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ABSTRACT

Immediately upon implantation, scaffolds for bone repair are exposed to the patient’s blood.
Blood proteins adhere to the biomaterial surface and the protein layer affects both blood cell
functions and biomaterial bioactivity. Previously, we reported that 80-200 um biphasic
calcium phosphate (BCP) microparticles embedded in a blood clot, induce ectopic woven
bone formation in mice, when 200-500 um BCP particles induce mainly fibrous tissue. Here,
in a LC-MS/MS proteomic study we compared the differentially expressed blood proteins
(plasma and blood cell proteins) and the deregulated signaling pathways of these osteogenic
and fibrogenic blood composites. We showed that blood/BCP-induced osteogenesis is
associated with a higher expression of fibrinogen (FGN) and an upregulation of the Myd88-
and NF-kB-dependent TLR4 signaling cascade. We also highlighted the key role of the
LBP/CD14 proteins in the TLR4 activation of blood cells by BCP particles. As FGN is an
endogenous ligand of TLR4, able to modulate blood composite stiffness, we propose that
different FGN concentrations modify the blood clot mechanical properties, which in turn
modulate BCP/blood composite osteoactivity through TLR4 signaling. The present findings
provide an insight at the protein level, into the mechanisms leading to an efficient bone

reconstruction by blood/BCP composites.
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Introduction

Bone defects beyond a certain size threshold have no intrinsic ability to heal, rendering the
management of large bone defects the most challenging issue for orthopedic surgeons. Filling
large bone defects with scaffolds or with biomaterial composites is often required as
alternatives or additives to the “gold standard” autologous bone graft [1, 2]. Immediately upon
implantation, bone scaffolds are exposed to the patient’s blood, leading to blood clotting
concomitant with an acute phase inflammatory reaction [3-7]. The nature and intensity of this
inflammation is crucial to fight a potentially dangerous exogenous material, restore
homeostasis (or not), and promote (or not) healing. The structure of blood clot [4, 8], and the
physicochemical properties of the bone substitute [3, 5, 7, 9], also deeply influence the
biocompatibility and the bone healing. But, in spite of blood/biomaterial interactions having
such a pivotal role, there is a surprising paucity of scientific literature that study these

interactions at the molecular levels.

Among biomaterials, synthetic calcium phosphate (Ca-P) ceramics have been widely used for
bone regeneration because of their osteoinductive properties [2, 9-13], and among Ca-P
biomaterials, biphasic calcium phosphate (BCPs) ceramics are considered as the gold standard
in bone reconstruction surgery [2, 14, 15]. Therefore, BCP which is made of a mixture of
hydroxyapatite (HA) and [-tricalcium phosphate (B-TCP), are frequently used to fill bone
defects where they encounter blood. We reported before, that BCP microparticles 80-200 um
embedded in a blood clot induced ectopic woven bone formation in mice, when BCP
microparticles 200-500um mainly generated fibrous tissue [11]. Using a transcriptomic
approach we previously showed in vitro and in 3D that the Toll-like receptor 4 (TLR4) was
involved in the inflammatory process triggered in blood cells by 80-200 um BCP particle

interactions, which resulted in the increase of IL-1p and IL-6 gene expression [16]. TLRs are



single, transmembrane, non-catalytic receptors usually expressed on sentinel cells such as
monocytes/macrophages (M/M). They are a panel of conserved pattern-recognition receptors
(PRR) that are activated by a variety of pathogen-associated molecular patterns (PAMPs),
thus initiating an innate immune response and inflammation in higher animals [17, 18]. TLR4
was originally described to recognize lipopolysaccharides (LPS) from Gram negative bacteria.
LPS-activated TLR4 induces intracellular signaling in collaboration with other molecules,
such as LPS-binding protein (LBP) and cluster of differentiation 14 (CDI14). Once the
sequential action of LBP and CD14 has promoted the formation of the activated TLR4/MD-2
(Myeloid Differentiation factor 2) heterodimer on the cell surface, the activated complex
recruits the adapter molecule MyD88 (Myeloid differentiation primary response 88) which
binds Interleukin-1 receptor-associated kinases 2 and 4 (IRAK2 and IRAK4) within the
cytoplasm of cells, inducing the activation of the nuclear factor-k B (NF-kB). Currently, TLR4
has also been identified as a ‘danger-sensing’ receptor [18]. As a result, in addition to LPS,
TLR4 can be also activated by many types of host-derived molecules including released
intracellular proteins (e.g., ST00A8/A9, high-mobility group protein B1), extracellular matrix
components, and soluble mediators (e.g., fibrinogen) [18, 19]. These molecules represent
members of a recently identified family of proteins, termed “alarmins”, which serve as
mediators of inflammation and are expressed or released in response to tissue damage [20].
Because patients having a large bone repair do not usually exhibit infectious disease, the
stimulation of the TLR4 signaling in such case may results from endogenous TLR4 ligand

rather than being due to the presence of bacterial products.

After implantation, blood proteins rapidly adhere to the biomaterial surface [3, 5, 21, 22]. The
pattern of adsorbed proteins differs among the surfaces, and varies over time. Subsequent

interactions of the biomaterial with blood cells are likely to be modified by this protein layer,



as well as by the resulting secreted mediators. Therefore, the identification of these molecules
would be of great help in bone tissue engineering. Proteomics, as a hypothesis-free approach,
is a useful tool for discovering novel molecules. So, in the present study, we investigated
protein expression profiles during blood/BCP interactions in vitro and in 3D using liquid
chromatography coupled to mass spectrometry (LC-MS/MS). First we compared the
expression profiles of plasma and blood cell proteins between blood/BCP composites versus
blood clot in semi-quantitative label-free experiments and analyzed the deregulated signaling
pathways. Second, we performed quantitative proteomic studies between osteogenic (BCP 80-
200 /blood) and fibrogenic (BCP 200-500/ blood) composites to identify the ‘alarmins’
involved in the activation of the TLR4 signaling cascade. Understanding the molecular events
following the interactions of the patient’s blood with biomaterials is crucial in the

development of bone substitutes at least as effective as bone grafting.

