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Unmodified collagen scaffolds represent a bottleneck in bone tissue engineering. Because of their limited me-
chanical and osteoinductive properties, these scaffolds do not perform well in repairing large bone defects. To
overcome these limitations, a deoxyribonucleic acid-crosslinked collagen scaffold (DNA-Col) is fabricated to

DNA . . enhance healing of bone defects. The DNA-Col induces rapid formation of new bone tissue in a rat alveolar bone
Osteo-immunomodulation | . . A .
Tregs defect model. However, the improved osteogenic performance is not directly attributed to DNA-Col, but to the

interaction between DNA-Col and T cells. Mechanistic experiments further demonstrate that recruitment of
regulatory T cells (Tregs) is significantly triggered by implantation of DNA-Col in vivo. This is supported by the
reversal of DNA-Col-induced bone regeneration after depletion of Tregs. These results indicate that Tregs play an
important role in DNA-Col-induced new bone formation. Further investigations reveal that DNA-Col promotes
Treg differentiation via metabolic reprogramming. These exciting findings establish the role of DNA-Col as a
bioactive bone regeneration scaffold via its capability to interact with Tregs. The present study paths the way for
creating smart hard tissue engineering materials with modulatory functions on the osteo-immunologic envi-
ronment of a surgical bone defect.

1. Introduction

Large bone defects created by trauma, tumor resection, or infection
do not heal easily in clinical practice[1]. To address this frustrating
problem, clinical scientists have resorted to experimenting with new
bone tissue engineering technology for improving the repair of these
bone defects[2,3]. Graft materials utilized in bone tissue engineering
include autografts, allografts, xenografts, and synthetic biomaterials[4].
Autografts are the “gold standard” for repairing bone defects and frac-
tures. However, they suffer from drawbacks such as limited donor
sources and donor site injury[2]. The use of allografts and xenografts is
handicapped by their low osteoinductive capacity and high immuno-
genicity[5]. Hence, research on bioactive synthetic scaffolds have
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received much attention in the field of bone tissue engineering[6-8].
Incomplete healing of alveolar bone defects after tooth extraction is
commonly seen in clinical dental practice[9]. This process causes an
average of 40 to 60% bone loss during the first two years after tooth
extraction[10]. Such an extent of bone loss adversely affects subsequent
rehabilitative efforts, facial aesthetics, oral function, maxillofacial
development, and even long-term health and quality of life. Therefore,
regeneration of alveolar bone defects has always been a challenging
endeavor[11]. Guided bone regeneration is usually used for recon-
structing bone defects in which the cortical plates are lost[12,13].
Clinically, collagen scaffolds are the most commonly used biomaterials
for guided bone regeneration[14]. Because pure collagen has poor
osteoinductive properties, regeneration of defects that are filled with
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unmodified collagen scaffolds is far from satisfactory[15]. Hence,
collagen scaffolds need to be modified to improve their functional
properties.

Deoxyribonucleic acid (DNA) is a well-studied genetic material
[16-17]. This biological polymer has also emerged as a nongenetic
material for biomedical applications such as bone tissue regeneration
[18,19]. The use of DNA in bone regeneration is based on its ability to:
(i) bind calcium ions[20], (ii) promote biological apatite growth along
its backbone[21,22], and (iii) act as an artificial extracellular matrix
around osteoblasts to promote new bone formation in vivo[23,24]. The
biocompatibility, biodegradability, high programmability, and
osteoinductive potential of DNA renders it the holy grail of hard tissue
engineering materials. Another non-genetic application of DNA is
immunomodulation[25]. Deoxyribonucleic acids can be recognized by
receptors on the surface of or within immune cells. Upon recognition,
the DNAs ultimately trigger recruitment of immune cells that elicit im-
mune responses[25]. Accordingly, DNA-modified biomaterials may
possess immunomodulatory properties, and used for regulating tumor
behavior[26]. However, less is known about the immunomodulatory
effects of DNA-modified biomaterials on bone tissue engineering.

