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Abstract 

Surgical trauma of biomaterial implantation significantly influences the immune system and the biological 
effects of biomaterials. Minimally invasive surgery has become a trend of clinical development but 
violating the concept of osteoimmunomodulation will hinder the biological effects of materials. Our study 
focused on biphasic calcium phosphate (BCP), the ectopia osteoinductive materials, filling the research 
blank of the significance of adaptive immunity crosstalk with bone biomaterials, and improving the 
interaction mechanism between bone biomaterials and immune response.  
Methods: The BCP bioceramics were implanted by conventional and minimally invasive methods in the 
gastrocnemius wild-type or T cells depleted mice to test the effect of ectopia osteoinduction. Moreover, 
flow cytometry was used to detect immune responses, T cell sorting and Western Blot molecular biology 
experiments, and transwell assays migration of mesenchymal stem cells (MSCs). 
Results: We found that BCP, an implantable osteoinductive material, could not activate the adaptive 
immune response mediated by T cells after minimally invasive surgery. Further studies revealed that 
under the conventional non-minimally invasive BCP implantation, a positive correlation existed between 
T cell recruitment and the infiltration and osteogenic differentiation of MSCs. Interestingly, after BCP was 
implanted by minimally invasive surgery or implanted in T cell depleted mice, MSCs infiltration and 
osteogenic differentiation were significantly reduced, and BCP could not achieve the biological effects of 
ectopia ossification. Finally, we confirmed that a certain extent inflammatory stimulation activated the 
adaptive immune response mediated by T cells, up-regulated the nuclear factor-κB (NF-κB) signal in T 
cells, released a large amount of chemokine C-C motif chemokine ligand 5(CCL5) to recruit MSCs to the 
surrounding material, and finally achieved the ideal effect of osteoinduction. 
Conclusion: From experimental research and clinical surgery, this study discovered that the T cells are 
indispensable in the ectopia ossification mediated by osteoinductive materials, put forward and confirmed 
the surgery method as a key variable factor restricting the application effect of biological materials, 
enriched the key mechanism of adaptive immunity in osteoimmunomodulation, and laid a theoretical 
foundation for the development of osteoinductive materials and bone tissue regeneration. 
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Introduction 
The application of implantable biomaterials is 

the primary means of new bone formation and bone 
regeneration in the field of bone engineering[1, 2]. 
With the progress of biomaterial medicine, the 
research and development of new osteoinductive 
materials play an important role in solving the 
problems of bone regeneration[3], emphasizing on the 
transformation from experimental research to clinical 
application[4]. Regardless of the material implanta-
tion of experimental models in vivo or biomaterial 
implantation in clinical bone regeneration, the 
surgical trauma of local tissues inevitably occurs. 
Experimental and clinical studies have found that 
surgical trauma significantly affects the immune 
system, including the innate and adaptive immune 
responses[5]. In addition, the implantation of 
biological materials is accompanied by a series of 
osteoinduction immune response events. After the 
implantation, the immune system recognizes 
biological materials as a foreign body which triggers 
the acute inflammatory response mediated by innate 
immune cells; through inflammatory hyperemia and 
cellular exudation, phagocytes devour and eliminate 
the danger signals while recruiting larger quantities of 
inflammatory cells to induce innate and adaptive 
immune responses[6-8]. Therefore, the immune 
response induced by surgery and implants jointly 
determines the ultimate fate of biological materials in 
the complex environment of the body. 

Osteoimmunomodulation provides a valuable 
strategy for the development of advanced bone 
biomaterials[9]. However, the interference of surgical 
methods on the immune response is often neglected. 
Uniform and standardized surgical procedures are 
important prerequisites for standardized laboratory 
and clinical studies to obtain reliable scientific 
conclusions and implement rational treatment 
regimens. Minimally invasive surgeries that cause less 
trauma, such as heart valve surgery, plastic surgery, 
and periodontal treatment, have been widely used in 
clinical practice to reduce the local or systemic 
immune response and wound surface[10-12]. 
However, inflammatory responses are not all negative 
responses, and appropriate inflammation promotes 
the biological effects of biomaterials[13]. Neutrophils 
and mononuclear macrophages around the bioma-
terial implantation bed secrete cytokines and growth 
factors, such as vascular endothelial growth factor-α 
(VEGF-α), to promote angiogenesis, stimulate the 
proliferation of fibroblasts, epithelial cells, and other 
cells, and participate in guiding vascular remodeling 
[14]. Therefore, from the perspective of immunology, 
minimally invasive surgery may be unfavorable to the 
performance of biomaterials in several cases. 

With tissue damage and material implantation, 
the first phase of the immune response is initiated, 
and it involves components of the innate immune 
system that provide immediate defense against 
potential pathogens invading damaged tissues. 
However, the initial immune response triggered by 
inflammatory signals from the damaged tissue can 
cause aseptic inflammation despite the absence of 
pathogens[15, 16]. Most researchers suggest that 
innate immune response is an important immune 
stage regulating tissue healing and regeneration[17]. 
A mild inflammation will terminate the immune 
response process, whereas an extensive inflammation 
will activate the adaptive immune system, which is 
often undesirable in tissue regeneration[18]. How-
ever, T cells, as the key cells in adaptive immunity, are 
recruited and activate the STAT3 signaling pathway 
after stimulation by inflammatory signals, leading to 
the increased release of chemokine CCL5 and 
recruitment of MSCs to the site of injury[19, 20]. The 
recruited MSCs around materials are important for 
the regeneration function of biomaterials[21]. 
Although the superficial (primary) adaptive immune 
response is considered a secondary immune stage or 
an adverse factor in tissue healing, T cell activation 
and multifunctional subsets may play key roles in 
tissue repair and regeneration. 