2 — Materials and Methods

2.1 Biphasic calcium phosphate biomaterial
The biphasic calcium phosphate (BCP) biomaterial, constituted of 60% hydroxyapatite [HA,

Cal0(PO4)6(OH)2] and 40% B-tricalcium phosphate [B-TCP, B-Ca3(PO4)2], was provided
by Graftys SA (Aix-en-Provence, France). This Ca-P ceramic was obtained by sintering
(1050°C for 5h) calcium-deficient apatite presenting a Ca/P ratio of 1.6 and prepared by an
aqueous alkaline hydrolysis method. BCP microparticles of 80-200um and 200-500um
diameter were prepared by crushing and wet sieving, then dried and made endotoxin free by
heating at 250°C for 1h. After, particles were incubated in a CaCl», 2H>O solution, dried and

sterilized by heating at 180°C for 2 hours before use.



2.2 Blood/BCP composite preparation
Blood was withdrawn from human healthy volunteers after inform consent. Blood/BCP

composites were prepared in 2 mL syringes by mixing 800 mg of BCP particles of 80-200 or
200-500um diameter with 700puL of human citrated blood. The syringes were left in an
upright position to let the particles sediment and put at 37°C for different durations to allow
blood coagulation and BCP microparticles/blood cell interactions. Then, a cylindrical
cohesive biomaterial was pushed out. As a control, 80uL of a CaCl,, 2H>O solution were
added to 700 pL of citrated blood treated in the same way as blood/BCP composites, which
resulted in blood clot (Supplemental Fig. S1). In neutralizing experiments, 0.5 pg/mL of anti-
human LBP (#AF870, Bio-techne) or 0.25 pg/mL anti-human CD14 (#61D3, Bio-techne)
antibodies have been added to the blood, and incubated 30 min. at 37°C (Supplemental Fig.
S2). Then, the antibody containing blood was used to prepare the BCP/blood composites as

explained above.

2.3 Implantation procedure of blood/BCP composites
The animal experiment was carried in accordance with the EU Directive 2010/63/EU for

animal experiments. It received the approval of the Local Committee for Animal Use and
Care (NCE/20158-262). The implants were prepared with the same procedure described
above but in 1-mL syringes by mixing 100 mg of 80-200 or 200-500um BCP particles with
200uL of human blood. The 16 NMRI nude mouse of 8-week-old (Janvier Labs) received 2
subcutaneous (SC) implants in the lower back; 8 mice were implanted with BCP 80-200 and
the 8 others with BCP 200-500 blood composites. They were sacrificed 4 weeks later and the

implants were retrieved for histological analyses.



2.4 Histological, second harmonic generation (SHG), and environmental scanning electronic
microscopic (ESEM) analyses

SC implants were fixed in 10% buffered formalin for 24 h, sectioned in three pieces, and
partially decalcified 10% (w/v) EDTA acid solution for 72h at RT. Decalcified samples were
embedded in paraffin and serial sections of 4 mm were stained with hematoxylin, erythrosine,
and safran (HES). Histological sections were scanned using the Vectra Polaris automated
quantitative pathology imaging system (PerkinElmer). Analysis and pictures were carried out
using the Phenochart software. Second harmonic generation (SHG) microscopy allows type I
collagen fibers to appear in high contrast images, with no additional staining [23]. Thus, tissue
sections prepared for histological study were also used for SHG microscopy on a Zeiss LSM
710 microscope. Mai Tai laser excitation wavelength was set to 880 nm and the SHG signal
was detected in transmission and reflection mode.

For the environmental scanning electronic microscopy (ESEM) study, the BCP blood
composites were fixed, 1h after they have been made, overnight at 4°C with a buffered 1.6%
glutaraldehyde/0.1 M phosphate solution, rinsed, dehydrated in a graded ethanol series and
dried at RT. Then, they were mounted on aluminum stubs with carbon tabs and sputter coated

with carbon before to be analyzed using the environmental scanning electron microscope

(Philips (FEI) XL40 ESEM TMP).

2.5 Protein and RNA extraction
After 24h incubation at 37°C, 4 cylinders of each composite material or 4 blood clots were

pooled into 3ml of cooled lysis buffer [HEPES 50mM (pH 7.4); NaCl 150mM; EDTA 20mM
(pH 8); CHAPS 1%; DTT 1mM; Protease and Phosphatase inhibitor cocktail (Thermo
Scientific)]. They were let on ice for 30min with regular vortexings and centrifuged at 4°C,
8000g, 15 min. The supernatants were collected, and hemoglobin depleted using several
HemoVoid™ columns (Biotech Support Group). Then, the protein concentration of these

protein extracts were measured using the BCA protein assay kit (Thermo scientific), aliquoted



and stored at -20°C. When indicated, albumin was also partially removed using AlbuVoid™
depletion reagent kit (Biotech Support Group) following the manufacturer’s instructions. The
decrease in albumin concentration was checked on gel electrophoreses (Supplemental Fig.
S3).

RNA extraction was performed using trizol (Life Technologies, Saint Aubin, France). Before
quantitative PCR, RNAs were purified and concentrated with the RNA clean-up
NucleoSpin® XS columns (Macherey-Nagel). RNA from 4 cylinders of the same composite
material or three blood clots were necessary to get enough RNA. They were incubated for 0.5,

2 or 4h at 37°C.

