phenotype on BCP,, vs TCP. Moreover, macrophages exhibited an elongated morphology on
BCP_m, which is associated with the M2 phenotype, while macrophages on TCP primarily exhibited a spherical
morphology. Conditioned medium of macrophages cultured on BCP_,, resulted in enhanced in vitro angiogenic
tube formation and osteogenic differentiation of mesenchymal stromal cells, compared to conditioned medium
from macrophages on TCP. Altogether, these findings suggest a potential role of M2 macrophage upregulation in
the bone-induction mechanism of calcium phosphates with submicron surface topography.

1. Introduction

Calcium phosphate ceramics are among the most well-studied syn-
thetic bone graft substitute materials, due to their excellent biocom-
patibility, osteoconductive, and bioactive properties.! The efficacy of
calcium phosphate bone graft materials has been correlated with spe-
cific physicochemical properties, including phase composition,®*
micro- and macroporosity,”” and surface features.®'° Ongoing de-
velopments in material engineering, specifically the modification of
surface features, have resulted in calcium phosphate bone graft mate-
rials that demonstrate improved efficacy compared to conventional

calcium phosphates.>'%1* Surface features in the submicron scale, ie.
pores and crystals <1 pm in dimension, have been demonstrated to be
associated with osteoinductive potential of calcium phosphates (i.e.
capacity to induce de novo bone formation). These materials also exhibit
an ability to repair critical-sized bone defects that approaches the effi-
cacy of the ‘gold standard’ bone autograft, without addition of exoge-
nous cells and/or growth factors.® %2146 The relationship between
surface features and bone-inducing potential of calcium phosphates has
so far been demonstrated in various animal models, including mouse,
rabbit, goat, sheep, canine and baboon.'” Recently, we have demon-
strated accelerated bone formation in soft tissue by calcium phosphate
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with a topography of submicron needle-shaped crystals compared to
calcium phosphate with submicron grain-shaped crystals.’ This material
also exhibited equivalence to autograft and superiority to conventional
ceramics in challenging spinal fusion models.'*!>'8

To understand the mechanisms behind the enhanced healing
response to submicron surface structured calcium phosphates, it is
helpful to consider the biological events that occur after implantation
that ultimately lead to bone formation. In the early phases after im-
plantation (hours-days), before interaction of osteogenic cells with the
material, initial tissue responses are mostly dictated by cells of the
innate immune system.'®?° A healthy immune response is a prerequisite
for the normal healing of tissue injury.?’ Likewise, a favorable innate
immune response to a biomaterial is paramount for successful healing
and integration after implantation.***

Biomaterial implantation is typically followed by a rapid but short-
lived invasion of neutrophils that elicit an acute inflammatory
response. Hereafter, circulating monocytes are recruited to the im-
plantation site, become activated, and differentiate into macro-
phages.’*?! Macrophages are known to play a central role in the innate
immune response to tissue injury and biomaterials. They are the key
regulators of the wound healing process, in which they evolve to adopt
distinct phenotypes during the different stages of healing.?* Macrophage
phenotypes are broadly categorized into those having a
pro-inflammatory role, better known as the ‘classically’ activated or
‘M1’ phenotype, and on the other hand macrophages with an
anti-inflammatory function, commonly described as the ‘alternatively’
activated, ‘M2’ or ‘pro-healing’ phenotype.>>?° M1 macrophages pro-
mote inflammation by release of pro-inflammatory cytokines and pro-
duce harmful reactive oxygen species to clear pathogens, debris, and
foreign materials. M2 macrophages aim to resolve inflammation by
secretion of anti-inflammatory factors and facilitate tissue repair and
remodeling by signaling to local progenitor cells and stem cells
responsible for tissue regeneration.’*?” Transition between M1 and M2
phenotypes can occur swiftly in response to environmental stimuli, such
as cytokines, pathogens, and materials,?!?%26-28

During the normal healing cascade, the macrophage population is
dominated by M1 macrophages during the acute inflammatory phase
and will then gradually shift towards an M2-dominated population to
create the pro-healing environment required for regeneration.?*%®
However, when the transition to M2 macrophages is inhibited, for
example due to a bioincompatible implant, the prolonged presence of
inflammatory M1 macrophages can exacerbate tissue injury and prevent
biomaterial integration.”® >’ The associated chronic inflammatory state
can lead to undesirable outcomes, such as granuloma formation, fibrosis
and ultimately fibrous encapsulation of the implant, known as the
foreign body response.’%?%2%531

Research in the field of osteoimmunology has established that there
exists an intricate relationship between macrophages, and bone tissue
formation and homeostasis.”>*»*> M2-like tissue-resident osteal mac-
rophages, termed OsteoMacs, have been shown to directly regulate
osteoblast survival and bone matrix deposition in vivo.>*>> Macrophages
have displayed intricate crosstalk with mesenchymal stem cells (MSCs)
that leads to osteogenic differentiation.’®*” Recently, Zhang et al. re-
ported a correlation between accelerated fracture healing and greater
percentages of M2 macrophages in fracture calluses in human patients.*®
In contrast, upregulated M1 macrophage populations have been asso-
ciated with destructive bone resorption in bisphosphonate-related
osteonecrosis of the jaw.>**! Strategies to augment M2 macrophage
activation during bone defect repair have demonstrated enhanced bone
formation and implant osseointegration associated with greater
numbers of M2 macrophages.*> *” Recently, an M2 macrophage-like cell
population has been recognized to have an important role in the process
of heterotopic ossification, which is similar to material-induced ectopic
bone formation.**’

In this context, the macrophage response is deemed highly relevant
in bone regeneration utilizing calcium phosphate bone graft substitute
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materials.>> Previously, local depletion of monocytes/macrophages has
been shown to block in vivo ectopic bone formation by calcium phos-
phate with submicron surface features.””>' Moreover, recent results
have indicated murine M2 macrophage upregulation by calcium phos-
phate materials with osteoinductive capacity.’’>>

In the current study, we set out to assess the in vitro response of
primary human macrophages to different calcium phosphate bone graft
materials. The first material was a biphasic calcium phosphate with a
submicron surface topography of needle-shaped crystals (BCP ym),
which exhibits the ability to form bone in soft tissues without added cells
or growth factors, and has demonstrated enhanced bone healing
compared to conventional ceramics in vivo.”'? This material was
compared to a conventional tricalcium phosphate that had no submicron
topography (TCP), was not osteoinductive® and has shown low bone
healing potential in vivo.' "' %°%°° The goal of this study was to elucidate
whether BCP_,, with submicron topography induced stronger M2
macrophage activation than the conventional bone graft material TCP.
This would suggest a role of pro-healing M2 macrophages in the
enhanced bone healing observed with submicron structured calcium
phosphates. Additionally, paracrine effects of macrophages on in vitro
angiogenic tube formation and osteogenic differentiation of mesen-
chymal stromal cells were assessed using conditioned medium assays.