In light of the potential of DNA in improving the functional prop-
erties of collagen scaffolds, the present study investigated the use of
DNA-modified collagen (DNA-Col) for bone repair, and examined the
mechanism that is responsible for the improved osteogenesis exhibited
this novel bioactive collagen-based scaffold. The null hypothesis tested
was that there is no difference between an unmodified collagen scaffold
and a DNA-Col scaffold in modulating the osteo-immunologic environ-
ment of a surgical bone defect to enhance bone regeneration.

2. Results
2.1. Characterization of DNA-Col

The phosphate backbone of DNA provides sites for conjugating other
compounds to the biomacromolecule[18]. The 2D and 3D DNA-collagen
scaffolds were constructed using 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC)/N-hydroxy succinimide (NHS)
crosslinking (Fig. 1a). The phosphate backbone of DNA is stainable with
methyl green[20,27]. Accordingly, this cationic stain was used to stain
DNA-Col and Col. The stained images showed that DNA-Col scaffolds
were stained green, whereas pristine collagen scaffolds were unstained
(Fig. 1b). Methyl green adsorption experiment showed that the content
of DNA in the DNA-Col was 0.031 + 0.006 pmol/g collagen. The 2D
DNA-Col that was examined with immunofluorescence (Fig. 1¢) showed
co-labeling of collagen (COL-1 antibody, red) and DNA (nucleic acid
dye, green); the observation was indicative of binding of DNA to the
collagen matrix. X-ray photoelectron spectroscopy (XPS) revealed a tall
peak that assigned to the phosphorus 2p orbital of DNA-Col (Fig. 1d).
Analysis of DNA-Col scaffolds with energy-dispersive X-ray analysis
(EDAX) identified increases in elemental phosphorous (Fig. 1e). Taken
together, the aforementioned experimental results suggested binding of
DNA to collagen. Scanning electron microscopy (SEM) of the DNA-Col
showed linear structures resembling DNA that anchored to the
collagen fibrils (Fig. 1f). The banded collagen structure was not
damaged after chemical modification. The high magnification images of
transmission electron microscope (TEM) and SEM showed that DNA was
conjugated on the collagen (Fig. S2).

The modified collagen scaffolds were examined with attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR) to vali-
date the crosslinking of DNA to collagen (Fig. 1f). Stretching vibrations
in the infrared spectrum that were assigned to PO%’ (1063-1088 cm ™)
were indicative of the presence of DNA[28]. The peak at 973 cm’l,
assigned to the stretching vibration of the P-N-C bond, was indicative of
the formation of stable chemical bonds between DNA and collagen
[28,29]. Based on these information, the link between DNA and collagen
is probably attributed to the interaction between the phosphate groups
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in DNA and the amino groups of collagen fibrils that produces irre-
versible phosphoramide bonds. After crosslinking, the tensile strength of
DNA-Col was significantly higher than that of pure collagen (Fig. 1g).

2.2. Effect of DNA-Col on bone regeneration in vivo

A rat alveolar bone defect model was used to examine of DNA-Col on
bone regeneration. The model was developed by extracting the maxil-
lary right first molar from four-week-old Sprague-Dawley rats. Pristine
collagen scaffolds or DNA-Col scaffolds were randomly implanted into
each tooth socket. New bone formation was examined using micro-
computed tomography (micro-CT) at the first week and the third week
after surgery.

Representative sagittal and coronal slices taken from micro-CT im-
ages are shown in Fig. 2a. Red color in those images signified a higher
level of bone mineral density. Red areas were visually larger in bone
defects treated with DNA-Col. Quantitatively, both bone volume/total
volume and bone mineral density in the DNA-Col-treated group were
significantly higher, even at the first week (Fig. 2b and c). Coronal slices
of micro-CT images were further used to evaluate the buccal and palatal
height of the alveolar ridge. At the third week, the reduction of buccal
and palatal height of the alveolar ridge was significantly less in DNA-
Col-treated group (Fig. 2d). The results of Alizarin red S staining,
hematoxylin-eosin staining, and immunofluorescent staining of the bone
defect sites also showed that DNA-Col promoted osteogenesis in vivo
(Fig. 2e, Fig. S3). Based on these in vivo evidence, DNA-Col has good
potential in inducing bone regeneration.