2.6 Protein sample preparation, digestion and TMT labeling
For label-free experiments 200ug of protein extracts were mixed in 200uL of 100mM

ammonium bicarbonate buffer. Proteins were reduced, alkylated and precipitated by addition
of 10 puL of Tris (2-carboxyethyl) phosphine hydrochloride (TCEP 200 mM, 55°C, 1h), then
10 pL of iodoacetamine (375 mM, 20°C, 30 min) and ImL cold acetone (-20°C, O/N). The
samples were centrifuged (8000g, 10 min, +4°C), acetone removed and the protein pellet was
dissolved in 100mM ammonium bicarbonate buffer. Proteins were then digested by 10ug of
trypsin (Promega corporation) over night at 37°C, the digestion was stopped by 5% formic
acid and the resulting peptide solution was dried and frozen at -20°C before LC-MS/MS
analyses. All the reagents came from Sigma-aldrich®.

TMT labeling was performed according to the TMT duplex Isobaric Mass Tagging kit
instructions (Thermo Scientific, # 90063). Briefly, protein extracts (100 pg) from the BCP 80-
200 and BCP 200-500/blood composites were prepared and digested as above. The
subsequent peptides were then respectively labeled with the TMT2-126 and TMT?-127 and

then pooled before analysis.



2.7 LC-MS/MS analyses
The dried peptides were diluted into 100uL of H>O/acetonitrile (80:20) containing 5% of

formic acid and centrifuged (15000g, 30 min, +4°C). Ten microliters of the resulting
supernatant were analyzed using an ESI-Q Exactive Plus mass spectrometer coupled to an
Ultimate 3000 RSLC Nano System (Thermo Scientific). Liquid chromatography was
performed with an EASY-Spray Pepmap C18, 2um, 25 cm x 75 and 100 pm column. The
flow rate was set at 0.3 pL/min with a 5-45% gradient of solvent B (80% acetonitrile, 20%
water, 0.1% formic acid) against solvent A (0.1% formic acid, 100% water) for 240 min. For
MS analyses, full-scan mass spectra were measured from 350 to 1500 m/z with an AGC
(Automatic Gain Control) target of 3x10° and a resolution of 70 K. A top 15 data-dependent
method was used for MS/MS spectrum acquisition with an AGC target of 1 x 10°, a resolution
of 35K and a dynamic exclusion of 40s. All MS raw data files were analyzed by Proteome
Discoverer software 1.4 (Thermo Scientific) using the Sequest HT search engine against the
Uniprot human database (Version 2015_2). Precursor mass tolerance was set to 10 ppm and
fragment ion tolerance was 0.02 Da. Carbamidomethylation on cysteine (+57.021Da) was set
as static modifications and oxidized Methionine as dynamic modification (+15.995 Da).

A decoy database search strategy was also used to estimate the false discovery rate (FDR) to
ensure the reliability of the proteins identified and at least two peptides were required for
matching a protein entry for its identifications.

For TMT quantitative analysis, TMT duplex (N Terminal, K) quantification method within
Proteome Discoverer software was used to calculate the reporter ratios with mass tolerance
+10 ppm. Only peptide spectra containing all reporter ions were designated as ‘quantifiable
spectra’. A protein ratio was expressed as a median value of the ratios for all quantifiable
spectra of the peptides pertaining to that protein. The proteins with a fold change greater than

1.2 were kept for further pathway analysis.



2.8 ELISA quantification
Briefly, LBP, total CD14, NOS2, MST1, IL-12 and fibrinogen (Ozyme) were measured using

sandwich ELISA technique according to the manufacturer’s instructions. Detection assay is
based on the horseradish peroxidase colorimetric reaction by adding TMB substrate.

Absorbance was read at 450 nm immediately.

2.9 Reverse transcription and Real-time PCR
Reverse transcription was performed with 1 pg of RNA, random primers and the Superscript

II/Rnase H-/Reverse transcriptase (Life Technologies). A tenfold dilution of cDNAs was used
for amplification reactions. Primer sequences are listed in Supplementary Table S1. For
quantitative PCR (g-PCR), final reaction volume was 10 ul using SYBR qPCR premix Ex
Taqll from Takara (Ozyme), and assays were run on a StepOne Plus ABI real-time PCR
machine (PerkinElmer). The expression of the selected genes was normalized to that of 36B4

housekeeping gene, and the quantification was made using the comparative CT method.

2.10 Statistical analysis
For RT-PCR and ELISA, quantifications were made in triplicates and each experiment was

repeated at least 3 times. Data are expressed as mean values + standard deviation, and
analyzed using the Mann—Whitney test. Differences were considered statistically significant at
p < 0.05. For comparative proteomics analyses, a two-tailed student’s t-test was used. Proteins
with a p-value < 0.05 and a fold change > 2 (3 experiments) or > 4 (one experiment), are
considered deregulated and kept for further pathway analysis. Core analyses were carried out
using Ingenuity IPA software (QIAGEN) in order to identify canonical pathways. The
significance level of deregulated pathways was calculated using a Fisher’s exact test with a

threshold set at p-value = 0.05.
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3 — Results

3.1 Osteogenic properties of BCP particles associated to blood clot: influence of particle size.
The observation of the BCP microparticles with a high performance stereomicroscope (Fig. 1,
top), showed that except of their size, the particles had the same morphology, which was due
to their method of manufacture. Indeed, they were fabricated from the same ceramic blocks
(after crushing and sieving) so they had also the same global porosity of 59.2% (Hg intrusion
method) in a range covering 0.1 to 10um (equivalent diameter of pores). The comparative
surface to volume ratio (S/V) using equivalent diameters of both populations of particles
revealed that a given volume of 80-200 BCP particles presents a doubled potential surface of
exchange with cells compared to 200-500 BCP particles. At a smaller scale, a given volume
of 80-200 BCP particles presents the same specific surface area (2.85 + 0.01m2/G) for
exchange with fluids compared to 200-500 BCP particles. In addition, the zeta potential of
bone (1um powder), BCP 80-200 and BCP 200-500 particles was respectively of -75.2 mV
(control); -2.1 mV and +2.0 mV, when all the suspensions were prepared in physiologic

saline (pH=7.4) after previous soaking in blood (5 min, RT).