2. Materials and methods
2.1. Materials

Two calcium phosphate bone graft materials were used for the ex-
periments. The first material, a biphasic calcium phosphate (+30% HA/
70% B-TCP) with a submicron topography of needle-shaped crystals
(BCP.um, MagnetOs Granules™, Kuros Biosciences B-V., Bilthoven, NL)
was manufactured by Kuros Biosciences as described previously.”'® In
brief, porous BCP blocks were produced from calcium orthophosphate
powder using foaming agent and porogen, followed by sintering at
1125 °C for 6 h. The blocks were crushed and sieved to obtain granules
of 1-2 mm. The topography of submicron needle-shaped crystals was
obtained by autoclaving the granules at 135 °C for 100 min. The second
material was purchased as a porous tricalcium phosphate (>98%-100%
B-TCP) with a granule size of 1-2 mm, manufactured by Orthovita Inc.
(TCP, Vitoss Morsels, Orthovita Inc., Malvern, PA, USA). The materials
were characterized by mercury intrusion porosimetry and measurement
of surface crystal size by scanning electron microscopy (SEM, JEOL
JSM-5600, JEOL, Akishima, Tokyo, Japan). Both materials were
distributed into 400 pl aliquots and were then subjected to dry heat
sterilization (3 h at 200 °C). The material properties of BCP;,, and TCP
are presented in Table 1.

2.2. Monocyte isolation and seeding on biomaterials

Monocytes were isolated from a total of 5 buffy coats (male donors,
42.8 + 14.9 years) acquired from the local blood bank (Sanquin,
Amsterdam, the Netherlands). Primary CD14" monocytes were obtained
through density gradient separation using Ficoll Paque Plus (GE
Healthcare Life Sciences, Chicago, USA) and subsequent magnetic
activated cell sorting (MACS) using human CD14 microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany), as described previously.”® Per
sample, 400 pl/well of BCP, or TCP granules were transferred to well
plates. The materials were pre-incubated for 2 h at 37 °C in basic culture
medium: Roswell Park Memorial Institute (RPMI) 1640 medium with
2.05 mM t-Glutamine (, Gibco, Carlsbad, USA), supplemented with 10%
heat-inactivated fetal bovine serum (Biowest) and 100 U/mL penicillin
with 100 mg/ml streptomycin (Invitrogen, Carlsbad, USA). Subse-
quently, CD14" monocytes were seeded on the calcium phosphate
granules at a density of 4.5 x 10° cells/well in 1 ml of basic culture
medium supplemented with 10 ng/ml macrophage colony-stimulating
factor (M-CSF; Peprotech, New Jersey, USA). The cells were cultured
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Table 1

Properties of calcium phosphate materials.
Material BCP_ym TCP
Granule size 1-2 mm 1-2 mm
Chemistry 30 HA/70 100 TCP

TCP
Surface crystal structure” Needle Grain
Surface crystal size [pm]” 0.65 + 0.26 1.70 +
0.69
Total porosity” 80% 74%
Macroporosity” 69% 54%
Microporosity” 11% 20%
Specific surface area by weight” [m2 g '] 2.77 0.36
Specific surface area by volume” [m2 mi~"] 1.78 0.30
Ectopic bone Bone incidence 8/8¢ 0/4 ¢
formation® Bone in available space 24.5 + 4.3¢ n/a

%

@ Data from measurements on scanning microscopy images (5000 x ).
b Data from mercury intrusion.
¢ Previously published data in canine intramuscular implantation model, 12

weeks post-implantation.
d o

e 53

at 37 °C under humidified conditions at 5% carbon dioxide (CO-) for 24
h or 72 h, with medium refreshment after 48 h. Macrophage phenotype
marker profiles were confirmed in macrophages cultured in monolayers.
M1 and M2 macrophage phenotypes were induced by culturing in basic
culture medium supplemented with 10 ng/ml MSCF and for M1: 100
ng/ml interferon-gamma +100 ng/ml tumor necrosis factor alpha; and
for M2: 20 ng/ml interleukin 4, for 72 h. Macrophage polarization
profiles were confirmed in macrophages cultured in monolayers (Sup-
plementary Figures 1, 2). A schematic overview of the experimental
procedures is shown in Fig. 1.

2.3. Scanning electron microscopy and cell shape quantification

To visualize the material surfaces both before and after macrophage
culture, a scanning electron microscope (SEM) was used (JEOL JSM-
5600). For cell culture samples (72 h), granules were rinsed in phos-
phate buffered saline (PBS, Gibco), fixed in 2.5% glutaraldehyde
(Sigma) for 1.5 h, and stored in PBS at 4 °C until further processing. The
cells were dehydrated using a graded ethanol series followed by air-
drying by evaporation of tetramethylsilane (Sigma, St. Louis, USA).
Granules were mounted on specimen mounts and were gold sputter-

Seed on
calcium
phosphates

Isolate CD14+
monocytes
—r
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coated (JEOL JFC 1300) prior to visualization by SEM.

Cell shape quantification was performed on at least 20 different SEM
images of macrophages of different donors (n = 3) by measuring the
shortest and longest axis of each cell through the midline using software
(AxioVision LE, Carl Zeiss Microscopy, Oberkochen, Germany). An
elongation index was calculated for each cell by dividing the length of
the long axis by the short axis. Using this elongation index, the per-
centage of elongated cells was determined, i.e. with an elongation index
>2.