Most current research focus on how transplanted 
MSCs regulate T cell activity and immune tolerance 
[22, 23]. However, the understanding of how T cells 
regulate tissue resident stem cells and tissue healing 
process is still in the primary stages. Here, the surgical 
method we established is intrinsically related to the T 
cell immune response, and it has been proven that 
minimally invasive surgery and T cell depletion will 
lead to insufficient local recruitment of MSCs. 
Eventually, the bone biomaterials cannot complete the 
osteoinduction function. In this study, we revealed 
the important role of T cells in the process of 
biomaterial-mediated tissue regeneration, proposed 
and confirmed the influence of surgical methods on 
biomaterial experiments and clinical studies, and 
provided a theoretical basis for the rational utilization 
of surgical trauma to optimize tissue regeneration. 

Materials & Methods 
Ethical Approval 

The mice utilized in this study were treated 
according to the policy of the Ethics Committee for 
Animal Research, Wuhan University, China. Proper 
sterile conditions and minimally invasive surgical 
procedures were utilized throughout the entire 
surgery and the study protocol was approved by the 
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Ethics Committee for Animal Use of the Institute of 
Biomedical Sciences (Protocol number 69/2017). 

Preparation of biphasic calcium phosphate 
(BCP)  

The BCP we used were made with a HA/β-TCP 
ratio of 60/40, irregular particles of 0.6mm in 
diameter and all BCP have a uniform porosity and 
specific surface area. The particles of BCP were 
synthesized by wet chemical precipitation. First, 0.24 
mol ammonium dihydrogen phosphate ((NH4)2HPO4, 
AR) solution was dropped into 300 ml calcium nitrate 
(0.36 mol; Ca(NO3)2·4H2O, AR) solution and stirred 
vigorously. The temperature was raised to 55 ℃. After 
agitation, ammonia (NH3·H2O, 25%–28%, AR) was 
added to adjust the pH of the system to 7.5, and the 
system was stirred for another 2 h. The white 
suspension was aged for 36 h at room temperature 
after precipitation. The white product was centri-
fuged, washed with deionized water, and dried in air 
at 80°C for 12 h, whereas the powder was calcined at 
1100°C for 3 h. Scanning electron microscopy (SEM) 
micrographs (A, B) and X-ray diffraction (XRD) (C) 
for BCP granules were demonstrated in 
(Supplementary Fig. 1). Macroscopic photo show 
dimensions of BCP granules (Supplementary Fig. 
1D), BCP granules approximately 0.6mm in size were 
selected during implantation. 

Mouse experimental model 
Female C57BL/6 mice aged 8 weeks were 

selected for the animal experiment. The conventional 
implantation method involves making an incision on 
the skin and muscle with a scalpel after the 
preoperative hair removal. The incision approximated 
8 mm in length and was made with precision to avoid 
damaging the blood vessels. The BCP particles were 
inserted into the wound using ophthalmic forceps and 
sutured to the muscle layer and skin. The minimally 
invasive implantation method involves making a skin 
incision with a length of about 2 mm using a sharp 
knife after preoperative hair removal. Microtweezers 
were used to separate the muscle, and a muscle gap 
with 2 mm width was created. The BCP particles were 
inserted into the gap, and the skin was sutured with a 
needle. The operation process was shown in 
(Supplementary Fig. 2) and the schematic diagram 
was shown in (Fig. 1A). 

Histological staining  
After fixing with 4% formaldehyde for 24 h, the 

muscle samples were immersed in decalcified liquid, 
which was changed frequently, added with 10% 
EDTA (Ethylene Diamine Tetraacetic Acid), subjected 
to 4 weeks of decalcification, and then gradient- 
dehydrated for embedding in paraffin. Hematoxylin 

and eosin (H&E), Masson, and immunohistochemis-
try staining were performed following the manufac-
turer’s protocols to detect ectopia ossification (MXB 
Biotechnologies, China). The immunohistochemistry 
staining primary antibodies included the following: 
Runx2 (1:800; Abcam ab76956, Cambridge, UK), 
CD146 (1:150; ABclonal A9985, China), and Col-1A1 
(1:400, ABclonal A2357, China). For immunofluores-
cent staining, the sections were incubated with 
primary antibodies of CD4 and the secondary anti-
body with green fluorescent marker (Abbkine, U.S.A). 
The cell nuclei in tissues were stained using 4ʹ,6- 
diamidino-2-phenylindole dye(DAPI) (Zhongshan 
Biotechnology, Ltd, China) in the mounting medium. 
The images of all stained sections were captured with 
C. Yin et al./Acta Biomaterialia 73 (2018) 522–530 523 
an Olympus DP72 microscope. For the quantification 
of immunohistochemically positive expression cells in 
tissues, we randomly selected five equal areas around 
the materials in one figure, calculated the number of 
these cells in the selected area, and finally performed 
statistical analysis. 

Flow cytometry of mouse muscle tissues 
After digestion with collagenase II (2 µg/mL) for 

45 min at 37 °C, the same-weight muscle samples 
were filtered by a 220 µm filter, washed with 
phosphate-buffered saline (PBS), centrifuged at 2500 
rpm for 5 min, and then transferred to a 96-well plate. 
The antibodies used are as follows, CD45-PE, CD3- 
A780, NK1.1-APC, TNFα-PE, IL6-APC (Biolegend, 
U.S.A). 

Flow cytometry was performed using a BD 
Biosciences LSR Fortessa flow cytometer, and the data 
were analyzed using FlowJo 10.  

CD4+ and CD8+ T cells deletion 
Hybridoma cell line GK1.5 and 2.43 were 

cultured in Roswell Park Memorial Institute (RPMI)- 
1640 (Hyclone) supplemented with 10% fetal bovine 
serum (FBS; Gibco, Life Technologies Corporation) at 
37 °C under humid conditions with 5% CO2. After the 
cell density reached 80%, the cells were cultured for 
additional 24 h, and the supernatant was collected 
after centrifugation. Deletion efficiency was 
determined by immunofluorescence (A, B) and flow 
cytometry (C, D) and the results were presented in 
(Supplementary Fig. 5), up to the experimental 
standard. 