BCP 80-200um or 200-500um microparticles embedded into a blood clot resulted in a
cohesive and moldable composite that can be easily handled (supplementary fig. S1). When
these two biomaterials were subcutaneously implanted into mice for 4 weeks, the
intergranular space of each resulting implant, was colonized by a very different tissue (Fig. 1,
bottom). Histological examination of sections from the 80-200um implants (Fig. 1A) showed
that the intergranular space was colonized by woven bone tissue, characterized by osteocyte-
like and giant multinucleated osteoclast-like cells embedded in a collagen matrix. Many blood
vessels were also visible (on average 93 + 40 /implant slide). The osteoblastic phenotype, as

well as the mineralization of the collagen matrix have been previously characterized by
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immunologic detection of the osteocalcin and Goldner staining respectively [11].
Comparatively, histological examination of the 200-500um implants (Fig. 1B) revealed that
the collagen matrix has a much more fibrous appearance and contained fibroblastic-like cells
aligned along the collagen fibers. No ‘osteoclast-like’ cells were visible and about 10 times
fewer blood vessels (9 = 4/ implant slide on average) compared to the implants made with 80-
200 pm BCP particles. Transmission pictures of longitudinal sections (Fig. 1C, 1D) revealed
that in both types of implant, the collagen matrix was more abundant on the periphery than on
the inside, suggesting that tissue colonization likely evolved from the outside to the inside.
This was confirmed by SHG analyses which showed that the organization of the collagen
matrix of the 200-500um implants (Fig. 1F) was characteristic of a fibrous tissue (more
numerous and parallel collagen fibers) than that of the 80-200 um implants (Fig. 1E). Thus,
these results confirmed [11] that after in vivo implantation BCP 80-200 blood composites are
osteogenic whereas BCP 200-500 blood composites are mainly fibrogenic. In addition, ESEM
study of these BCP blood composites allowed to observe the fibrin network (Fig. 1G, H).
Fibrin fibers, adhering to the particles, were visible in the interparticle spaces. In the
osteogenic BCP blood composites (80-200), a very fine fibrin network, difficult to observe
was visible (Fig. 1G). Comparatively, in the fibrogenic BCP blood composites (200-500), the
fibrin network was clearly visible, with larger mesh and fibers significantly thicker than in the
80-200 implants. All of these results emphasizes the importance of the vascularization and the
major role of the fibrin network organization in the genesis of bone tissue [7]. Therefore,
these blood/BCP microparticle composites constitute good models to identify new molecules
involved in blood/BCP interactions leading to bone matrix formation. Using proteomic
analyses we have next compared the plasma and total blood cell proteins profiles of BCP 80-

200 and BCP 200-500 blood composites after hemoglobin removal.
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3.2 Label-free comparative proteomic study of osteogenic (BCP 80-200) and fibrogenic (BCP
200-500) blood composites versus blood clot.

Using a 2-fold change threshold, as well as a significant statistical difference with a p value <
0.05, we found respectively 80 and 92 proteins differentially expressed between blood clot
and BCP 80-200 or BCP 200-500 blood composites. Among these proteins, 41 were in
common (Fig. 2A), thus 39 and 51 proteins were differentially expressed between BCP 80-
200 and BCP 200-500 blood composites. These results strongly suggested that the two sizes
of BCP particles stimulated protein synthesis by blood cells in very different ways.

The analyze of these two protein lists with the Ingenuity software revealed that respectively
28 and 27 canonical pathways were significantly deregulated in blood cells stimulated with
80-200 BCP or 200-500 BCP particles compared to blood clot and among them, 23 pathways
were significantly more altered by the BCP 200-500 particles (see the 17 most deregulated
pathways on Fig. 2B). Consistently, the complement and the coagulation system were in the
first 5 most deregulated pathways. The 3 others were: the acute phase response signaling, the
liver X receptor (LXR) and the farnesoid X receptor (FXR) (Fig. 2B). When the complement
system and the acute phase response signaling were similarly altered, the LXR, FXR and the
coagulation pathways were more strongly deregulated in blood cells in contact with BCP 200-
500 rather than with BCP 80-200 particles (Fig. 2B). Owing to the wide concentration range
of plasma proteins, we hypothesized that proteins abundantly expressed such as albumin (75%
of the total plasma proteins) could mask less abundant proteins of interest. Therefore, we next
examined the deregulated proteins and pathways after albumin depletion and low abundance

plasma protein enrichment.

After albumin depletion, analysis of the significant deregulated proteins showed that 27
signaling pathways significantly changed in blood cells stimulated with BCP 80-200 particles

compared to blood cells in blood clot, whereas only 6 of these pathways were significantly
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deregulated with BCP 200-500 particles (see the 13 most deregulated pathways on Fig. 2C).
These data obtained after low abundance protein enrichment confirmed that the acute phase
response protein, as well as LXR and FXR pathways, were highly modulated in BCP blood
composites but, conversely to what we observed without albumin depletion, these 3 pathways
were more strongly altered by the BCP 80-200 particles (Fig. 2C). Altogether, these results
indicated that the proteins involved in these 3 pathways might play a major role in the
discriminating effect of the two sizes of BCP microparticles on blood cells. However,
although the albumin depletion allows the enrichment of proteins present in low abundance,
its depletion can also bias the results since albumin can bind a broad variety of proteins [24].