2.3. Effect of DNA-Col on osteoblast differentiation in vitro

Bone mesenchymal stem cells were co-cultured with two-
dimensional DNA-Col or pristine collagen (control). After osteogenic
induction, alkaline phosphatase staining (ALP), Alizarin red S staining,
and the expression of osteogenesis-related genes were examined. The
results suggested there was no difference in each respective parameter
between the experimental DNA-Col group and the control group
(Fig. S4). Hence, it is reasonable to consider that there may be other
factors involved in the DNA-Col-induced new bone formation.

2.4. Micro-environmental changes in DNA-Col-treated bone defects

Bulk-tissue RNA-sequence analysis was used to identify the “factors
for promoting bone regeneration” that interacted with DNA-Col. From
the rat alveolar bone defect model, implanted materials and the sur-
rounding clot were harvested after 24 h of implant placement (n = 3 for
each group). “Fragments per kilobase of transcript per million abun-
dance values” were used to examine the specimens’ stability through
correlation analysis (Fig. S5a). Correlation of gene expression levels
between specimens is an important index to test the reliability of the
experiments. Most of the correlation coefficients were within acceptable
ranges (Fig. S5b). Principal component analysis of the data indicated
that the DNA-Col specimens had notably different gene expression
profiles, compared with the control Col specimens (Fig. S5c¢). There were
extensive alterations in the gene expression profiles between DNA-Col
and Col (Fig. 3a). Gene ontology analysis showed that DNA-Col
induced up-regulation of genes that were associated with immune re-
sponses, especially the adaptive immune response (Fig. 3b). Differen-
tially expressed genes (DEGs) were positively-correlated with those that
are involved in T cell development, differentiation, and function. The
DEGs related to T-cell activity appeared to be more regulatory in nature
(Fig. 3¢)[30-36]. In addition, genes responsible for pro-inflammatory
activities were significantly down-regulated in the DNA-Col specimens
[37-44] (Fig. 3c).
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Fig. 1. Characterization of DNA-Col. a. Synthesis of DNA-Col. b. Methyl green staining of Col and DNA-Col. c. Characterization of 2D DNA-crosslinked collagen
fibrils (2D DNA-Col). Confocal laser-scanning microscope images of 2D DNA-Col showing DNA (green) bound to pristine collagen fibrils (red). Bar = 50 pm. d. XPS
survey spectrum of Col and DNA-Col. Inset shows enlargement of the P 2p region. e. SEM and EDAX elemental analysis of Col and DNA-Col (bar = 200 nm), yellow
arrows: linear structures of DNA. f. ATR-FTIR spectra of Col and DNA-Col. g. Young’s modulus of the different scaffolds (n = 3). DNA-Col, deoxyribonucleic acid
modified-collagen scaffolds; Col, pristine collagen scaffolds; XPS, X-ray photoelectron spectroscopy; SEM, scanning electron microscopy; EDAX, energy-dispersive X-
ray analysis; ATR-FTIR, attenuated total reflection-Fourier transform infrared spectroscopy. ***: P < 0.001 (Student’s t-test).
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Fig. 2. Bone regeneration in the rat alveolar bone defect model. a. Micro-CT derived coronal and sagittal slices of the rat maxilla on the first and third week after
surgery (bar = 2 mm). The white dashed box labeled the bone defect sites. b. Ratio of bone volume/total volume. c. Bone mineral density. d. Ratio of reduced buccal
or palatal ridge height/ridge height. For (b), (¢) and (d), parameters of the bone defect were calculated based on 3D reconstruction of micro-CT scans. e. Staining of
Runx-2 of BMSCs at bone defect sites (bar = 250 pm). The dotted line represented the boundary between the bone tissue and the gingival tissue. The white arrows
indicated the bone tissue. f. Quantitative analysis of the fluorescence intensity of Runx-2 in different groups (n = 3). Col, pure collagen; DNA-Col, deoxyribonucleic
acid-modified collagen; micro-CT, micro computed tomography; Runx-2, Runt-related transcription factor 2. ***: P < 0.001, **: P < 0.01, *: P < 0.05, ns: no