2.4. Gene expression analysis

Expression of mRNA by macrophages cultured on BCP_,y, or TCP
was analyzed for different donors (n = 3) in triplicates. The mRNA was
isolated using TRIzol reagent (Thermo Fisher), according to the manu-
facturer’s instructions. Quantification of total extracted RNA was
determined using a spectrophotometer (DS-11 series, DeNovix Inc.,
Wilmington, USA) at 260/280 nm. Subsequently, complementary DNA
(cDNA) was synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, USA) following the manufacturer’s instructions. Quantitative
PCR analysis was performed using a Bio-Rad CFX96 Real-Time PCR
Detection System using FastStart SYBR Green Master mix (Roche Mo-
lecular Systems, Inc., Pleasanton, USA). Expression of cluster of differ-
entiation 206 (CD206; Fw: TGGCCGTATGCCGGTCACTGTTA; Rev:
ACTTGTGAGGTCACCGCCTTCCT), CCL18 (Fw: TTGTGAGTTTC-
CAAGCCCCA; Rev: GCAGCAGAGCTCTTTGTTGGTA), CD163 (Fw:
GTTGGCCATTTTCGTCGCATT; Rev: CTCTCCTCTTGAGGAAACTGCAA),
C-C motif chemokine ligand 2 (CCL2, Fw: AATCACCAGCAG-
CAAGTGTC; Rev: TCTTCGGAGTTTGGGTTTGCT), CCL5 (Fw:
TGCTGCTTTGCCTACATTGC; Rev: CACACACTTGGCGGTTCTTT),
Interleukin  1p (IL18, Fw: AGCTGATGGCCCTAAACAGA; Rev:
TGTAGTGGTGGTCGGAGATT) was analyzed, to discriminate between
M1 (CCL2, CCL5, 113) and M2 (CD206, CCL18, CD163) macrophage
phenotypes.®’>? Glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Fw: ATGGGGAAGGTGAAGGTCG; Rev: TAAAAGCAGCCCTGGTGACC)
was selected as housekeeping gene for primary human
monocyte-derived macrophages based on previous work.®” The effi-
ciency of all primers was between 0.9 and 1.1 and relative expression
was calculated using the formula: 2747,

2.5. Cytokine quantification

After 24 h and 72 h of culture, cell culture supernatants of different
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Fig. 1. Schematic overview of the experimental procedures. After isolation, CD14" monocytes were seeded on BCP_,m and TCP to (A) evaluate their response to the
materials and (B) to generate macrophage-conditioned medium for use in angiogenic and osteogenic assays.
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blood donors (n = 4) were collected for cytokine quantification in
triplicates by enzyme-linked immunosorbent assays (ELISA). The su-
pernatants were centrifuged for 10 min at 300G, aliquoted, and stored at
—80 °C until analysis. Human C-C motif chemokine ligand 18 (CCL18;
Duoset ELISA, R&D Systems, Minneapolis, USA), human soluble cluster
of differentiation 163 (sCD163; Duoset ELISA, R&D Systems), human
C-C motif chemokine ligand 5 (CCL5; Duoset ELISA, R&D Systems), and
human interleukin 6 (IL-6; Ready-SET-Go!® ELISA, eBioscience, San
Diego, USA) were measured with ELISA kits according to the manufac-
turers’ instructions. Absorbance was measured at 450 nm and corrected
at 570 nm (Zenyth 3100 Microplate Multimode Detector, Anthos Labtec
Instruments, Salzburg, Austria). These cytokines were selected as in-
dicators of M1 (CCL5, IL-6) and M2 (CCL18, CD163) macrophage
phenotype based on literature and were confirmed by induction in
monolayers (Appendix Figure A2).°>%1:%2 For each sample, measured
cytokine concentrations were dividled by DNA concentration to
normalize.

2.6. DNA quantification

After the removal of supernatant for cytokine quantitation, calcium
phosphate granules were rinsed in PBS followed by treatment with PBS/
0.1% Triton X-100 (Sigma) for cell lysis. Lysates were collected after 5
min, vortexed and stored at —80 °C until analysis. Quantification of
Double stranded DNA was performed using QuantiFluor® dsDNA Sys-
tem (Promega, Madison, USA), according to the manufacturer’s in-
structions. Fluorescence signal was measured with excitation and
emission at 504 nm and 531 nm, respectively (Zenyth 3100 Microplate
Multimode Detector, Anthos Labtec Instruments).

2.7. Immunofluorescent staining of macrophages

Immunofluorescent staining of macrophages for cluster of differen-
tiation 68 (CD68 (Kp-1), 10 pug/ml, Cell Marque, Rocklin, USA), CD163
(6.7 pg/ml, ab182422, Abcam, Cambridge, UK) and inducible nitric
oxide synthase (iNOS, 1:50, ab15323, Abcam) was performed for visu-
alization by confocal microscopy (SP8x, Leica-microsystems, Man-
nheim, Germany). These antibodies were selected for use as pan-
macrophage marker (CD68), M2 phenotype marker (CD163) and M1
phenotype marker (iNOS), based on literature.®®°® The cells adherent to
calcium phosphate granules were fixed in formalin (10%) and stored in
PBS at 4 °C until further processing. After permeabilization using
PBS/0.2% Triton X-100, non-specific protein binding was blocked using
PBS/5% bovine serum albumin (Sigma) prior to incubation with the
primary antibody for 1 h. After washing with 0.1% Tween in PBS, cells
were incubated for 1 h with a biotinylated secondary antibody (1:200,
goat anti-rabbit biotinylated, E0432, Dako; or 1:200, sheep anti-mouse
biotinylated, RPN1001v1, GE Healthcare). Next, samples were incu-
bated with tertiary antibody streptavidin Alexa Fluor 568 (5 pg/ml,
$11226, Invitrogen) and fluorescein isothiocyanate (FITC)-conjugated
Phalloidin (0.5 pg/ml, Sigma) to show the F-actin network. Lastly, cell
nuclei were stained with 4’,6-diamidino-2-phenylindole dihydro-
chloride (DAPI, 100 ng/ml) for 10 min. All incubation steps were per-
formed at room temperature under mild agitation. For image capture,
Z-stacks were used to obtain a greater depth of field to capture cells in
different focal planes on the uneven material surfaces.