Thus, we continued our analyses in both ways, that is with and without albumin depletion.

3.3 Quantitative proteomic study of osteogenic (BCP 80-200) versus fibrogenic (BCP 200-
500) blood composites using TMT labeling

To identify some proteins early involved in the osteogenic capacity of BCP 80-200 blood
composites, we then compared BCP 80-200 and BCP 200-500 blood composite proteins in a
quantitative proteomic study. Independently of the presence (Table 1A) or the absence of
albumin (Table 1B), the 5 signaling cascades significantly deregulated when comparing the
blood/BCP composites to coagulated blood (coagulation, complement, acute-phase,
FXR/RXR and LXR/RXR), appeared also modified when comparing BCP 80-200 versus
BCP 200-500 blood composites. Indeed they were among the 15 mostly altered pathways in
both analyses as well as that of the extrinsic/intrinsic prothrombin activation and the

glucocorticoid receptor signaling.

In the presence of albumin (Table 1A), the deregulation of the first 15 pathways resulted from

the modification of the expression of 16 proteins (Fig. 3A). Among them, 3 keratins (KRT2,
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KRT9, KRT10) whose the presence must be an artifact due to the sample preparation since
these molecules are not supposed to be present in blood. In the 13 remaining proteins, 11 were
overexpressed in BCP 80-200 compared to BCP 200-500 blood composites and 2 were down-
regulated (Fig. 3A). The 3 fibrinogens (FGA, FGB, FGG) were the most overexpressed
proteins in BCP 80-200 implants, suggesting a major involvement of fibrinogen (FGN) in the
generation of woven bone or fibrous tissue in vivo. The 8 other up-regulated proteins were
involved in lipid metabolism, extracellular matrix and insulin growth factor pathways as well
as in DNA repair. The two down-regulated proteins in 80-200 BCP blood composites were

complement proteins (C4BPA, C1QC).

After albumin depletion (Table 1B), the marked alteration of the acute phase response, IL-12
signaling, the production of Nitric oxide and reactive oxygen species, as well as the pattern
recognition receptors pathways strongly suggested that monocytes are key players during the
interactions between BCP microparticles and blood cells. Furthermore, data shown in the
Table 1B suggested that the immune response, lipid metabolism as well as cytoskeletal
changes were the main early biological processes governing the osteogenic properties of BCP
80-200 blood composite. Indeed, among the 36 deregulated proteins involved in the above
signaling cascades (Fig. 3B), 13 were coagulation and/or acute-phase proteins, 11 belonged to
the complement system, 4 were apolipoproteins, 3 were components of actin cytoskeleton and
2 from ECM signaling. Finally, one was involved in DNA repair and the last one in HGF
signaling pathway. Surprisingly, 34 of these 36 proteins were overexpressed in osteogenic
(BCP 80-200) compared to fibrogenic (BCP 200-500) blood composites, including CI/QC.
Conversely to what we observed in the absence of albumin depletion, fibrinogen proteins

(FGB, FGG) were strongly under-expressed (not shown). The discrepancy between these two
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analyses must be due to the albumin depletion, since albumin has been described to be able to

interact with FGN and some complement proteins [24].

We showed previously using a transcriptomic approach that the TLR4 pathway was involved
in BCP 80-200 particles induced inflammatory processes in blood cells [16]. Since FGN,
which is strongly overexpressed in BCP 80-200 compared to BCP 200-500 blood composites,
is a potential endogenous ligand of TLR4, we next focused on up-regulated proteins
belonging to the TLR4 pathway. Figure 4 pointed out 11 proteins from the TLR4 signaling
pathway which were overexpressed in osteogenic blood composites compared to fibrogenic
composites namely: fibrinogens (FGA, FGB, FGG), calprotectin (S100A8/A9), complement
factor H and its related protein 1 (CFH, CFHR1), apolipoprotein A1 (APOA1), LBP and its
receptor CD14 (monocyte differentiation antigen CD14), and IRAK4. IRAK4 is one of the
inducers of the transcription factor NF-KB which in turn regulates the transcription of
numerous cytokines, chemokines and growth factors. Among them, the hepatocyte (HGF) and
the insulin growth factors (IGF) known to be trophic factors for bone [25, 26]. Respectively,
three (IGFBP3, IGF1R, IGFL1) and two (HGFAC, MST1) proteins from the IGF and the
HGF pathways were also up-regulated in BCP 80-200 compared to BCP 200-500 blood
composites, strongly suggesting that these 2 growth factors are early involved in the

osteogenesis induced by BCP 80-200 blood composites in vivo.

3.4 Transcriptomic validation of the overexpression of the TLR4 pathway in osteogenic (BCP
80-200) compared to fibrogenic (BCP 200-500) blood composites

Data shown in the figure 5 revealed at the gene level that the two sizes of BCP particles
significantly up-regulated the TLR4 signaling pathway in blood cells, and that 80-200 were
significantly more effective than 200-500 BCP microparticles. Calprotectin SI00A8/A9, LBP

and its specific receptor CDI14, TLR4, My88 and IRAK4 genes were significantly
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overexpressed in blood cells after 2h of contact with 80-200 BCP particles. This significant
up-regulation lasted till 4h for S100A8/A9, CDI14, TLR4, My88 and IRAK4 and was
observed as early as 0.5h for the SIO0A8/A9, LBP, CD14, TLR4 and My88 genes. The RelA
gene, coding for the subunit p65 of NF- KB transcription factor, was also significantly
overexpressed in BCP 80-200/blood composites after 2 and 4h of blood cell stimulation.
Thus, in blood cells the TLR4 pathway was more solicited by the 80-200 BCP particles than
by those of 200-500, which should result in higher stimulation of the transcription factor NF-
KB and its target genes.