Cell culture 
Mice bone marrow stem cells were cultured in 

a-Minimal Essential Medium (MEM) (Hyclone) 
supplemented with 10% FBS and 100 U/mL penicillin 
G and 100 mg/mL streptomycin (Hyclone) at 37 °C 
under humid conditions with 5% CO2. In addition, the 
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NF-κB pathway was blocked by pyrrolidine dithio-
carbamate (PDTC) (Selleck, Houston, TX, U.S.A). 

T cells sorting  
The spleen of 8w healthy female C57BL/6 mice 

was selected to prepare single cells and erythrocyte 
lysis. T cells were sorted by EasySep Mouse Biotin 
Positive Selection Kit II (Stemcell, 17663, U.S.A). In 

brief, the CD3+ T cells were marked by CD3-Biotin 
antibody (BioLegend, U.S.A) and connected with 
beads, adsorbed to the wall of the test tube in the 
magnetic field and washed down after discarding the 
supernatant, maintained in lymphocyte culture 
medium (Hyclone, U.S.A) containing 10% FBS and 
other culture conditions as previously described. 

 

 
Figure 1. Surgical trauma affected the osteoinductivity of BCP. (A) The methods of appropriate traumatic conventional incision and almost nontraumatic minimally 
invasive surgery. (B-D) BCP was implanted into mice by the conventional incision and minimally invasive surgery respectively for 4 weeks. (B, C) H&E and Masson 
staining showed the formation of new bone. New bone (NB) area is circled by the red dotted line. (D) IHC of Col-1A1 showed the expression of osteogenic indicator 
marked by red arrows. (E) Quantitative comparison of positive Col-1A1 expression. (n=4) ***P < 0.001. 
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Protein extraction and Western blot  
RIPA lysate containing phenylmethylsulfonyl 

fluoride (PMSF) (1 mM) was added to the cells, and 
the resulting sample was then vibrated in an 
ultrasonicator for complete cell lysis. After mixing 
with the loading buffer, the protein samples were 
heated at 95 °C for 10 min for denaturation, separated 
by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis(SDS-PAGE), and transferred to 
nitrocellulose membranes (0.45 µm). The membranes 
were soaked in 5% non-fat milk for 1 h and incubated 
overnight with primary antibodies against CCL5 
(1:1000, ABclonal, Wuhan, China), NF-κB p65 (1:1000, 
CST, U.S.A.), phospho-NF-κB p65 (1:1000, CST, 
U.S.A.), or GAPDH (1:5000, Proteintech, U.S.A.) at 
4°C. In the following day, secondary antibodies 
(BioSharp, Hefei, China) were incubated for 1 h and 
visualized by WesternBright ECL HRP Substrate Kit 
(Advansta, U.S.A.).  

Transwell migration assays 
Mouse BMSCs were starved cultured with 2% 

FBS α-MEM medium for 12 h and inoculated in 
24-well transwell chambers (5×103 cells per chamber). 
Six transwell chambers were assigned to a group and 
cultured with the four groups of T cells in a 24-well 
plate for 24 h. The cells were fixed in 4% 
formaldehyde for 15 min, stained with crystal violet 
(Beyotime, Biotechnology, China), and washed with 
PBS three times. Images were captured. 

Statistical analysis 
GraphPad Prism software 6.0 (GraphPad, San 

Diego, CA, USA) was used for data analysis. The 
differences between the two groups were evaluated 
through two-way ANOVA and students’ t-test. 
P-values less than 0.05 were considered as statistical 
significance. 
Results 
Minimally invasive surgery interferes with 
ectopia ossification of BCP 

Conventional and minimally invasive methods 
were used to implant BCP in the gastrocnemius 
muscles of mice to demonstrate the inhibition of 
minor surgical trauma during implantation on the 
osteoinductive effects of bone biomaterials. The effect 
of ectopia osteogenesis was observed after 4 weeks. In 
the conventional incision group, a scalpel was used to 
cut through the gastrocnemius to create a larger 
wound to implant BCP (15mg/sample). In the 
minimally invasive group, only the skin was incised, 
muscle fibers were separated by blunt microtweezers, 
and equivalent BCP was embedded in the gap (Fig. 

1A). Histological staining was performed 4 weeks 
after the operation. HE and Masson staining showed 
that new bone was formed in the conventional 
incision group, however, no new bone formation was 
found in all samples of the minimally invasive 
surgery group (Fig. 1B-C) (n=4). Immunohisto-
chemistry was used to detect Col-1A1, an osteogenic 
indicator. The positive expression of Col-1A1 in the 
minimally invasive surgery group was significantly 
lower than that in the traditional surgery group (Fig. 
1D-E). New bone formation occurred at 4 weeks in the 
conventional incision group but not in the minimally 
invasive group. 

Inflammation level in the conventional incision 
group is higher than that in the minimally 
invasive group 

Multiple time points from post-implantation to 
pre-osteogenesis were selected to further explore 
factors that lead to completely different results for the 
same material implanted by different surgical 
methods. The major difference between minimally 
invasive surgery and conventional surgery is the level 
of trauma, so we examined the extent of the local 
immune response to explore the reasons why the 
former interferes with the ectopia ossification of BCP. 

After 1, 4, 7, 10, and 14 days, flow cytometry was 
used to determine the number of inflammatory 
cytokines and immune cells in the tissues of the two 
groups. Within 1-14 days, the inflammation level (Fig. 
2A-B) and the number of CD45+ immune cells (Fig. 
2C) in the conventional incision group were 
significantly higher than those in the minimally 
invasive group. Hence, immune response plays an 
important role in the development of biological effects 
of bone-induced materials. The failure of these 
materials could be due to too low or lack of immune 
response. Additionally, CD45+ immune cells in 
normal muscle tissue were showed in Supplementary 
Fig. 3. 