2.8. Angiogenic tube formation assay

To evaluate the effect of macrophage conditioned medium (mCM) on
angiogenic tube formation, macrophages of different donors (n = 3)
were cultured in triplicates on BCP,n,, or TCP for 48 h in basic culture
medium, supplemented with 10 ng/ml M-CSF, after which the wells
were rinsed in PBS and medium was changed to complete endothelial
growth medium-2 (EGM-2, Lonza, Basel, Switzerland), containing
Endothelial Basic Medium 2 (EBM-2, Lonza) + Singlequots (Lonza), 5%
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FBS, 2.05 mM t-Glutamine (Gibco) and 100 U/mL penicillin with 100
mg/ml streptomycin (Invitrogen). After 24 h, mCM was pooled,
centrifuged for 10 min at 300G, aliquoted and stored at —80 °C until
further use. Human umbilical vein-derived endothelial cells (HUVECs)
were expanded to 80% confluence on tissue culture polystyrene coated
with 0.1% gelatin. For the tube formation assay, p-slides for angiogen-
esis (Ibidi, Grafelfing, Germany) were coated with growth factor
reduced Matrigel (1:1 diluted with PBS, 45 min at 37C°, Corning, New
York, USA), after which HUVECs were seeded at a density of 48,000
cells/cm? in a 1:1 ratio of mCM and EBM-2 supplemented with 1% FBS,
using 6 replicates per condition. As positive and negative control, EBM-2
supplemented with 10% and 0% FBS were used, respectively. Slides
were incubated for 16 h at 37 °C under humidified conditions and with
5% CO,, followed by observation of tube networks and image capture
(full-view of wells) by microscopy (IX53, Olympus, Hamburg, Ger-
many). Images were processed for quantification in graphics editor
software (Adobe Photoshop CS5, Adobe, San Jose, USA) using fixed
parameters for cropping, brightness-contract adjustment and resizing.
Tube network images were then quantified using ‘Angiogenesis Analyzer
for ImageJ’°° plugin for ImageJ (NIH, Bethesda, USA).

2.9. Osteogenic differentiation of MSCs

To assess the indirect effect of macrophages activated by the mate-
rials on the osteogenic differentiation of bone marrow-derived MSCs
(BMSCs), conditioned medium from the macrophages (mCM) was pre-
pared. Briefly, macrophages of different blood donors (n = 3) were
cultured in triplicates on BCP.,, or TCP for 48 h in basic culture me-
dium supplemented with 10 ng/ml M-CSF, after which the wells were
rinsed in PBS and medium was changed to basic MSC medium: alpha
Minimum Essential Medium («MEM, 22561, Gibco) supplemented with
10% HI-FBS, 100 U/mL penicillin, 100 mg/ml streptomycin (15140,
Invitrogen), and 0.2 mM t-ascorbic acid-2-phosphate (ASAP, Sigma).
After 24 h, mCMs from multiple wells were pooled, centrifuged for 10
min at 300G, aliquoted, and stored at —80 °C until further use. Human
BMSCs were isolated and characterized as previously described.®” For
osteogenic differentiation, BMSCs of one donor were seeded in poly-
styrene well plates at a density of 3000 cells/cm? in basic MSC medium
supplemented with 1 ng/ml basic fibroblast growth factor (rh-FGF-2;
R&D Systems). After 3 days, medium was refreshed to a 2:3 ratio of,
respectively, mCM and osteogenic differentiation medium, containing
basic MSC medium supplemented with p-glycerophosphate (BGP,
Sigma) to obtain a final concentration of 10 mM BGP. As control con-
ditions, osteogenic differentiation medium and basic culture medium
were used. The cells were cultured for 10 days at 37 °C under humidified
conditions and 5% CO», with media refreshment every 3 days. After 10
days of culture, MSCs were rinsed in PBS and then lysed using PBS/0.2%
Triton X-100, prior to storage at —80 °C until further use. Additional
samples of each condition were fixed using 10% formalin for later
osteonectin immunofluorescence staining.

2.9.1. Quantification of Alkaline Phosphatase activity

Quantification of Alkaline Phosphatase (ALP) activity in MSC lysates
was performed as previously described.®® ALP is a relevant marker of
osteogenic differentiation.’” ALP activity was measured after 10 days
based on previous work and reports in literature that ALP levels peak
after 10-14 days of osteogenic differentiation.”’ ALP activity in cell
lysates was measured by conversion of p-nitrophenyl phosphate (pNPP),
using the pNPP liquid substrate system (Sigma) according to the man-
ufacturer’s instructions. Absorbance was measured at 405 nm and cor-
rected at 655 nm (Bio-Rad, Hercules, CA). A reference curve of serially
diluted known activity of calf intestinal ALP (Sigma) in PBS/0.2% Triton
X-100 was used to determine ALP activity in lysates. In addition, DNA
content in MSC lysates was used for normalization and was quantified as
described above, using QuantiFluor® dsDNA System (Promega, Madi-
son, USA).
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Fig. 2. Cell shape of macrophages cultured on cal-
cium phosphates. SEM images of the surface of (A)
BCP_ym and (B) TCP, prior to macrophage seeding.
SEM image of macrophages (white arrows) adhering
to the surface of (C) BCP.,,, and (D) TCP after 72 h
culture. (E, F) Quantification of cell shape analysis of
macrophages adherent on BCP.,, and TCP. The
length of the short axis and long axis of macrophages
was measured on a total of 53 images (20 TCP, 33
BCP), with on average two cells per image. (G, H)
Short axis and long axis length were used to calculate
the elongation index and percentage of elongated
cells. Cells with an elongation index of >2 were
considered elongated. (I) Frequency distribution of
long axis length for macrophages on BCP_,, and
TCP. All continuous data presented as mean +SD of 3
donors in duplicate. **: p < 0.01, ***: p < 0.001.
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2.9.2. Osteonectin staining and fluorescence intensity measurement

Formalin-fixed MSCs were stained with an antibody against osteo-
nectin (ON, 1:5, AON-1, Developmental Studies Hydroma Bank) as a
marker for osteoblast differentiation. The cells were processed for
immunofluorescence as described above, using ON as primary antibody,
a biotinylated secondary antibody (1:200, sheep anti-mouse bio-
tinylated, RPN1001v1, GE Healthcare) and streptavidin Alexa Fluor 568
(5 pg/ml, Invitrogen) as tertiary antibody. The cell nuclei were stained
with DAPL. Using the method described in by Shihan et al.,”’ fluorescent
images taken with the 10x objective were processed for assessment of
osteonectin mean fluorescence intensity, normalized to the number of
cell nuclei in ImageJ.

