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Abstract: Biodegradability is one of the most important properties of implantable bone biomaterials,
which is directly related to material bioactivity and the osteogenic effect. How foreign body giant cells
(FBGC) involved in the biodegradation of bone biomaterials are regulated by the immune system
is poorly understood. Hence, this study found that 3-tricalcium phosphate (3-TCP) induced more
FBGCs formation in the microenvironment (p = 0.0061) accompanied by more TNF« (p = 0.0014), IFNy
(p = 0.0024), and T-cells (p = 0.0029) than hydroxyapatite (HA), resulting in better biodegradability.
The final use of T-cell depletion in mice confirmed that T-cell-mediated immune responses play a
decisive role in the formation of FBGCs and promote bioceramic biodegradation. This study reveals
the biological mechanism of in vivo biodegradation of implantable bone tissue engineering materials
from the perspective of material-immune system interaction, which complements the mechanism
of T-cells” adaptive immunity in bone immune regulation and can be used as a theoretical basis for
rational optimization of implantable material properties.
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1. Introduction

The repair of large bone defects caused by trauma, tumors, inflammation, etc., is a
common challenge for clinicians. Currently, bone tissue engineering uses bone replacement
materials to repair bone defects, which not only avoids the secondary trauma caused by
taking autologous bone, but also prepares personalized scaffolds to reconstruct the function
and shape of bone according to the size of the defect. Thus, the use of bone replacement
materials has become the best treatment strategy for bone defect repairs [1-3]. During
the progress of bone tissue engineering, bioceramic scaffolds with calcium phosphate
composition as the main component have received wide attention from researchers due to
their chemical composition being similar to a bone’s chemical composition and having an
excellent bone regeneration effect [4]. Degradability is often considered to be an important
influence on the bioactivity of ceramics and is directly related to their regenerative effect
in modulating bone defect repairs [5]. Therefore, researchers have worked to develop
bioceramic scaffolds with superior degradability as a way to improve the bioactivity of
bioceramic scaffolds. By using in situ polymerization techniques, p-HEMA was com-
pounded on calcium phosphate ceramics to enhance their degradability without affecting
biocompatibility [6]. In addition, the incorporation of hydroxyapatite into PLLA bone
regeneration scaffolds was also claimed by the authors to take advantage of its improved
degradation properties to enhance the bioactivity of the scaffold material [7]. However,
these studies for improved degradability of ceramics were only optimized for the material’s
basal degradation rate in solution and validated in cytological experiments, ignoring the
more important material-host interaction, i.e., the complex microenvironment within the
host of the biodegradation process of the material.
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The implantation of biomaterials into the host is accompanied by a series of regeneration-
related immune response events, including injury, tissue fluid-material interaction, tem-
porary matrix formation, acute inflammation, chronic inflammation, granulation tissue
development, foreign body reaction, and fibrosis [8,9]. The acute inflammatory response
caused by biomaterial implantation usually subsides quickly within a week, followed
by a foreign body response in which the immune system recognizes the biomaterial as
foreign, during which mononuclear macrophages and their fused FBGCs attach to the
material surface, absorbing and phagocytosing the ceramic and breaking it down. This is
more conducive to the ion release and porous structure formation of the material and the
formation of a naturally derived, biodegradable slow-release system around the material,
which is essential to initiate the subsequent regeneration phase [10,11]. Overall, the basal
degradation of the material and the biodegradation after implantation into the organism
together determine the final degradation of the biomaterial in the complex environment of
the organism, and the biodegradation is undoubtedly the more critical and closer to the
actual one in terms of the impact on the regenerative effect of the material.