significance (one-way analysis of variance).
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Fig. 3. The RNA sequence analysis of the material-clot complex. a. Heatmap of the differential genes of Col vs DNA-Col. b. Gene ontology analysis showing the
positive regulation of adaptive immune system for DNA-Col. c. Heat map of T cell activity-related genes and inflammation-related genes in differentially expressed
genes. d. Volcano plot of differentially expressed genes with all genes mentioned in (c¢) circled out. The dots in left or right represented significantly downregulated
(blue dots) and upregulated (orange dots) differential genes. GO, gene ontology; Col, pure collagen; DNA-Col, deoxyribonucleic acid-modified collagen; CD3e, Cd3-
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10; Lilrb2, leukocyte immunoglobulin like receptor B2; Pid1, phosphotyrosine interaction domain containing 1; Tnfsf9, tumor necrosis factor superfamily member;
Trem2, triggering receptor expressed on myeloid cells 2; Ccl7, C-C motif chemokine ligand 7; Ccl9, C-C motif chemokine ligand 9; Tnfrsfl1a, tumor necrosis factor
receptor superfamily member 11a; Cxcl10, C-X-C motif chemokine ligand 10; Ikbke, inhibitor of nuclear factor kappa B kinase subunit epsilon.

2.5. Effect of DNA-Col scaffolds on recruitment of regulatory T cells
(Tregs)

Based on the RNA sequence results, the authors conjectured that the
number of Tregs was increased in DNA-Col scaffolds. Accordingly, CD4
(green), forkhead box protein P3 (Foxp3, red), and DAPI (blue) were
used to label Tregs for examination with immunofluorescent micro-
scopy. Representative images showed that the Col scaffolds displayed
low-levels expression of CD4 and Foxp3, whereas DNA-Col scaffolds
demonstrated robust accumulation of CD4, Foxp3, and regulatory T cells
(Fig. 4a and b).

The proportion of Tregs was further examined with flow cytometry
(Fig. 4c and d). The results indicated that the proportion of Tregs was

significantly increased in the DNA-Col scaffolds (P < 0.001). Taken
together, the immunofluorescence and flow cytometry results suggest
that DNA-Col scaffolds enhance Treg recruitment.

2.6. Effect of Tregs on DNA-Col-induced bone regeneration

To determine whether Tregs were required for DNA-Col to promote
bone regeneration, bone defects produced by tooth extraction were
created in wild-type C57BL/6J mice and Treg-depleted C57BL/6J mice.
Anti-CD25 antibodies were injected to deplete Tregs in the C57BL/6J
mice (Fig. 5a). After injection, the number of Tregs was significantly
reduced (P < 0.001). The depleting effect was maintained until the 21st
day (Fig. 5b). After Treg depletion, bone regeneration in both DNA-Col
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and Col groups was reduced. Moreover, the excellent osteogenic per-
formance of DNA-Col was diminished after inhibition of Tregs (Fig. 5d
and e). Taken together, the results confirms that DNA-Col induces new
bone formation through the activity of Tregs.

2.7. Mechanism whereby DNA-Col promoted Treg differentiation

The role that Tregs played in DNA-Col-induced bone regeneration
was also confirmed in a Treg-depleted murine model. These observa-
tions prompted the authors to examine if there is interaction between
DNA-Col and increased Tregs. The hypothesis put forward was that
DNA-Col affects Tregs at the level of their differentiation.