2.10. Statistical analysis

Statistical analysis was performed using dedicated software tools
(MS Excel, Microsoft, Albuquerque, NM, USA; GraphPad Prism, San
Diego, CA, USA). Normal distribution of data was assessed by D’Ag-
ostino & Pearson normality test and normally distributed data were
analyzed by parametric tests and non-normally distributed data by non-
parametric tests. Cell shape measurements and ALP activity data were
analyzed by Mann-Whitney U test, gene expression data by Friedman’s
test with Dunn’s multiple comparisons test, protein level data by two-
factor analysis of variance with Holm-Sidak’s multiple comparisons
test, angiogenic tube formation data and Osteonectin Mean Fluores-
cence Intensity by Welch’s t-test. When protein levels in individual
samples were below the detection limit of the standard curves in the
assays, they were assigned a value of zero.

3. Results

3.1. Macrophages adopt an elongated morphology on submicron needle-
shaped topography and mostly a spherical morphology on conventional
surface structure

SEM of the material surfaces confirmed the presence of a topography
consisting of submicron needle-shaped crystals on the surface of
BCP_ym, while TCP presented a relatively smooth surface with a glob-
ular topography (Fig. 2. A, B). After seeding, a large proportion of
adherent macrophages on the submicron topography of BCP .y, adopted
an elongated, bipolar shape, while on TCP the macrophages remained
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spherical (Fig. 2. C, D). Quantification of cell dimensions by measuring
the short and long axes of macrophages on SEM images, indicated that
the average short axis length was similar for both materials (BCPm: 7.0
+ 3.9 pm; TCP: 5.7 + 1.7 pm, p = 0.4027), while the average long axis
length was substantially greater in macrophages adhering to BCP_
versus TCP (BCPym: 26.0 + 13.5 um; TCP: 8.4 4+ 3.6 um, p < 0.001)
(Fig. 2. E, F). Consequently, the average elongation index was 3.5-fold
greater for macrophages on BCP_yy, than those on TCP (BCP ym: 5.2
+ 4.8; TCP: 1.5 + 0.6 pm, p < 0.001) (Fig. 2. G). The percentage of
elongated macrophages (elongation index >2) was also higher on
BCP_yym compared to TCP, with 67.5% versus 15.4%, respectively
(Fig. 2. H). Difference in long axis length between macrophages on the
different materials was corroborated by a frequency distribution of the
long axis length (Fig. 2. ).

3.2. Gene expression of adherent macrophages is influenced by bone
substitute materials

To determine macrophage phenotype, expression of genes encoding
for anti-inflammatory (CD206, CD163, CCL18) and for pro-
inflammatory proteins (CCL2, CCL5, IL1B) was assessed in macro-
phages adherent to BCPy, and TCP (Fig. 3). These genes were validated
as markers for the respective phenotypes (Appendix Figure Al). Statis-
tical analysis indicated overall statistical significance for CD163 (p <
0.0330), CCL18 (p < 0.0330), CCL2 (p < 0.0330) and IL1B (p < 0.0017)
data, but the post-hoc multiple comparisons tests did not reach signifi-
cant differences between groups and timepoints.

3.3. Protein secretion and expression by macrophages varied between
materials with submicron topography and conventional surface

To determine the phenotype of macrophages cultured on the bone
graft materials, secretion of specific marker proteins was performed
(Fig. 4). Based on literature and in vitro confirmation (Appendix
Figure A2), production of the proteins CCL18 and sCD163 may be
considered an indication for M2 macrophage polarization, while pro-
duction of IL-6 and CCL5 indicate the M1 macrophage phenotype.
Macrophages of all donors secreted the aforementioned cytokines in
response to BCP_,;, and TCP. Macrophages cultured on BCP_,, secreted
higher levels of CCL18 than macrophages activated by TCP after both 24
h and 72 h. CCL18 levels were higher at 72 h compared to 24 h for both
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Fig. 3. Gene expression profiles of macrophages activated by BCP_,,, and TCP. Quantification of gene expression of (A) M2 markers CD206, CD163 and CCL18, and
(B) M1 markers CCL2, CCL5, IL1 relative to GAPDH expression (27“T). Data represent mean +SD of a total of 3 separate monocyte donors in triplicate.
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Fig. 4. Protein secretion of macrophages activated by BCP.,, and TCP. Measurement of (A) M2 markers CCL18 and CD163, and (B) M1 markers IL-6 and CCL5 in
the culture medium of macrophages cultured on BCP.,, and TCP after 24 h and 72 h. Protein content was normalized to DNA content for each sample. Data

represent mean +SD of a total of 4 separate donors in triplicate. ***:p < 0.001.

BCP_yy and TCP. Similarly, secretion of sCD163 by macrophages in
response to BCP.,, was higher than the response to TCP after both 24 h
and 72 h of culture. CD163 levels were lower at 72 h compared to 24 h
for both BCP ., and TCP. Secretion of IL-6 by macrophages cultured on
BCP_y, was higher than the TCP condition after 24 h, but there was no
difference between groups after 72 h because of a significant reduction
in IL-6 levels on BCP . Protein levels of CCL5 were not different be-
tween conditions at 24 h, while undetectable at 72 h.