As the most direct participant in material biodegradation, FBGCs have an antigenic
phenotype similar to that of mononuclear macrophages, which is strong evidence to con-
firm the formation of fusion of mononuclear-derived macrophages from FBGCs [12]. The
osteoclast marker antitartrate acid phosphatase (TRAP) has been detected on FBGCs around
implants and has become an important marker for the identification of FBGCs [13-15].
The formation of FBGCs is regulated by a variety of cell-matrix interactions and cytokines
that recruit macrophages around the material and induce their fusion into FBGCs that
participate in the biodegradation process of the implanted material [16,17]. The traditional
view is that IL-4 and IL-13 are potent inducers of the fusion of peri-material macrophages
into FBGCs [18,19]. After early acute inflammation subsides, a relatively stable microen-
vironment conducive to tissue regeneration develops around the material, during which
lymphocytes appear around the material and dominate the adaptive immune response.
Numerous studies have implied that lymphocytes may have a relatively long-lasting role
in influencing macrophage fusion into FBGCs during the material tissue regeneration
period [20-22], but whether lymphocytes have a decisive role in material biodegradation
and their mechanism of action is not clear.

Although the main characteristics (density, porosity, pore volume, etc.) have a large
influence on in vitro degradability, this study focuses on in vivo degradability, which is
regulated by the immune microenvironment [23]. By comparing the immune microen-
vironment of HA and p-TCP degradation in vivo, this study speculated that the T-cell
immune response closely related to FBGC might have an impact on the biodegradation
process. Here, the present study focuses on the role of T-cell-mediated immune response in
regulating FBGCs formation and its effect on the biodegradation properties of the material.
This study found that there was a significant positive correlation between the number of
T-cells and their associated inflammatory factors, TNF-« and IFN-y, and the biodegradation
properties of calcium phosphate ceramics. Moreover, the formation and biodegradation of
FBGCs around calcium phosphate ceramics were significantly affected in T-cell-depleted
mice. This study reveals that T-cell immune response may be an important factor affecting
the biodegradation and biological effects of the material, enriching and complementing the
fate process of biomaterials after implantation and providing the need for a more rational
and accurate basis when improving and evaluating implantable materials.

2. Materials and Methods
2.1. Ethical Approval

The mice used in this study were handled in accordance with the policies of the Animal
Research Ethics Committee of Wuhan University, Wuhan, China. The study protocol was
approved by the Animal Use Ethics Committee of the Institute of Biomedical Sciences
(protocol number 50792203014, A31/2020).
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2.2. Preparation and Characterization of HA and B-TCP

HA ceramics were prepared from HA powder according to the wet chemical method.
After molding and polymerization in a mold, drying, pyrolysis, and finally sintering in
air at 1250 °C for 8 h. 3-TCP was prepared by sintering at 1200 °C for 8 h according to
the method of previous studies [24,25]. The ideal chemical formula for 3-TCP ceramics
is Caz(POy); with a calcium to phosphorus ratio of 1.5. HA ceramics with the ideal
chemical formula Cas(PO4)30H and a calcium to phosphorus ratio of 1.67 were used. X-ray
diffraction (XRD) (Supplementary Figure S1A), Fourier transform infrared spectroscopy
(FTIR) (Supplementary Figure S1B), and scanning electron microscopy (SEM) micrographs
(Supplementary Figure S1C), were used to detect characterization of 3-TCP and HA.

2.3. Implantation of Bioceramic Materials

Eight-week-old female C57BL/6 mice were selected for animal experiments. Implan-
tation was performed by making an incision in the skin and muscle with a scalpel after
preoperative hair removal. The incision is approximately 8 mm long and precise to avoid
damage to blood vessels. A material pellet of equal size is inserted into the wound with
ophthalmic forceps and sutured to the muscle layer and skin.

2.4. Histological Staining

Muscle tissue-containing material was harvested and fixed in 4% paraformaldehyde
for 24 h, followed by immersion in a frequently changed decalcifying solution containing
10% EDTA (ethylenediaminetetraacetic acid) and paraffin embedding by gradient alcohol
immersion dehydration after 4 weeks. Paraffin specimens were prepared into 5 um of
thickness sections for subsequent staining. H and E, TRAP, immunofluorescenc (IF), and
immunohistochemical staining (IHC) were used according to the manufacturer’s protocols
(MXB Biotechnologies, Fuzhou Maixin Biotech. Co., Ltd., Fuzhou, China). The primary
antibodies of IF and IHC included the following: F4/80 (1:200; ABclonal A1256, Wuhan,
China), TNF«x (1:200; ABclonal A0277, Wuhan, China), IL-13 (1:200; ABclonal A11369,
Wuhan, China), IFNvy (1:200; ABclonal A12450, Wuhan, China), and CD3 (1:800; CST
86603S, Boston, MA, USA).