Regulatory T cells may be differentiated in vitro from naive CD4+T
cells in the presence of transforming growth factor-p (TGF-p) and
interleukin-2 (IL-2). Hence, CD4+T cells were isolated and co-cultured
with DNA-Col or Col in the presence of TGF-p and IL-2 (Fig. 6a). Flow
cytometry performed after 24 h identified that Treg differentiation was
significantly amplified in the DNA-Col group (Fig. 6d and e). Inmuno-
fluorescence analysis showed a corresponding increase in the level of
Foxp3 in the DNA-Col group (Fig. 6b and c). The DNA-Col group also
exhibited enhanced secretion of IL-4 and IL-10 (Fig. 6f and g). Taken
together, these evidence demonstrate that DNA-Col possesses an
immunomodulatory effect. The DNA-Col scaffold promotes Treg differ-
entiation and contributes to establishing an anti-inflammatory
microenvironment.

Previous studies have shown that DNA released from neutrophil
extracellular traps facilitate Treg differentiation by promoting mito-
chondrial oxidative phosphorylation (OXPHOS) of CD4+T cells[45].
The results of these studies indicate that DNA-Col may reprogram the
metabolic process of CD4+T cells by promoting OXPHOS to render the T
cells more regulatory in function. Accordingly, TEM was used to observe
the mitochondria of CD4+-T cells. Co-culture of CD4+-T cells with DNA-
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Col increased the number of mitochondria with tight cristae in the
CD4+T cells (Fig. 7a). In a subsequent experiment, peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a), the master
regulator of mitochondrial biogenesis, was analyzed with western blot.
The CD4+T cells that were treated with DNA-Col showed significantly
up-regulation of PGC-1a expression (Fig. 7b). Because upregulation of
PGC-1a promotes OXPHOS of CD4+T cells, the TEM and western blot
results suggested that DNA-Col might affect the mitochondria-related
metabolic process of CD4+T cells.

The balance between OXPHOS and glycolysis has been shown to be
critical for Treg differentiation[46]. To clarify this issue, CD4+T cells
were co-cultured with DNA-Col or Col for quantifying the mitochondrial
oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) to reflect the mitochondrial respiration and glycolytic rate,
respectively. The DNA-Col treated CD4+T cells had significantly in-
crease in basal respiration, maximal respiration, and spare respiratory
capacity (Fig. 7c). There was no noticeable difference in ECAR between
the DNA-Col and Col groups (Fig. 7d). Taken together, these data indi-
cate that DNA-Col promotes Treg differentiation by facilitating OXPHOS
of CD4+T cells. However, the mechanism whereby DNA-Col affects
OXPHOS remains unknown.

2.8. Mechanism whereby DNA-Col induces metabolic reprogramming of
CD4+T cells

Previous studies reported that activation of Toll-like receptor 4
(TLR4) up-regulates PGC-1a through the phosphorylation of mitogen-
activated protein kinases 38 (p38)[47]. Toll-like receptor 4 is a well-
known pattern recognition receptor that is involved in adaptive im-
mune response[48]. This receptor promotes the activation of CD4+T
cells and helps to maintain the expansion and function of Tregs[45].
Hence, in vitro and in vivo experiments were designed to detect whether
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DNA-Col up-regulated PGC-1a expression in CD4+T cells via the TLR4-
p38-PGC-1a pathway (Fig. 8a).

The CD4+T cells that were treated in vitro with TAK-242 were
designated as the TLR4 inhibition group. The CD4+T cells that were
treated with the same volume of dimethyl sulfoxide were designated as
the control group. Immunofluorescence and western blot results
confirmed that DNA-Col promoted PGC-la expression, but this pro-
moting effect was diminished with debilitation of phosphorylated p38
after treatment with TAK-242 (Fig. 8b and c, e).