Macrophages adherent on BCP,, and TCP were stained for CD68
(pan-macrophage marker), CD163 (anti-inflammatory macrophages),
and iNOS (pro-inflammatory macrophages) (Fig. 5). Similar to obser-
vations by SEM, elongated macrophages were observed on the surface of
BCP . Presence of CD68-positive cells (Fig. 5. A) on the surface of both
BCPyym and TCP confirmed that the observed adherent cells were
macrophages. Likewise, CD163 signal (Fig. 5. B) was observed on most
cells that were cultured on BCP ., and TCP. iNOS (Fig. 5. C) was present
in the majority of cells cultured on both materials. Overall, the observed
cell density on TCP was lower than BCP_n.

3.4. Angiogenic tube formation and osteogenic differentiation are
enhanced by macrophage activation by submicron topography

To assess whether bone graft material type influences paracrine
signaling by adherent macrophages and its effect on angiogenesis, mCM
of macrophages cultured on BCP,,, and TCP was used in a HUVEC tube
formation assay (Fig. 6). After 16 h of incubation of HUVECs with mCM,
angiogenic tube networks were more developed in the samples cultured
with mCM from macrophages activated by BCPy, (Fig. 6 A-C). Quan-
tification of tube networks (Fig. 6. B, C) indicated that average tube

length, number of tubes, and number of junctions was higher when
exposed to conditioned medium of macrophages activated by BCP_,m
than when exposed to TCP-mCM. BCP<pm and TCP controls without
macrophages were equivalent in results of tube formation (data not
shown).

In order to evaluate whether bone graft materials affect osteogenic
paracrine signaling by adherent macrophages, BMSCs were exposed to
mCM of macrophages cultured on BCPyy, or TCP during osteogenic
differentiation. Osteogenic differentiation was determined by assessing
activity of ALP and expression of osteonectin in BMSCs®’? (Fig. 7).
After 10 days, ALP activity in BMSCs was not significantly different
between BCP_,;;,-mCM and TCP-mCM, with ALP normalized to DNA of
MSCs (Fig. 7. A). When ALP activity in MSCs was also normalized to the
DNA of macrophages cultured on BCP.,y and TCP, a moderate but
statistically significant difference was found between the bone substitute
grafts, in favor of BCP.,y (Fig. 7. B). Controls of BCPyy, and TCP
without macrophages did not lead to significant differences in ALP ac-
tivity (data not shown). Osteogenic differentiation of MSCs was further
confirmed by immunostaining for osteonectin as an additional marker
for osteogenic differentiation. Osteonectin-positive cells were observed
in conditions with both BCP.,;,-mCM and TCP-mCM (Fig. 7. D).
Quantification of osteonectin fluorescence intensity normalized to cell
number revealed a higher expression of osteonectin in macrophages on
BCP_ym (Fig. 7. C).

4. Discussion

In this study, we have shown differential responses of primary
human macrophages cultured on calcium phosphate materials with
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A

Fig. 5. Immunofluorescent phenotypic marker expression by macrophages cultured on calcium phosphates. Representative confocal microscopy images of mac-
rophages cultured on BCP_,,, and TCP immunostained for (A) CD68 (pan-macrophage marker), (B) CD163 (anti-inflammatory), and (C) iNOS (pro-inflammatory).
Cells were counterstained with phalloidin to visualize the cytoskeleton (F-actin) and DAPI as a nuclear staining.
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Fig. 6. Endothelial tube formation assay with medium conditioned by macrophages cultured on calcium phosphates. (A) Representative microscopy images of
endothelial tube networks formed by HUVECs after 16 h incubation with conditioned medium of macrophages cultured on BCP_,, or TCP. (B) Results of tube
network quantification, measuring tube length, number of tubes and number of junctions per mm?>. (C) Results of tube network quantification normalized to
macrophage DNA. Data represent mean +SD of a total of 3 separate monocyte donors. **: p < 0.01, ***: p < 0.001.

different surface topographies. Macrophages cultured on the submicron
topography of BCP_,, were found to have an elongated morphology
compared to macrophages cultured on TCP. Protein and gene expression
analyses demonstrated higher expression of M1 and M2 markers of
macrophages cultured on BCP_,, indicating an overall stronger acti-
vation of macrophages. The protein data revealed a phenotypic skewing
of macrophages towards the M2 phenotype on BCP_,, versus TCP after
72 h. Lastly, medium conditioned by macrophages cultured on BCP.,m,
also enhanced angiogenic tube formation by HUVECs and osteogenic
differentiation of MSCs compared to medium conditioned by macro-
phages cultured on TCP.

The efficacy of biomaterials is dependent on their material properties
and the associated initial cell and tissue responses following implanta-
tion. Macrophages are among the first cells to colonize an implant and as
key regulators of the healing cascade, their response to implant mate-
rials is pivotal for healing outcomes.?® 31> Here, the first material
(BCPm) was of biphasic composition, had a submicron topography of
needle-shaped crystals with previously demonstrated potential to form
bone in soft tissues” and high bone healing capacity in vivo.'%'>'® The
second material, TCP, had a smooth surface, was not osteoinductive”
and had relatively low bone healing potential.''%5%5°

The observation of elongated macrophage morphology on BCP

corroborates the suggestion of M2 macrophage activation. In literature,
various groups have demonstrated associations between elongated
macrophage morphology and M2-like activation.”**° For example,
McWhorter et al. determined that murine bone marrow-derived mac-
rophages adopted an elongated morphology in vitro after treatment with
IL-4/1L-13, which induced an arginase-1-positive, iNOS-negative M2
phenotype.”” Moreover, several studies have shown that forcing
macrophage elongation by physical cues, such as micropatterned sur-
faces,”®’”” microfiber scaffolds,”® and magnetic fields,”” resulted in po-
larization towards an M2 phenotype.”®”’? A recent study by Tylek et al.
demonstrated that melt-electrowritten fiber scaffolds with defined pore
sizes induced elongation of primary human macrophages in vitro.
Phenotype characterization revealed that the elongated macrophages
were M2-activated, as evidenced by gene expression (downregulation of
M1 markers IL1B and IL8; upregulation of M2 markers CD206, CD163
and IL10) and protein markers (downregulation of M1 markers IL-1f,
IL-8 and IL-6; upregulation of M2 marker IL-10) [74]. In the current
study, we also determined upregulation of M2 markers at gene (CD206)
and protein level (CCL18, sCD163) for elongated macrophages on
BCP_ym, although we did not observe downregulation of M1 markers in
a similar manner. This may be related to the substantially greater length
of elongated macrophages reported by Tylek et al. Alternatively, it may
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stained for osteonectin and DAPI. *: p < 0.05, **: p < 0.01.