2.5. T-Cell-Depleted Mice

The hybridoma cell lines GK1.5 and 2.43 were cultured in RPMI-1640 (Hyclone, Logan,
UT, USA) medium supplemented with 10% fetal bovine serum (Gibco, CA, USA) in cell
incubator at 37 °C and 5% CO,. After the cell density reached 80%, the cells were cultured
for 24 h. The supernatant of the cell culture was collected by centrifugation. The supernatant
was injected intraperitoneally every 3 days to remove T-cells of the mice.

2.6. Statistical Analysis

GraphPad Prism software8 (San Diego, California, USA) was used for data analysis.
Two-way ANOVA and Student’s t-test were used to assess differences between the two
groups. p < 0.05 was considered a statistically significant difference.

3. Results and Discussion
3.1. FBGC-Mediated Biodegradation Is More Pronounced in B-TCP Than That in HA

The preparation of HA and B-TCP is described in detail in Materials and Methods.
To identify the possible impurity components of HA and 3-TCP, XRD was used to an-
alyze their elemental composition, and the characteristic peaks of 3-TCP and HA were
marked with arrows (Supplementary Figure S1A). FTIR spectra showed the absorption
peaks of 3-TCP and HA (Supplementary Figure S1B). SEM (Supplementary Figure S1C)
revealed the porosity and pore volume of the material to some extent. HA and 3-TCP
were implanted in the mouse gastrocnemius muscle and taken for histological paraffin
sectioning on day 14. H and E staining to observe the degradation of the materials showed
that 3-TCP presented a significant irregular morphology on day 14 in vivo, while HA main-
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tained a relatively intact regular morphology (Figure 1A). This indicates that the overall
degradation rate of 3-TCP is higher than that of HA, but since there may be differences in
the basal degradation rates of HA and (3-TCP, we used immunohistochemical staining for
the macrophage marker F4/80 and TRAP staining for macrophages and FBGCs around
the material, respectively, to further observe the differences in the biodegradation of the
two ceramics. The immunohistochemical results showed that the number of macrophages
around (-TCP was significantly higher than that around HA. It also showed that a large
number of macrophages were clustered in the absorption traps of 3-TCP, while in HA,
macrophages were mainly present on the surface of materials (Figure 1B,D). TRAP-positive
cell expression was hardly detected around HA (Figure 1C,D). The above results suggest
that the biodegradation rates of HA and (3-TCP differ greatly after implantation and that
macrophages and their aggregation to form FBGCs with phagocytosis are important reasons
for the difference in biodegradation rates.

IHC-F4/80
A H&E B
B-TCP HA

50 p=0.0081
HA

Number of F4/80+ cells
Number of TRAP+ cells

’
2
E

HA B-TCP HA B-TCP

Figure 1. FBGC-mediated biodegradation of 3-TCP is more pronounced than that of HA. (A) H
and E staining showed the biodegradation of 3-TCP and HA. (B) IHC staining of the macrophage’s
marker F4/80. (C) TRAP staining showed the FBGCs marked by red arrows. (D) Semiquantita-
tive comparison of positive expression. n = 3, black circles and blocks represent values from a
single sample.

Whether FBGC-mediated biodegradation is beneficial or detrimental to the biological
function of the material is still inconclusive. This question is primarily related to how the
material performs its effects. For example, insulating materials in implantable pacemakers
that are subject to biodegradation by FBGCs may cause device failure and a crisis in a
patient’s life [26]. However, our study focused on bioceramic materials used for bone regen-
eration, where degradability is one of the most important properties that is closely related
to the material’s effect on bone regeneration. It means that FBGCs and the biodegradation
phenomenon directly determine the bone regeneration effect of bioceramic materials, which
is the reason why most studies found 3-TCP superior to HA [27-30].