To determine whether the Treg differentiation-promoting effect of
DNA-Col depended on the activation of TLR4, C57BL/6J mice injected
with TAK-242 or DMSO were divided into the TLR4 inhibition group and
control group, respectively. Both groups underwent extraction of the
maxillary right first molar and were implanted with DNA-Col or Col. The
proportion of Tregs in DNA-Col and Col scaffolds was examined 24 h
after scaffold implantation (Fig. 8a). The result showed that Treg dif-
ferentiation was significantly reduced in the TLR4 inhibition group
(Fig. 8d and f). Taken together, the results indicates that DNA-Col pro-
motes Treg differentiation via the activation of the TLR4-p38-PGC-1a
pathway.

3. Discussion

Bone tissue engineering materials are favorable alternatives to

autografts for promoting the repair of bone tissue defects. The present
study developed a modified collagen scaffold by conjugating DNA to
collagen. Experiments were conducted to demonstrate the superiority of
DNA-Col over pristine collagen as a bioactive scaffold for bone regen-
eration. The improved bone defect healing relies on the immunomod-
ulatory effect of DNA-Col on the surgical defect microenvironment.

Because of its poor mechanical property, a pristine collagen scaffold
is incapable of maintaining the defect space for bone regeneration; as a
result, its development has reached a bottleneck in the field of bone
tissue engineering[15]. Crosslinking technology has the potential to
improve the mechanical properties of fibrillar collagen[49]. Accord-
ingly, chemical crosslinking was used in the present study to increase the
modulus of elasticity of collagen scaffolds to meet the requirement of a
bone repair biomaterial.

Although DNA-Col effectively promoted new bone formation in rat
alveolar bone defects. The modified collagen material did not promote
osteogenic differentiation when co-cultured with bone marrow stem
cells. Phosphate degradation from DNA has been reported to be a pro-
moter for osteogenic differentiation[23]. The inconsistent in vivo and in
vitro results may be attributed to the covalent interaction between DNA
and collagen, which slows down the release of phosphate from the DNA
backbone (Fig. S6). As a result, DNA-Col did not show acceptable oste-
ogenic performance in vitro. The inconsistency between in vitro and in
vivo results suggests that the interaction of DNA-Col and the bone defect



J.-h. Song et al. Chemical Engineering Journal 474 (2023) 145318

a b
Col DNA-Col

| ——
PGC-10 = v 90 KDa

Col

B-actin S W 43 KDa

o
4
F - !
_ S *
3 . %
< *
z 3
(=]
L] L) L 1
0.2 0.4 0.6 0.8
C
-8~ Col -% DNA-Col = col 1 DNA-Col
Oligomycin  FCCP  Rot/AA % %k %
500+ : ; ; 500 1
: E T 400- T
5 ; z g **
E 5 E 3
3 E E 2 300
£ s e = i
o ' '
- H . X 200-
[0'4 . Q |
(&) : (o]
o : 100
0+ T T
; . Basal Maximum Spare
Time (minutes) respiration respiration respiratory
d capacity
-~ Col -~ DNA-Col [ col [ DNA-Col
Glucose Oligomycin  2-DG
50— ns
£ S 404
£ E T
:E_ :5_ 304 ns ns
E £ 1 1
14 20
< g
o 3
w w 10
0+ ‘I T : T : T 0- | | |
0 20 40 60 80 100 Glycolysis Glycolytic Glycolytic
Time (minutes) capacity reserve

Fig. 7. DNA-modified collagen promoted mitochondrial oxidative phosphorylation in CD4+T cells. a. TEM of the number and shape of mitochondria present in
CD4+T cells. Images on the right (bar = 500 nm) are high magnification views of the boxed areas in the left images (bar = 1 pm). b. Western blot and quantitative
analysis of PGC-1a expression (n = 3). ¢. Oxygen consumption rate (OCR) of CD4+T cells (n = 3). d. Extracellular acidification rate (ECAR) rate of CD4+T cells (n =
4). Col, pure collagen; DNA-Col, deoxyribonucleic acid-modified collagen. PGC-1a, peroxisome proliferator-activated receptor-y coactivator-lo; FCCP, carbonyl



J.-h. Song et al.