be an effect of the different materials used, as we used calcium phos-
phate and that study used fiber scaffolds of poly (e-caprolactone). It is
interesting to note that we did not observe a difference in expression of
iNOS and CD163 by immunofluorescence between elongated and
spherical macrophages (Fig. 5). However, McWhorter et al. reported a
similar observation that iNOS expression was not altered in
micropatterning-induced elongated murine macrophages, even though
pro-inflammatory cytokine release was reduced and M2 markers were
augmented.”” Taken together, the literature is clear that macrophage
elongation is associated with the M2 phenotype which confirms the
observations in the current work.

Interesting questions with the observed macrophage elongation are
why and how macrophages take on an elongated shape on BCP,;, and
what is its involvement in the observed M2 phenotype skewing.
McWhorter et al. demonstrated an essential role of the actin cytoskel-
eton in shape-induced M2 macrophage polarization, as treatment of the
cells with various pharmacological inhibitors of the actin cytoskeleton
dynamics, ie. actin polymerization and actin/myosin contractility,
resulted in loss of M2 phenotype.”” Likewise, Zhu et al. reported that
RAW 264.7 macrophage M2 polarization on TiO, honeycomb surface
topography was associated with upregulation of the Rho family of
GTPases, which are regulators of the actin cytoskeleton.?! Yet another
study by Yang et al. also reported that M2 macrophage activation by
titanium ‘micro/nano-net’ surface topography was associated with
enhanced Rho-associated protein kinase (ROCK) expression and reduced
Src expression, which are key up-regulators and down-regulators of
actin cytoskeletal tension, respectively.>*%* These studies demonstrate

that topographical features of materials can modulate macrophage
shape and induce cytoskeletal rearrangements, which play a role in M2
macrophage phenotype upregulation. It is widely accepted that cell
shape can influence downstream signaling and cell behavior through
various mechanotransduction pathways.®* By these means, the submi-
cron needle-shaped topography of BCP,, may lead to M2 activation
through cell shape modulation and mechanotransduction®® . Further
studies are needed to elucidate the precise mechanisms of macrophage
elongation on biomaterial topographies and its involvement in macro-
phage polarization.

Compared to macrophages polarized to the M1 and M2 phenotype on
tissue culture polystyrene using cytokines (Supplementary Fig. 1, 2), the
macrophages on BCP i, and TCP were significantly less ‘polarized’. The
concurrent expression of both M1 and M2 protein and gene markers in
macrophages cultured on the bone graft materials, could indicate pres-
ence of either a ‘mixed’, heterogeneous population of polarized M1-and
M2-like macrophages, or an ‘intermediate’ macrophage phenotype on
the spectrum in between M1 and M2. Because immunohistochemistry
for M1 (iNOS) and M2 (CD163) markers at 72 h revealed presence of
both markers in the majority of macrophages on BCP_y, and TCP, this
may indeed suggest that a ‘mixed’, intermediate macrophage phenotype
was observed. However, it may be argued that the cytokine-polarized
macrophages phenotypes in the control conditions are an extreme
condition that is difficult to achieve without presence of these cytokines
in high concentrations. It has been long recognized that instead of the
reductionist M1/M2 macrophage classification, macrophages exist on a
spectrum between these phenotypic poles and there are myriad
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intermediate subtypes.>*®% 8 The protein data and cell shape data of
the current study suggest a subtle skewing of macrophages towards an
M2-like phenotype on BCP_, compared to TCP.

As our results indicate phenotypic skewing of human macrophages
towards an M2-like phenotype on BCP_,, in vitro, we may speculate on
the relevance of these findings to bone regeneration with calcium
phosphate bone substitutes in vivo. We know from previous studies with
animal models that BCP_,n, and other submicron surface-structured
calcium phosphates, have greater bone regenerative capacity than
conventional calcium phosphates without submicron surface
structure.®%'11%5% Recently, in a study similar to the current work, Li
et al. demonstrated elevated M2-like activation (CD206, Arg-1, VEGF,
VEGF, IGF-1, IGF-1) of murine RAW 264.7 macrophages on osteoin-
ductive p-TCP with submicron surface structure, while B-TCP with
micron surface structure induced an M1-like phenotype (iNOS, iNOS,
TNF-a, IL6, IL-6, IL-1p, IL1B).°" In a similar study using THP-1 macro-
phages, we have previously also determined M2 activation (CCL18,
TGF-B) on osteoinductive TCP with submicron surface structure and
M1-activation (TNF-a, IL-1f) on micron surface structure in vitro® . Yet
another study by Chen et al. determined upregulation of M2 markers
(Arg-1, CD206, IL-10, IGF) in RAW 264.7 macrophages cultured on BCP
with high osteoinductive potential versus HA and p-TCP with lower
osteoinductive potential, which exhibited greater M1-like activation
(CCR7, iNOS, IL-1p, TNF-a, CCL2).°? Both studies moved on to evaluate
macrophage phenotypes in association with these materials after intra-
muscular implantation in mice. Both reported a greater population of
anti-inflammatory, M2-like macrophages around the osteoinductive
materials that induced ectopic bone formation, while more M1-like
macrophages were observed around materials that did not induce
ectopic bone formation.’>? Likewise, we have previously found higher
levels of anti-inflammatory factor IL-10 around osteoinductive versus
non-inductive TCP after ectopic implantation in canines, suggesting
presence of anti-inflammatory macrophages.®’ Our current in vitro
findings, together with in vivo results previously obtained with BCP_,
are in agreement with the findings of the aforementioned studies.
However, as opposed to the results of these other studies, we did not
observe enhanced M1 macrophage activation on the material without
submicron surface topography. This observation may be due to different
in vitro culture conditions or may be species-related, since to our current
knowledge, this study was the first to evaluate macrophage response to
calcium phosphate with submicron surface topography using primary
macrophages from humans. Naturally, primary macrophages cultured in
vitro are considered a more representative model of the human immune
response as compared to murine macrophages or human monocytic cell
lines. While the exact mechanism of M2 macrophage contribution to
bone regeneration by calcium phosphates remains to be elucidated,
evidence for their involvement has so far been congruent.