Inflammatory T cells are correlated with 
mesenchymal cell infiltration  

Infiltration of mesenchymal cells, including 
mesenchymal stem cells (MSCs), is critical in ectopia 
osteogenesis. We conducted further studies on 
conventional incision group to explore responses 
before osteogenesis. The infiltration of mesenchymal 
cells was observed around BCP at 1-14 days, and the 
number of cells increased significantly at 7-14 days 
(Fig. 3A, C). The larger magnification images to 
observe the infiltrating cells in Supplementary Fig. 4. 
The presence of various immune cells around BCP 
was detected by flow cytometry to investigate which 
immune cells interfere with ectopia osteogenesis. 
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Monocytes, neutrophils, and macrophages, which 
represent innate immunity, were mainly present at 1-3 
days. T cells, which represent adaptive immunity, 
were mainly present at 7-14 days (Fig. 3B, D). These 
results suggest that the infiltration of mesenchymal 
cells around BCP is probably related to T cells. 

Recruited cells associated with T cells have the 
ability to ossify 

MSCs, which are capable of osteogenic 
differentiation, are the most relevant cells to ectopia 
ossification. The content of key cells, namely, MSCs 
that underwent osteogenic differentiation, was 
detected in the mesenchymal cells around the 
materials. A variety of osteogenic indicators were 
used for immunohistochemical staining. The number 
of cells with positive expression of CD146 (Fig. 4A), 
Runx2 (Fig 4. B), and Col-1A1 (Fig. 4C) significantly 
increased at 7-14 days. The increase is closely 
correlated with the time of T cell existence. Therefore, 
we hypothesized that T cells play an important role in 
the infiltration of MSCs around the materials. 

Usage and effectiveness of T cell depletion 
antibodies  

To confirm our hypothesis, we used T cell 
deleting antibodies to clear the T cells in mice and 
implanted BCP into the gastrocnemius muscles. We 
used the culture supernatant of hybridoma cells 
GK1.5 and 2.43 to prepare antibodies for clearing 
CD4+ and CD8+ T cells. The T cell deletion group was 
injected with T cell deletion antibody, and the control 
group was injected with complete RPMI-1640 
medium every 3 days after the conventional surgery 
(Fig. 5A). CD3+T cells around BCP were detected by 
immunofluorescence at 7 and 14 days after the 
conventional surgery. After the injection of the 
antibody, the clearance efficiency reached more than 
90% at 7 days, and almost no T cells were detected at 
14 days (Supplementary Fig. 5A, B). The results of 
FACS also confirmed that the deletion efficiency 
reached the experimental standard (Supplementary 
Fig. 5 C). 

 

 
Figure 2. The difference between the two methods of surgery was the level of inflammation. (A, B) The levels of TNF-α (A) and IL-6 (B) were detected by flow 
cytometry after BCP implantation 1,4,7,10,14 days. (C) The counts immune cells were detected by flow cytometry after BCP implantation 1,4,7,10,14 days. (n=4) 
****P < 0.0001. ***P < 0.001. ** P < 0.01. * P < 0.05. 
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Figure 3. T cell was the type of immune cell related to the total number of infiltrating cells around BCP. (A) H&E staining showed the amounts of infiltrating cells 
around BCP. Infiltrating cells were circled by the red line. (B) The number of T cells around BCP was detected by flow cytometry. (C, D) Infiltrating cells (C) and T 
cells (D) were quantified respectively, infiltrating cells grow rapidly in the presence of T cells. (n=4) 

 
Figure 4. Osteogenic differentiation of MSCs around BCP increased at 7-14 days.CD146 (A), Runx2 (B), Col-1A1 (C) were detected and quantified by IHC staining. 
(n=4) 
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Figure 5. The osteoinductivity of BCP is dependent on T cells. (A)T cells in mice were deleted by the supernatant of hybridoma cells. (B-D) BCP was implanted into 
mice injected with T cells antibody (T-Del group) or complete medium (Con group) every 3 days for 4 weeks. (B, C) H&E and Masson staining showed the formation 
of new bone. New bone (NB) area is circled by the red dotted line. (D) IHC of Col-1A1 showed the expression of osteogenic indicator marked by red arrows. (E) 
Quantitative comparison of positive Col-1A1 expression. (n=4) ***P < 0.001. 

 
BCP loses its biological effects on the 
environment of inflammation without T cells 

To verify whether T cells are indispensable in 
MSC infiltration and ectopia osteogenesis, we 
implanted BCP into the gastrocnemius muscle. Mice 
in the T-Del group were injected with T-cell antibody, 
and those in the Con group were injected with 
complete culture medium (2 mL per mouse) every 3 
days. Samples were collected for histological staining 
4 weeks later. The results of H&E and Masson 

histologic staining showed that similar to that in 
normal mice that underwent the conventional 
surgery, new bones were formed in the control group 
injected with complete culture medium. No new 
bones were formed after 4 weeks of the conventional 
surgery without T cells (Fig 5. B-C). The results of 
IHC showed the lower Col-1A1 expression level in the 
T-Del group than in the control group (Fig. 5D-E). 
Hence, T cells are essential for the ectopia ossification 
of biomaterials. Further histological examination 
showed that the rate of mesenchymal cell infiltration 
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at 1-14 days after the conventional surgery around 
BCP significantly decreased (Fig. 6A). Almost no 
osteogenic MSCs existed in the T-Del group (Fig. 
6B-D). The presence of T cells within the environment 
of inflammation exhibited a recruitment effect on 
MSCs, and such effect is crucial in osteogenesis. MSCs 
without T cells cannot be recruited even in the 
environment of inflammation, and ectopia osteogene-
sis is ultimately impossible. 