Because the LBP protein and its receptor CD14 have a strategic position in the TLR4
pathway, we hypothesized that these 2 proteins could "switch" and direct the cells towards a
synthesis of woven bone or fibrous tissue. Thus, we next investigated the involvement of

these 2 proteins as key modulators.

3.5 Validation of the involvement of LBP and CDI14 proteins in osteogenic (BCP 80-200)
compared to fibrogenic (BCP 200-500) blood composites

First we confirmed by an ELISA assay that the amounts of LBP and CD14 proteins were
significantly (p < 0.001) higher in osteogenic compared to fibrogenic blood composites as
well as compared to blood clot (Fig. 6A).

Then, we investigated the implication of these proteins in BCP 80-200 microparticle
interactions by the mean of antibodies neutralizing the LBP or CD14 (Supplemental Fig. S3).
We performed a label-free comparative proteomic analysis and compared the proteomic
signatures obtained with and without the antibodies (Fig. 6B). As expected, the addition of
neutralizing anti- LBP antibody into the blood used to prepare BCP 80-200 blood composites
resulted in a very similar signature to that obtained in the presence of anti-CD14. The
presence of antibodies induced a high deregulation of the LXR and FXR/RXR pathways, Il-

12 signaling and production in macrophages, clathrin-mediated endocytosis, atherosclerosis,
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Fcy receptor-mediated phagocytosis in M/M, production of NO and reactive oxygen species
in M/M, MSP-Ron and of BRCAIl in DNA damage response signaling pathway, but
neutralized the deregulation of the cell cycle: G2/M DNA damage checkpoint pathway,
induced by BCP 80-200 particles in blood cells (Fig. 6B). Therefore, the anti-LBP and anti-
CD14 deeply altered numerous macrophage signaling pathways, with only minor

modifications in the coagulation and the thrombin activation pathways.

We next measured the concentration of a set of proteins from the above deregulated pathways,
in blood and blood/BCP composites prepared in the presence or in the absence of neutralizing
anti-LBP and anti-CD14 antibodies. Data shown in the figure 6C indicated that the
concentration of FGN was dramatically higher in blood clot alone compared those in the two
composites and much higher (about 2 times more) in BCP 80-200 compared with BCP 200-
500 blood composites. This suggested that the BCP microparticles inhibited FGN production
by blood cells and the 200-500 more than the 80-200 particles. The presence of the two
antibodies significantly decreased the amount of FGN in the three conditions.

Without antibodies, we observed that the quantities of NOS2 and MST1 were much higher in
BCP 80-200 than in BCP 200-500 blood composites but were greater than that of blood clot.
Therefore, BCP particles might induce NOS2 and MST1 synthesis by blood cells. The
addition of anti-LBP and anti-CD14 resulted in a significant decrease in both proteins in the
three conditions (Fig. 6C). IL-12 was detected in none of our protein extracts (not shown).
Consequently, these results let think that the overexpression of LBP and its CDI14
membranous receptor induced by BCP 80-200 particles in blood monocytes, would play a
major role during blood cells/BCP interactions and might switch early between induction of

woven bone or fibrous tissue synthesis.
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4 - Discussion

During bone reconstruction, interactions of blood with biomaterials is the first and pivotal
event that influence biomaterial integration into host tissues and bone healing [3, 4, 6, 7, 22].
A number of previous works have mainly focused on the interaction between bone substitutes
and osteoinductive cells [5, 27, 28] whereas the molecular mechanisms underlying
blood/biomaterial interaction remain elusive. Here, we first showed that human whole blood
clotted around 80-200um BCP particles were able to induce ectopic woven bone formation
after subcutaneous implantation in Nude mice whereas, implantation of BCP 200-500 blood
composite resulted in the generation of a fibrous tissue. These results confirmed those we
obtained previously using mouse blood and C57BL / 6 mice [11] and are in agreement with
other studies which clearly demonstrated that different physical properties of BCP ceramics

such as particle size [2, 9, 29], largely affected their efficacy in osteoinduction.

Shortly after blood-biomaterial contact, a variety of blood proteins adsorbs onto implant
surfaces. The concentration, composition and conformation of this protein layer vary

according to the material physicochemical properties and promote either favorable
(osteogenesis) or adverse (fibrogenesis) cellular and tissue responses [3, 5, 22]. The LC-
MS/MS proteomic studies showed that the fibrinogen proteins (FGA, FGB, FGG) were the
most over-expressed proteins in osteogenic compared with fibrogenic implants. The higher

concentration of FGN in blood/BCP 80-200 compared to blood/BCP 200-500 composites was

confirmed by an ELISA assay. Fibrinogen (FGN) is a soluble hexameric glycoprotein

consisting of three pairs of homologous peptide chains (o2, B2,¥2), synthesized almost

exclusively by hepatocytes [30, 31]. Thus, this result obtained in vitro with blood cells was

unexpected. However, FGN is also thought to be synthesized by platelets and stored in the
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platelet a-granules [32] suggesting a higher decrease in platelet activation by BCP 200-500
than by 80-200 particles. We also found that the main signaling pathways deregulated
between the osteogenic and fibrogenic composites were involved in the following biological
processes: coagulation, acute phase inflammation, innate immune response, lipid metabolism
and cytoskeleton changes. In addition, our results strongly suggested that blood monocytes
would be the key players, which is in agreement with our previous study showing that BCP
80-200 microparticles induced monocyte proliferation in BCP/blood composites [16]. Our
results are also consistent with a major involvement of FGN. Indeed, FGN has long been
associated with multiple biological functions: main actors of clot formation, positive acute
phase protein, modulator of immune cell responses and extracellular matrix (ECM)
interactions through growth factor, integrin and cytokine binding [30, 31], actor of
atherosclerosis [33], as well as bone healing [34, 35]. Moreover, FNG has been described to

promote the monocyte adhesion to biomaterial surface [36].