Angiogenesis and osteogenic differentiation of stem cells are critical
processes during bone healing. Ingrowing blood vessels are needed to
provide essential nutrients and are a source of stem cells (i.e. pericytes),
while stem cell differentiation provides bone-forming cells. In vitro
outcomes of angiogenic tube formation by HUVECs and osteogenic
differentiation of MSCs have been shown to be predictive of in vivo ef-
fects.®>°%°! The enhanced angiogenic tube formation by HUVECs and
subtle increase in osteogenic differentiation of MSCs after exposure to
BCP_;»-mCM, suggest an altered or upregulated paracrine signaling by
macrophages on BCP_,, that is indicative of a pro-healing, M2-like
functional phenotype. Previous research has demonstrated that macro-
phages exhibit intricate crosstalk with endothelial cells during angio-
genesis and vascularization.”®°%?* Similarly, macrophages are involved
in bone healing through communication with MSCs and pre-osteoblasts
by paracrine signaling factors.”””* Other studies that have evaluated
effects of macrophages in in vitro angiogenic tube formation®*5%°>°°
and osteogenic differentiation assays**°1°*°*?® have associated upre-
gulated angiogenic and osteogenic responses with anti-inflammatory
M2-activated macrophages. These findings further support our
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observation M2 macrophage upregulation on BCP_,; and suggest
involvement of M2 macrophages in the enhanced bone healing observed
with calcium phosphates with submicron topography in vivo.

A limitation of the current study is that the calcium phosphate bone
graft materials that were compared were not different only in topo-
graphical features, but also in chemistry. TCP has a higher solubility
than HA, which translates to a higher release of Ca and P ions for TCP
than BCP.>°® This could be a potential confounder for the effect of
topography on the results obtained in this study, because different
concentrations of ionic Ca and P could ultimately influence macrophage
response. Some studies have shown that surface chemistry of calcium
phosphate can influence the total amount and type of proteins adsorbed
to the material surface, which is dependent on the ratio of available Ca
and P sites that have differential affinity for protein adsorption.'’’ In
this way, chemistry may influence cell-surface interactions and subse-
quent cell behavior. However, various studies have previously demon-
strated that topography of calcium phosphates has a stronger effect on
protein adsorption than chemistry.®'°! For example, previous studies
have isolated chemical and topographical effects of calcium phosphates
by coating the surface of materials with metal (i.e. gold, titanium),
thereby inhibiting ion dissolution at the surface.'°’"'% Using this
approach, Engel et al. concluded that topographical effects are dominant
over chemical effects of calcium phosphates on cells in vitro.'°® Likewise,
Davison et al. demonstrated that, compared to uncoated controls,
titanium-coated calcium phosphate did not differentially affect in vitro
osteoclastogenesis of RAW264.7 macrophages and osteoinductive po-
tential of the materials in vivo, thereby also indicating a dominant effect
of topography.'°? Other studies have previously shown that there is no
correlation between in vitro ion release by calcium phosphates and in
vivo osteoinductive potential, whereas this relationship has been clearly
established for surface topography.””® In a similar study compared to
the current work, Chen et al. suggested that phase composition of cal-
cium phosphates was the driving factor in polarization of RAW 264.7
macrophages in vitro, showing an M2-dominant response on BCP and an
M1-dominant response on p-TCP.°”> However, the authors may have
overlooked the influence of surface topography, as they did acknowl-
edge that the surface grain size for B-TCP was over 3-fold greater than for
BCP, while they failed to demonstrate a difference in Ca and P release
between the two materials in vitro. Other studies have also demonstrated
a clear effect of material topography on macrophage response by using
calcium phosphates with identical chemistry and different topography,
or insoluble materials such as titanium and polymers.”"!°>1%” Lastly, in
the current work, material-only conditioned medium controls of BCP .,
and TCP produced no differences in both the tube formation and oste-
ogenic differentiation assays, which indicate that potential differences
in ion concentrations did not directly affect the cells in these assays (data
not shown). Taken together, the influence of substrate chemistry seems
to be of lower importance than substrate topography. However, future
studies on materials with identical chemistry and different topography
are recommended. Other study limitations are related to the nature of
every in vitro study, including limitations of assessment techniques,
markers and timepoints, as well as the predictive potential for in vivo
outcomes. Fortunately, various previous studies have already demon-
strated a correlation between in vitro and in vivo macrophage phenotype
in response to biomaterials, and their in vivo bone healing
outcomes. **°%82 Lastly, in the current study, we were unable to
quantify immunofluorescent marker (CD163, iNOS) intensity due to
variable cell densities and uneven surfaces of the materials. Although
the observed cell density at the surface of TCP appeared lower than
BCP_ ., this was most probably the result of cell detachment from TCP
during storage and handling for immunofluorescent staining, because
DNA assays did not indicate a difference in cell number between groups
(data not shown).
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5. Conclusion

This in vitro study has found an overall stronger macrophage acti-
vation and subtle shift towards an M2-like macrophage phenotype on
calcium phosphate with submicron topography, compared to calcium
phosphate without submicron topography. Enhanced pro-regenerative
paracrine signaling to (stem) cells by macrophages on calcium phos-
phate with submicron topography was determined in angiogenic and
osteogenic assays. These findings, in line with findings from other
studies, suggest that M2 macrophage upregulation may play a role in the
enhanced bone regeneration capacity of calcium phosphates with sub-
micron topography. Immunomodulation through biomaterial surface
topography is indicated as a strategy to be further explored for
improvement of tissue regeneration using biomaterials.
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