T cell-mediated adaptive immune response 
recruits MSCs 

To further confirm the recruitment mechanism 
of T cells to MSCs, we used magnetic beads to sort the 

spleen T cells of mice and culture them with BCP in 
vitro. TNF-α was used as an inflammatory factor to 
create an inflammatory environment and activate T 
cell inflammatory response. NF-κB, a key pathway of 
inflammatory response, is related to the secretion of 
chemokines of T cells. The Western blot showed that 
the NF-κB pathway in T cells was activated within 5 
min to 4 h after TNF-α stimulation (Fig. 7A). After the 
stimulation of TNF-α, the expression of chemokine 
CCL5 secreted was increased by T cells with BCP. 
Then, after addition of PDTC (the inhibitor of NF-κB 
pathway), the CCL5 secreted returned to the level of 
control group (Fig. 7B). Hence, the NF-κB pathway is 
indispensable in regulating the CCL5 secretion of T 

 

 
Figure 6. Infiltration of Cells and osteogenic differentiation MSCs around BCP dependent on T cells. (A) H&E staining showed cells infiltration was significantly 
reduced in the T-Del group. (B-D) IHC staining of CD146 (B), Runx2 (C), Col-1A1 (D) were detected and quantified by IHC staining. Positive expressions were 
significantly reduced in the T-Del group. (n=4) ****P < 0.0001. 
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cells. To further test the practical effect of the results, 
we verified the chemotaxis of T cells on MSCs by 
Transwell co-culture experiment. The chemotaxis of T 
cells on MSCs increased significantly after the 
addition of TNF-α and recovered to the level of the 
control group after blocking the NF-κB pathway (Fig 
7. C-D). Hence, the NF-κB pathway was activated 
after T cells received inflammatory stimulation, and 
the secretion level of CCL5 increased, thereby 
promoting the chemotaxis of MSCs (Fig 7. E). Finally, 
we concluded that T cells around the materials were 
stimulated by inflammation. Such cells activate the 
NF-κB pathway, release CCL5 to recruit MSCs, and 
achieve the biological effect of ectopia ossification. 

Discussion 
After biological materials are implanted in the 

body, tissue trauma caused by surgery will affect local 
or systemic immune response[24]. The osteoimmuno-

modulation of materials is considered a key feature of 
bone biomaterials mediating bone formation, which 
depends on the immune response of the body and the 
characteristics of bone biomaterials[25]. In research 
and clinical application of bone induction materials, 
properties, such as surface properties, particle size, 
porosity, and release of bioactive ions, are the focus of 
attention[26-30]. In addition, the response of the body 
to bone biomaterials is important and considerably 
determines the effect of osteoinduction[13]. In the 
present study, we demonstrated that appropriate 
surgical trauma or inflammation is beneficial to the 
ectopia osteoinduction of biomaterials. This pivotal 
osteoinduction cannot occur without the participation 
of adaptive immune T cells, which can accumulate 
around the material implantation area and release 
chemokine CCL5 to recruit MSCs, thereby inducing 
MSCs to differentiate into osteoblasts by bone 
biomaterials. 

 

 
Figure 7. T cell-mediated adaptive immune response recruits MSCs. (A) Activation of NF-κB pathway in T cells after TNF-α stimulation was detected by Western 
Blot. (B) Western Blot showed the secretion of CCL5 by T cells after the NF-κB pathway was activated by TNF-α or blocked by PDTC. (C) Transwell image showed 
the chemotaxis of T cells to MSCs after the NF-κB pathway was activated by TNF-α or blocked by PDTC. (D) Quantitative comparison of the chemotaxis of T cells 
to MSCs in each group. (n=6) ***P < 0.001, NS, no statistical significance. (E) TNF-α activates the NF-κB pathway to increase the release of CCL5 in T cells.  
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In mouse implant model, BCP bioceramics with 
osteoinduction properties were implanted in the 
gastrocnemius through minimally invasive surgery 
and conventional surgery. BCP bioceramics is a type 
of calcium phosphate (CaP) ceramics, including 
hydroxyapatite (HA) and alpha-and beta-tricalcium 
phosphate (alpha-TCP and beta-TCP). These materials 
are used as graft materials because of their good 
biocompatibility, safety, availability, low complica-
tion, and cost effectiveness. BCP consists of HA and 
β-TCP in different proportions, with the HA/β-TCP 
ratios of 50/50 and 60/40 lead to a significantly 
greater percentage of new bone formation[31]. BCP 
can achieve ectopia osteogenesis in muscles with 
conventional incision implantation, consistent with 
previous reports[31, 32]. However, BCP showed the 
failure of osteoinduction with minimally invasive 
surgery possibly due to the reduced local 
inflammatory levels during the minimally invasive 
surgery. We detected significantly lower expression of 
CD45+ immune cells and pro-inflammatory 
cytokines, namely, IL-6 and IFN-γ, in the tissues 
surrounding the material during the minimally 
invasive surgery. Previous studies showed that 
mesenchymal cells, such as MSCs, endothelial cells, 
and fibroblasts, exhibit reduced chemotaxis and 
proliferation rate under low inflammatory conditions, 
similar to the present results[33]. These mesenchymal 
cells, especially MSCs, are important potential cells 
for biomaterials to achieve osteoinduction[34]. 
Appropriate inflammation can ensure the occurrence 
of the following series of interactions between bone 
biomaterials and adequate MSCs[35]. First, MSCs 
should be recruited around the materials. Second, 
materials should convert undifferentiated MSCs into 
mature osteoblasts. Finally, materials should induce 
endogenous ectopia bone formation in tissues other 
than bone. In this process, macrophages play a crucial 
role in the recruitment and differentiation of MSCs. 
We speculated that the low level of immune response 
induced by minimally invasive surgical implantation 
inhibited the recruitment of MSCs. Hence, the 
osteogenic differentiation of biomaterials and 
sufficient MSCs could not be achieved, leading to the 
failure of bone induction. Local tissue and bone 
marrow are the source of MSCs in musculoskeletal 
injury. In local tissue damage, resident MSC-like cells 
in local tissue are first mobilized. However, the 
number of resident MSCs is limited. When more 
MSCs are needed for tissue repair, local chemokines 
will recruit more MSCs from the bone marrow, which 
is a complex multi-step process involving 
mobilization, homing, and repairation[36, 37]. 
Although we demonstrated that minimally invasive 
surgery can reduce inflammation, we need to further 