The musculus gastrocnemius implantation model was used in this study because the
immune microenvironment is homogeneous and free of interference from osteogenesis-
related cells (skeletal stem cells, osteoblasts, osteoclasts, etc.) This environment is more
suitable to study the interaction of immune cells with the material. Actually, it is important
to study the role of scaffold materials on bone regeneration using a critical-size bone defect.
However, while the present study focuses on the interaction of the material with immune
cells, the critical bone defect model is more importantly concerned with the role of the
material with bone-associated cells, and the two have a tendency to serve different research
purposes. Similarly, in previously reported studies, muscle tissue implant models were
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widely used to evaluate bioceramic mechanisms [31-33], while animal models of critical
bone defects were often used to evaluate the regenerative effects of bioceramics [34,35].

3.2. More Inflammatory Factors TNF-nx and IFN-y Surrounding B-TCP Than HA Induce
Formation of FBGCs

The fusion of macrophages adhering to the surface of biomaterials as FBGCFBGC
requires a highly coordinated series of events [36]. It has been shown that surface roughness
has a large impact on FBGC formation, and it is generally believed that greater surface
roughness facilitates FBGC formation and has the effect of accelerating bone remodeling,
which is one of the reasons for the faster osseointegration of rough-surface implants in
clinical practice [37]. In addition, changes in the ionic composition may also affect FBGC
formation, such as Sr, Zn, and Mg-doped bioceramics, resulting in fewer FBGCs or reduced
uptake of the material by FBGCs [38—40], while the addition of high concentrations of
silicon may upregulate FBGC activity [41]. HA and 3-TCP are both calcium phosphate
ceramic materials with relatively similar surface morphology and elemental species, so
why are there large differences in their surrounding FBGCs? It has been suggested that
inflammatory factors in the microenvironment surrounding the materials are important
factors [16]. IL-4 and IL-13 are among the factors that have been shown to regulate FBGC
formation, but in addition, there are several factors that have yet to be defined to regulate
FBGC formation [42—44]. The mechanisms and functions of FBGC formation are similar
to those of osteoclast formation, and it has been shown that inflammatory factors, such as
TNF-«, IFN-vy, and IL-1 can affect osteoclast formation in the absence of RANK-RANKL
interactions [45—48]. Similar findings were found in the context of implanted materials,
where FBGCs around the arthroplasty material expressed various cytokine receptors,
such as IL-1R, IL-2R, and TNER [17]. We examined three typical inflammatory cytokines
including TNF-«, IL-1$3, and IFN-y around the material and showed that TNF-oc and IFN-y
were significantly higher in the microenvironment around 3-TCP than HA (Figure 2A,B,D),
but no significant difference was detected for IL-1f3 (Figure 2C,D). This result suggests that
inflammatory factors, such as TNF-oc and IFN-y may be critical in inducing macrophages
to fuse into FBGCs and achieve material biodegradation.

3.3. More CD3+ T-Cells Surrounding B-TCP Than HA

A variety of immune cells are involved in the secretion of inflammatory factors. Resting
immune cells can be activated in response to micro-organisms and their products, immune
complexes, chemical mediators, and T lymphocyte-derived cytokines, which initiate the
secretion of a large number of inflammatory mediators [12,49]. In addition, our results from
a preliminary study of bioceramic material implantation showed that there was a burst of
aggregation of natural immune cells, such as neutrophils, dendritic cells, and macrophages,
for days 14 after the implantation procedure, followed by a substantial decrease and
stabilization, with a peak of mainly T-lymphocytes at day 14 after the procedure [50]. We
used immunofluorescence to stain T-cell marker CD3 around HA and 3-TCP, and the results
showed that the number of CD3+ T-cells was significantly higher around 3-TCP than HA
(Figure 3A,B). Thus, T-cells may be an important cause of higher inflammatory factors in
the microenvironment around the material, which triggers the formation of FBGCs, leading
to material biodegradation. Existing studies have shown that the coculture of T-cells with
macrophages can promote macrophage fusion into FBGCs, but it is generally believed that
T-cells are not a decisive factor for FBGC formation [22,51].
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Figure 2. More inflammatory factors TNF-a and IFN-y surrounding 3-TCP than HA. IHC staining of
(A) TNF-«, (B) IFN-y, and (C) IL-1§ surrounding 3-TCP and HA. (D) Semiquantitative comparison
of positive expression. n = 3, black circles and blocks represent values from a single sample. The
larger version of the black frame area in (A-C) were shown in the image below.