The few studies dealing with protein adsorption onto BCP have focused on the exposure of
BCP to single protein solution [37, 38] or mixtures of some known molecules [3, 21]. But,
blood is a multicomponent protein solution where the different kinds of proteins would
competitively adhere to the biomaterial surface according to the “Vroman effect” [22]. The
adsorption of blood proteins onto biomaterial surface induces the activation of the coagulation
cascade (fibrin generation) and complement system [3, 5]. The 3D network of fibrin and
structural proteins of the clot serve as physical scaffolds to support leukocyte adhesion and
migration, activating their secretion of inflammatory cytokines and growth factors. Then,
osteoinduction will be largely affected by the density and organization of the fibrin network
[7], and more generally by the blood clot structure [4, 8]. Increasing concentrations of FNG in

fibrin clots has been reported to increase the stiffness of the gel [39]. Therefore, a change in
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FNG concentration should modify the blood clot mechanoproperties, which in turn might
modulate blood/BCP composite osteoactivity. This hypothesis is strengthened by the study
from Kim et al. [34] which demonstrated in a rabbit calvarial defect model that FNG adsorbed
on BCP microparticles improved bone healing in a dose-dependent manner.
Monocytes/macrophages (M/M) are known to respond to different stiffness of growth
surfaces mainly through their membrane integrin receptor CD11b/CD18 (Mac-1) [30, 40]. We
did not detect this receptor during our proteomic study. Nevertheless, it is possible that it
participates in the conversion of physical cues from the extracellular microenvironment into
biochemical signals in BCP/blood composites. However, according to Oliveira et al. [35], this
receptor would not play an important role in the interaction of monocytes with immobilized
FGN. Recently, Gruber E et al. [41] demonstrated that the substrate stiffness could affect
M/M response through the stimulation of their Toll-like receptor 4 (TLR4) but, whether M/M
mechano-signals are transduced via integrins and/or other mechano-sensors remains to be
determined. FNG being a potential endogenous ligand of TLR4 (or an “alarmin”) [18, 42], we
search and found several upregulated proteins involved in the TLR4 signaling pathway.
Indeed, our proteomic and transcriptomic studies showed that in BCP/blood composites, the
TLR4 pathway is strongly up-regulated in osteogenic compared to fibrogenic composites and
involved a MyD88-dependent nuclear factor-kB activation. The TLR4 cascade might be
stimulated mainly by FGN, but also by calprotectin which is another “alarmin* [18]. Indeed,
both have been described to activate TLR4 through MyD88 and NF-KB [19, 43]. In addition,
we showed that BCP particles induced blood cells to synthesized two (HGFAC, MSTI) and
three (IGFBP3, IGF1, IGFIR) proteins involved respectively in the HGF [25] and the IGF
[26] osteogenic pathways presumably via the TLR4 signaling cascade (Fig.7).

To the best of our knowledge a direct binding of FGN to TLLR4 has never been demonstrated.

Thus, one can assume that the TLR4 pathway activation by the FGN is either direct, or
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indirect, or both. About 16% of the FGN circulate as lipoprotein particles (FALPs) constituted
of apolipoprotein A-1 (APOAI), complement factor H-related proteins (CFHR),
lipopolysaccharide-binding protein (LBP) and phospholipids [44]. As all these proteins were
overexpressed in osteogenic compared to fibrogenic BCP/blood composites, this strongly
suggests that the FGN might, at least in part, activate TLR4 in the form of FALP via the LBP.
The LBP and its receptor CD14 were originally discovered as proteins necessary for cellular
response to lipopolysaccharides (LPS) from Gram negative bacteria. As FGN has been
described to activate a TLR4 signaling cascade similar to that of LPS [19, 33], the LBP and
CD14 proteins must play an important role in FGN-induced TLR4 pathway. LBP is a
glycoprotein initially known as a modulator of the innate host defense, with a dual role
depending on its relatively high or low concentrations [45, 46]. LBP, like FGN, is an acute-
phase protein mainly synthesized in hepatocytes which can be also produced by non-hepatic
cells, including M/M [47]. However in M/M, LBP gene expression is not induced in response
to pro-inflammatory cytokines, but is an LXR target that promotes macrophages survival [47].
This data is in agreement with our results since the LXR/RXR cascade was one of the most
deregulated pathways between the two kinds of BCP/blood composites. CD14 for its part, is
the LBP receptor and it exists in two forms: as a PRR, made mostly by M/M and expressed on
the surface of various cells, including M/M as well as polymorphonuclear neutrophils, and in
a soluble (sCD14) state secreted by monocytes as an acute-phase protein [48]. The LBP
and/or CD14 proteins have been shown to be involved in nearly all the signaling cascades
significantly deregulated between the osteogenic and fibrogenic implants [45-50]. In our
study, blocking LBP or CD14 with neutralizing antibodies resulted in the same and deep
changes in the signaling pathway signing of BCP 80-200 blood composites and in a marked
decreased in the concentration of FGN, NOS2 and MST1, confirming an early and pivotal

role of the LBP and CD14 proteins in FGN-induced TLR4 in blood/BCP microparticle
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interactions, further regulating osteogenic or fibrogenic activity of these composites in vivo

(Fig.7).