determine whether the decrease in mesenchymal cells 
infiltration rate is due to the reduced innate immune 
response or the absence of the adaptive immune 
response. Our study confirmed that the adaptive 
immune response (T cell immune response) was not 
present in the minimally invasive surgery group. 
Meanwhile, the innate immune response (granulocyte 
and monocyte immune response) was present in both 
groups to some extent. The aggregation characteristics 
of T cells in the material implantation area are 
correlated with mesenchymal cells infiltration and 
MSCs recruitment in terms of time and quantity. After 
7 days of material implantation, T cells, mesenchymal 
cells, and MSCs began to appear in large quantities 
around the material, and other immune cells (innate 
immune cells) were not correlated with the 
recruitment of MSCs, which is consistent with existing 
studies[17]. B cells participate in the adaptive immune 
response by secreting immunoglobulin of various 
antigens; as such, material implantation is aseptic 
inflammatory and does not involve an 
antigen-antibody response. Therefore, in the study of 
biomaterial implantation, T cell immune response can 
represent adaptive immune responses to some 
extent[38]. The adaptive immune inactivation (T cell 
reduction) in the minimally invasive surgery group 
may be a key factor in the failure of osteoinduction of 
the biomaterial. In the context of fractures or bone 
defects, evidence indicates that T cell subsets inhibit 
bone regeneration. 

For example, in Rag1-/- mice (mouse models 
without functional T cells or B cells), fracture healing 
accelerates[39] with effector memory CD8 + T cells 
secrete IFN-γ and TNF-α to delay bone formation and 
fracture healing[40]. These results are contrary to the 
present findings. The discrepancy could be due to the 
high efficiency of the models of fracture or bone defect 
in bone remodeling environment with sufficient 
osteoblasts or MSCs, which are different from ectopia 
ossification in muscle tissues without sufficient niches 
of such bone stromal cells or stem cells. Therefore, 
other cells in the ectopia ossification microenviron-
ment should release a large amount of chemokines to 
recruit MSCs for bone induction of biomaterials. 

To confirm the role of T cells in tissue 
regeneration with biomaterials, we applied T cell 
depletion antibodies (secreted by hybrid tumor cells 
GK1.5 and 2.43) to the depletion of mouse CD3+ T 
cells. This method is one of the better recognized 
methods in the field, such as Rag1-/- genetically 
engineered mice (T cells and B cell dysplasia)[41, 42]. 
In addition, we also detected inhibited osteogenesis of 
biomaterials in nude mice compared with BALB/c 
(Supplementary Fig. 6). The depletion of T cells is 
often used to study the function of T cells. Although 
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both methods can achieve T cell loss or dysfunction, it 
has been reported that systemic T cell defects have 
significant effects on hematopoietic system and 
metabolism, which are important factors affecting 
bone repair in addition to the adaptive immune 
response[43-46]. As a result, we chose to use depletion 
antibodies to clear the T cells. Therefore, we used the 
injection of antibody every 3 days to ensure that the 
clearance efficiency of T cells in the model study stage 
was maintained at 90%. We were surprised to find 
that the depletion of T cells significantly reduced the 
infiltration of MSCs and other mesenchymal cells 
around the biomaterial and the osteogenic 
differentiation of MSCs, resulting in the loss of tissue 
regeneration effect of biomaterials, which is consistent 
with previous research[47, 48]. Other studies 
confirmed that T cells stimulated by inflammatory 
signals are recruited to the surrounding material and 
activate the NF-κB signaling pathway. These 
phenomena resulted in the enhanced release of 
chemokine CCL5 and recruitment of MSCs to the 
lesion[49]. In our study, we simulated the 
inflammatory environment of T cells in vitro, 
enhanced the NF-κB signaling pathway, and 
promoted the expression of CCL5 to achieve a strong 
chemotaxis on MSCs and bone induction effect of 
biomaterials. Based on the results of this study, 
despite that the minimal surgical trauma can 
guarantee a good prognosis and cause a smaller 
inflammatory response, it also reduces the 
recruitment effect of MSCs and the osteoinduction 
effect of biomaterials. Therefore, we suggest that the 
activation of inflammation should be selected during 
the implantation of clinical osteogenic materials, 
either by surgical means or by postoperative 
administration of drugs. In addition, MSCs and 
chemokines such as CCL5 can be used as potential 
factors for material modification in implant surgery 
where minimal inflammatory response must be 
pursued. 

Conclusion 
Experimental and clinical studies have 

suggested that surgical trauma significantly affects 
the immune system. The degree of immune response 
caused by different surgical methods is not the same. 
With the development and application of implantable 
biomaterials, the cross dialogue between immune 
microenvironment and biomaterials cannot be 
ignored. At present, the development of biological 
materials or functional nanomaterials targeted at 
immune cells has gradually become a research 
hotspot in the field of tissue engineering. Such 
materials exhibit potential for treatment of some 
diseases. This study confirmed that the adaptive 

immune response, mediated by T cells, exerted 
recruitment effect on MSCs by using appropriate 
trauma surgical methods for material implantation. T 
cells are indispensable in material-induced tissue 
regeneration. Moreover, surgical trauma may 
determine the ultimate fate and therapeutic effect of 
biomaterials in experimental research and clinical 
application. These findings provide a new perspective 
for the rational use of surgical trauma to optimize 
tissue regeneration and target T cells to develop tissue 
engineering materials. 

Abbreviations 
α-TCP: alpha-tricalcium phosphate; β-TCP: beta- 

tricalcium phosphate; ALP: alkaline phosphatase; 
ARS: Alizarin Red S; BCP: biphasic calcium phos-
phate; CaP: calcium phosphate; CCL5: chemokine C-C 
motif chemokine ligand 5; HA: hydroxyapatite; MSC: 
mesenchymal stem cell; NF-κB: nuclear factor-κB; 
PDTC: pyrrolidine dithiocarbamate; PMSF: phenyl-
methylsulfonyl fluoride; VEGF-α: vascular endothel-
ial growth factor-α. 