A IF-CD3 B

2.0
p=0.0029

1.54

1.0
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HA B-TCP

Figure 3. More CD3+ T-cells surrounding 3-TCP than HA. (A) IHC staining of T-cells marker CD3.
(B) Semiquantitative comparison of positive expression. n = 3, black circles and blocks represent
values from a single sample.

3.4. T-Cell Depletion Interferes with the FBGC-Mediated Biodegradation of B-TCP

To confirm whether T-cell formation in FBGCs is necessary for formation in a bioceramic
material implantation microenvironment, we cleared CD3+ T-cells in mice by intraperitoneal
injection of hybridoma cells GK1.5 and 2.43 culture supernatants (Figure 4A). Although the
nude mouse has been used as a conventional animal model for T-cell development defects,
congenital systemic T-cell development defects have been reported to have significant
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effects on the hematopoietic system and metabolism, which are important factors affecting
bone repair in addition to adaptive immune responses [52,53]. Therefore, we chose to
use depleting antibodies to clear T-cells to obtain the least disruptive effect. Therefore,
we injected antibodies every 3 days to ensure that the clearance efficiency of T-cells was
maintained at 90% during the model study phase. This method has been accepted by the
industry and has been used in several studies, meeting experimental standards [50,54]. The
T-cell depletion mice were implanted with 3-TCP in the gastrocnemius muscle, and paraffin
sections were taken 14 days later, and HE staining showed that 3-TCP remained relatively
intact in the T-cell depletion mice with a reduced degradation rate. Inmunohistochemistry
and TRAP staining showed that F4/80+ macrophages were present less around the material
and almost no FBGC formation was detected (Figure 4B). The above results confirm that
the absence of T-cells present directly leads to the inability of FBGCs to form and affects the
biodegradation of the material.

=

Supernate of GK1.5 -

Supernate of 2.43 T cell antibody Inject every 3days
B T cell depletion mice

H&E IHC-F4/80

-

B-TCP

Figure 4. T-cell depletion interferes with the FBGC-mediated biodegradation of 3-TCP. (A) Schematic
diagram of T-cell depletion in an animal model. (B) H and E, IHC-F4/80, and TRAP staining showed
the FBGC-mediated biodegradation of 3-TCP in T-cell depletion in mice.

Ultimately, this study concluded that T-cells surrounding 3-TCP play a role in inducing
macrophages to form FBGCs in the calcium phosphate ceramic implantation microenviron-
ment, similar to previous studies with other materials. The difference, however, is that our
study shows that T-cells play a decisive rather than a secondary role in the biodegradation
of calcium phosphate ceramics [51,55]. However, the assay method in this study is not
perfect, and it is unclear whether this conclusion is applicable to other types of materials,
which will be further added in the subsequent study. It is crucial to the further under-
standing of the biodegradation process and the generation of biological effects of calcium
phosphate materials.

4. Conclusions

In this study, we found that 3-TCP achieved better biodegradability than HA by
activating T-cell-mediated immune responses and inducing macrophage fusion into more
FBGCs (p = 0.0061). The conclusion of this study was the different biodegradation effects
of using the same (3-TCP material with identical properties in the presence or absence of
T-cells. The present study is instructive for the improvement of biomaterial properties.
It is advocated that immunological properties of implantable materials should not be
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improved exclusively by the suppression of inflammatory response and immune cell
activity, likewise, the regenerative properties should not be improved exclusively for the
promotion of osteoblast differentiation and inhibition of osteoclastic differentiation. The
appropriate immune response and osteoclast activity are necessary for a desirable bone
remodeling environment involving biomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics14091962 /s1, Figure S1: Characterization of 3-
TCP and HA.
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