5 — Conclusions

The present findings provide an insight into the proteins and the deregulated signaling
pathways, involved during blood/BCP particle interactions. By the mean of LC-MS/MS
proteomic studies performed in vitro and in 3D in osteogenic and fibrogenic BCP blood
composites, we showed that BCP-induced osteogenesis is associated with the overexpression
of fibrinogen (FGN) and calprotectin which are two “alarmins”. We also found a strong
upregulation of the TLR4 signaling cascade mediated through LBP/CD14-Myd88 and NF-kB,
leading to an early stimulation of at least two osteogenic pathways namely IGF [26] and HGF
[25]. We highlighted the key role of the LBP/CD14 proteins in the TLR4 activation of blood
cells by BCP particles. However, further in vivo studies are necessary to evaluate their real
impact on the osteoinduction properties of blood/BCP composites. In addition, FGN being
able to modulate blood composite stiffness, we propose that different FNG concentrations
modify the blood clot mechanoproperties, which in turn modulate blood/BCP composite
osteoactivity through TLR4 signaling. The discovery of molecular players involved in

blood/biomaterial mechanobiology will allow to improve bone reconstruction.
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Fig. 3A
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Fig. 3B
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Fig. 4

TLR4 potential activators
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Fig. 5
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Fig. 6

E BCP 80-200 blood composites + Anti-LBP Ab / Blood
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Table 1A
The top 15 differentially deregulated pathways and related proteins in BCP 80-200 versus BCP 200-500

blood composites after TMT labeling

© 2000-2019 QIAGEN. All rights reserved.

Ingenuity Canonical Pathways -log(p-value) | Ratio Molecules
1 |Extrinsic Prothrombin Activation Pathway 4.94 0.188 |FGB,FGA,FGG
2 |Coagulation System 3.89 0.0857 |FGB,FGA,FGG
3 |Intrinsic Prothrombin Activation Pathway 3.65 0.0714 |FGB,FGA,FGG
4 |Acute Phase Response Signaling 2.82 0.0227 |C4BPA,FGB,FGA,FGG
5 |Complement System 2.31 0.0541 |C4BPA,C1QC
6 |Role of Tissue Factor in Cancer 2.21 0.0227 |FGB,FGA,FGG
7 |GP6 Signaling Pathway 2.18 0.0222 |FGB,FGA,FGG
8 |Cell Cycle: G2/M DNA Damage Checkpoint Regulation 2.07 0.0408 |TOP2A,ATR
9 |Netrin Signaling 1.84 0.0308 |DCC,CACNA1A
10 |Synaptic Long Term Depression 1.81 0.0161 [IGF1R,CACNA1A,PLA2G2C
11 |Glucocorticoid Receptor Signaling 1.78 0.0115 |KRT9,KRT2,KRT10,FGG
12 |Cardiac Hypertrophy Signaling 1.51 0.0124 |IGF1R,CACNA1A,ADRA1A
13 |LXR/RXR Activation 1.34 0.0165 |FGA,A1BG
14 |FXR/RXR Activation 1.31 0.0159 |FGA,A1BG
15 |GADDA45 Signaling 1.28 0.0526 [ATR

P-value: Fisher’s exact test; molecules: the uploaded proteins mapped to the pathway.
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Table 1B
The top 15 differentially deregulated pathways and related proteins in BCP 80-200 versus BCP 200-500
blood composites after TMT labeling and albumin depletion

Ingenuity Canonical Pathways -\:glgu(g)- Ratio Molecules
Acute Phase Response Signaling 20.1 0.0966 ;ltlé:(AJgé)A?,,Iq_rF%ﬁ%,lAHT,?:F(;,EGG,05,C4A/C4B,PLG,C1 R.KLKB1.HP,
Complement System 18.9 0.297 |C4A/C4B,C1R,C3,C1S,C8B,C1QC,C1QA,C1QB,C8A,C8G,C5
LXR/RXR Activation 14.4 0.0992 |C4A/C4B,KNG1,HPR,ALB,C3,APOA1,ITIH4,APOA2,AMBP,APOC1,CLU,APOC3
FXR/RXR Activation 14.2 0.0952 |C4A/C4B,KNG1,HPR,ALB,C3,APOA1,ITIH4,APOA2,AMBP,APOC1,CLU,APOC3
Coagulation System 10.8 0.2 KNG1,PLG,F12,KLKB1,SERPINC1,FGB,FGG
Intrinsic Prothrombin Activation Pathway 8.36 0.143 |KNG1,F12,KLKB1,SERPINC1,FGB,FGG
Extrinsic Prothrombin Activation Pathway 6.76 0.25 F12,SERPINC1,FGB,FGG
IL-12 Signaling and Production in Macrophages 6.3 0.0473 |ALB,APOA1,APOA2,APOC1,MST1,CLU,APOC3
Atherosclerosis Signaling 5.44 0.0469 |[ALB,APOA1,APOA2,APOC1,CLU,APOC3
E}raﬂ:cc;’[(l)%ﬂgéé\lsltnc Oxide and Reactive Oxygen Species 4.39 0.0306 |ALB.APOA1APOA2.APOGT.CLUAPOC3
Clathrin-mediated Endocytosis Signaling 4.24 0.0287 |ALB,APOA1,APOA2,APOC1,CLU,APOC3
Sgge?}‘aP:rt]’ger\r;irZ{ggggnmon Receptors in Recognition of 4.06 0.036 |C3,c1QC.C1QA,C1QB.C5
Glucocorticoid Receptor Signaling 3.05 0.0173 |ERCC3,KRT9,PRKAA2, TAT ,KRT2,FGG
Actin Cytoskeleton Signaling 3.05 0.0216 |ROCK1,KNG1,FN1,GSN,TTN
Systemic Lupus Erythematosus Signaling 3 0.0212 |KNG1,C8B,C8A,C8G,C5

P-value: Fisher’s exact test; molecules: the uploaded proteins mapped to the pathway.
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