Supplementary Material  
Supplementary figures.  
http://www.thno.org/v10p3533s1.pdf   

Acknowledgments 
This work was supported by the National Key 

R&D Program of China (2018YFC1105300); the 
National Natural Science Foundation of China 
(81670952, 81600906, 81771050, 81570954); the Special 
Fund for Technical Innovation of Hubei Province 
(2017AHB046); and the Natural Science Foundation of 
Hubei Province (2017CFA025). The authors declare no 
potential conflicts of interest with respect to the 
authorship and/or publication of this article. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Pina S, Oliveira JM, Reis RL. Natural-based nanocomposites for bone tissue 

engineering and regenerative medicine: a review. Adv Mater. 2015; 27: 
1143-69. 

2. Pacelli S, Basu S, Whitlow J, Chakravarti A, Acosta F, Varshney A, et al. 
Strategies to develop endogenous stem cell-recruiting bioactive materials for 
tissue repair and regeneration. Adv Drug Deliv Rev. 2017; 120: 50-70. 

3. Li J, Liu X, Crook JM, Wallace GG. Electrical stimulation-induced osteogenesis 
of human adipose derived stem cells using a conductive graphene-cellulose 
scaffold. Mater Sci Eng C Mater Biol Appl. 2020; 107: 110312. 

4. Yamada M, Egusa H. Current bone substitutes for implant dentistry. J 
Prosthodont Res. 2018; 62: 152-61. 

5. Menger MD, Vollmar B. Surgical trauma: hyperinflammation versus 
immunosuppression? Langenbecks Arch Surg. 2004; 389: 475-84. 

6. Chung L, Maestas DR, Jr., Housseau F, Elisseeff JH. Key players in the 
immune response to biomaterial scaffolds for regenerative medicine. Adv 
Drug Deliv Rev. 2017; 114: 184-92. 



Theranostics 2020, Vol. 10, Issue 8 
 

 
http://www.thno.org 

3545 

7. Brown BN, Haschak MJ, Lopresti ST, Stahl EC. Effects of age-related shifts in 
cellular function and local microenvironment upon the innate immune 
response to implants. Semin Immunol. 2017; 29: 24-32. 

8. Campoccia D, Montanaro L, Arciola CR. A review of the biomaterials 
technologies for infection-resistant surfaces. Biomaterials. 2013; 34: 8533-54. 

9. Blazar BR, MacDonald KPA, Hill GR. Immune regulatory cell infusion for 
graft-versus-host disease prevention and therapy. Blood. 2018; 131: 2651-60. 

10. Paparella D, Rotunno C, Guida P, Travascia M, De Palo M, Paradiso A, et al. 
Minimally invasive heart valve surgery: influence on coagulation and 
inflammatory response. Interact Cardiovasc Thorac Surg. 2017; 25: 225-32. 

11. Mizutani K, Aoki A, Coluzzi D, Yukna R, Wang CY, Pavlic V, et al. Lasers in 
minimally invasive periodontal and peri-implant therapy. Periodontol 2000. 
2016; 71: 185-212. 

12. Ashammakhi N, Ahadian S, Darabi MA, El Tahchi M, Lee J, Suthiwanich K, et 
al. Minimally Invasive and Regenerative Therapeutics. Adv Mater. 2019; 31: 
e1804041. 

13. Qi K, Li N, Zhang Z, Melino G. Tissue regeneration: The crosstalk between 
mesenchymal stem cells and immune response. Cell Immunol. 2018; 326: 
86-93. 

14. Ogle ME, Segar CE, Sridhar S, Botchwey EA. Monocytes and macrophages in 
tissue repair: Implications for immunoregenerative biomaterial design. Exp 
Biol Med (Maywood). 2016; 241: 1084-97. 

15. Hirsiger S, Simmen HP, Werner CM, Wanner GA, Rittirsch D. Danger signals 
activating the immune response after trauma. Mediators Inflamm. 2012; 2012: 
315941. 

16. Kono H, Onda A, Yanagida T. Molecular determinants of sterile inflammation. 
Curr Opin Immunol. 2014; 26: 147-56. 

17. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. 
Semin Immunol. 2008; 20: 86-100. 

18. Xu J, Wang Y, Li J, Zhang X, Geng Y, Huang Y, et al. IL-12p40 impairs 
mesenchymal stem cell-mediated bone regeneration via CD4(+) T cells. Cell 
Death Differ. 2016; 23: 1941-51. 

19. Xiang P, Jin S, Yang Y, Sheng J, He Q, Song Y, et al. Infiltrating CD4+ T cells 
attenuate chemotherapy sensitivity in prostate cancer via CCL5 signaling. 
Prostate. 2019; 79: 1018-31. 

20. Vainieri ML, Lolli A, Kops N, D'Atri D, Eglin D, Yayon A, et al. Evaluation of 
biomimetic hyaluronic-based hydrogels with enhanced endogenous cell 
recruitment and cartilage matrix formation. Acta Biomater. 2020; 101: 293-303. 

21. Zheng CX, Sui BD, Qiu XY, Hu CH, Jin Y. Mitochondrial Regulation of Stem 
Cells in Bone Homeostasis. Trends Mol Med. 2020; 26: 89-104. 

22. Shi Y, Hu G, Su J, Li W, Chen Q, Shou P, et al. Mesenchymal stem cells: a new 
strategy for immunosuppression and tissue repair. Cell Res. 2010; 20: 510-8. 

23. Dastagir MT, Chin HL, McNamara M, Poteraj K, Battaglini S, Alstot L. 
Advanced proficiency EHR training: effect on physicians' EHR efficiency, EHR 
satisfaction and job satisfaction. AMIA Annu Symp Proc. 2012; 2012: 136-43. 

24. Lord JM, Midwinter MJ, Chen YF, Belli A, Brohi K, Kovacs EJ, et al. The 
systemic immune response to trauma: an overview of pathophysiology and 
treatment. Lancet. 2014; 384: 1455-65. 

25. Humbert P, Brennan MA, Davison N, Rosset P, Trichet V, Blanchard F, et al. 
Immune Modulation by Transplanted Calcium Phosphate Biomaterials and 
Human Mesenchymal Stromal Cells in Bone Regeneration. Front Immunol. 
2019; 10: 663. 

26. Wiens M, Elkhooly TA, Schroder HC, Mohamed TH, Muller WE. 
Characterization and osteogenic activity of a silicatein/biosilica-coated 
chitosan-graft-polycaprolactone. Acta Biomater. 2014; 10: 4456-64. 

27. Jung HD, Jang TS, Lee JE, Park SJ, Son Y, Park SH. Enhanced bioactivity of 
titanium-coated polyetheretherketone implants created by a high-temperature 
3D printing process. Biofabrication. 2019; 11: 045014. 

28. Solorio L, Olear AM, Hamilton JI, Patel RB, Beiswenger AC, Wallace JE, et al. 
Noninvasive characterization of the effect of varying PLGA molecular weight 
blends on in situ forming implant behavior using ultrasound imaging. 
Theranostics. 2012; 2: 1064-77. 

29. Sun Y, You Y, Jiang W, Zhai Z, Dai K. 3D-bioprinting a genetically inspired 
cartilage scaffold with GDF5-conjugated BMSC-laden hydrogel and polymer 
for cartilage repair. Theranostics. 2019; 9: 6949-61. 

30. Yu K, Liang B, Zheng Y, Exner A, Kolios M, Xu T, et al. PMMA-Fe3O4 for 
internal mechanical support and magnetic thermal ablation of bone tumors. 
Theranostics. 2019; 9: 4192-207. 

31. Ebrahimi M, Botelho MG, Dorozhkin SV. Biphasic calcium phosphates 
bioceramics (HA/TCP): Concept, physicochemical properties and the impact 
of standardization of study protocols in biomaterials research. Mater Sci Eng C 
Mater Biol Appl. 2017; 71: 1293-312. 

32. Brunello G, Sivolella S, Meneghello R, Ferroni L, Gardin C, Piattelli A, et al. 
Powder-based 3D printing for bone tissue engineering. Biotechnol Adv. 2016; 
34: 740-53. 

33. Eseonu OI, De Bari C. Homing of mesenchymal stem cells: mechanistic or 
stochastic? Implications for targeted delivery in arthritis. Rheumatology 
(Oxford). 2015; 54: 210-8. 

34. Oryan A, Kamali A, Moshiri A, Baghaban Eslaminejad M. Role of 
Mesenchymal Stem Cells in Bone Regenerative Medicine: What Is the 
Evidence? Cells Tissues Organs. 2017; 204: 59-83. 

35. Miron RJ, Zhang YF. Osteoinduction: a review of old concepts with new 
standards. J Dent Res. 2012; 91: 736-44. 

36. Fong EL, Chan CK, Goodman SB. Stem cell homing in musculoskeletal injury. 
Biomaterials. 2011; 32: 395-409. 

37. Prockop DJ, Gregory CA, Spees JL. One strategy for cell and gene therapy: 
harnessing the power of adult stem cells to repair tissues. Proc Natl Acad Sci U 
S A. 2003; 100 Suppl 1: 11917-23. 

38. Weisel F, Shlomchik M. Memory B Cells of Mice and Humans. Annu Rev 
Immunol. 2017; 35: 255-84. 

39. Toben D, Schroeder I, El Khassawna T, Mehta M, Hoffmann JE, Frisch JT, et al. 
Fracture healing is accelerated in the absence of the adaptive immune system. 
J Bone Miner Res. 2011; 26: 113-24. 

40. Reinke S, Geissler S, Taylor WR, Schmidt-Bleek K, Juelke K, Schwachmeyer V, 
et al. Terminally differentiated CD8(+) T cells negatively affect bone 
regeneration in humans. Sci Transl Med. 2013; 5: 177ra36. 

41. Tavare R, McCracken MN, Zettlitz KA, Salazar FB, Olafsen T, Witte ON, et al. 
Immuno-PET of Murine T Cell Reconstitution Postadoptive Stem Cell 
Transplantation Using Anti-CD4 and Anti-CD8 Cys-Diabodies. J Nucl Med. 
2015; 56: 1258-64. 

42. Yokota N, Daniels F, Crosson J, Rabb H. Protective effect of T cell depletion in 
murine renal ischemia-reperfusion injury. Transplantation. 2002; 74: 759-63. 

43. Iriguchi S, Kikuchi N, Kaneko S, Noguchi E, Morishima Y, Matsuyama M, et 
al. T-cell-restricted T-bet overexpression induces aberrant hematopoiesis of 
myeloid cells and impairs function of macrophages in the lung. Blood. 2015; 
125: 370-82. 

44. Kishton RJ, Sukumar M, Restifo NP. Metabolic Regulation of T Cell Longevity 
and Function in Tumor Immunotherapy. Cell Metab. 2017; 26: 94-109. 

45. Li X, Wenes M, Romero P, Huang SC, Fendt SM, Ho PC. Navigating metabolic 
pathways to enhance antitumour immunity and immunotherapy. Nat Rev 
Clin Oncol. 2019; 16: 425-41. 

46. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and 
quiescence. Immunity. 2013; 38: 633-43. 

47. Sugasawa H, Ichikura T, Kinoshita M, Ono S, Majima T, Tsujimoto H, et al. 
Gastric cancer cells exploit CD4+ cell-derived CCL5 for their growth and 
prevention of CD8+ cell-involved tumor elimination. Int J Cancer. 2008; 122: 
2535-41. 

48. Nishikawa G, Kawada K, Nakagawa J, Toda K, Ogawa R, Inamoto S, et al. 
Bone marrow-derived mesenchymal stem cells promote colorectal cancer 
progression via CCR5. Cell Death Dis. 2019; 10: 264. 

49. Barrios CS, Castillo L, Zhi H, Giam CZ, Beilke MA. Human T cell leukaemia 
virus type 2 tax protein mediates CC-chemokine expression in peripheral 
blood mononuclear cells via the nuclear factor kappa B canonical pathway. 
Clin Exp Immunol. 2014; 175: 92-103. 

 