Chemical Engineering Journal 474 (2023) 145318

cyanide-4-(trifluoromethoxy) phenylhydrazone; Rot/AA, rotenone and antimycin A; 2-DG, 2-deoxy-D-glucose. **: P < 0.01, ***: P < 0.001, ns: no significance
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microenvironment may be the contributor.

Immune responses play a crucial role in bone healing[50]. An in-
flammatory cascade is first initiated by tissue damage[51]. During the
healing phase, a switch from a pro-inflammatory to an anti-
inflammatory environment is required to support bone regeneration
[51]. Results of RNA sequencing suggest that DNA-Col induces up-
regulation of genes associated with adaptive immune response. Inter-
estingly, the DEGs specifically involved in Treg development, differen-
tiation, and function were positively-correlated, while genes related to
pro-inflammation were negatively-correlated. Regulatory T cells are
identified as critical regulators in the initial phase of bone defect healing
[52]. The number of Tregs was increased from 24 h onwards during the
initial healing phase[52]. Correspondingly, anti-inflammatory cytokines
released from Tregs (i.e., IL-4 and IL-10) were up-regulated to provide
an anti-inflammatory environment for osteogenesis[52].

It has been reported that reduction of Tregs causes delayed fracture
healing[53], while infusion of Tregs markedly improves bone regener-
ation[54]. Mechanistically, Tregs secret anti-inflammatory factors, such
as IL-10 and IL-4, thereby promoting osteogenic differentiation[55].
Because the DNA-Col scaffold enhanced Treg recruitment in the present
study, it is highly likely that the improved bone regeneration is attrib-
uted to Treg activities. This notion was further supported by reversal of
the osteogenesis promotion potential of DNA-Col after Treg inhibition in
vivo. In vitro, the conditioned medium of DNA-Col with T cells was able
to significantly promote osteogenic differentiation (Fig. S7).

A recent study demonstrated that DNA released from neutrophil
extracellular traps promotes the differentiation of T cells into Tregs with
anti-inflammatory properties[45]. In the present study, the authors
confirmed that DNA-Col promoted Treg differentiation and contributed
to the secretion of IL-4 and IL-10 in vitro. Mechanistically, the DNA-Col
scaffold increased the number of mitochondria in CD4+T cells and up-
regulated the expression of PGC-1a. Interestingly, DNA-Col mediated
enhanced OXPHOS. According to the literature, differentiation of T cells
into Tregs requires metabolic reprogramming that favors oxidative
phosphorylation[45]. The present data demonstrated that DNA-Col
reprogrammed the metabolic processes of CD4+T cells, tilting the bal-
ance toward OXPHOS to promote Treg differentiation.

As a key contributor to mitochondrial biogenesis, PGC-1la is up-
regulated to directly enhance OXPHOS|[56]. A previous study demon-
strated that activation of TLR4 on cell membranes promotes the
expression of PGC-1a through the phosphorylation of p38[47]. Notably,
TLR4 is linked to the differentiation of Tregs[57], which is promoted by
OXPHOS[45]. The encouraging results derived from those studies
prompted the authors to investigate the pathway involved in DNA-Col
induced Treg differentiation. The use of a TLR4 inhibitor (TAK-242) in
vitro undermined the ability of DNA-Col to stimulate PGC-1a expression
and p38 phosphorylation. Moreover, inhibition of TLR4 induced notable
reduction of Tregs in the DNA-Col scaffold. These observations further
imply that DNA-Col causes metabolic reprogramming of CD4+T cells via
the TLR4-p38-PGC-1a pathway.

However, there are some limitations in the present study. Firstly, the
immunomodulatory and osteogenic effects of DNA-Col are only tested in
alveolar bone defects. Because of the existence of potentially dissimilar
immune microenvironments and osteogenic properties in different bone
defects, the immunomodulatory and osteogenic performance of DNA-
Col need to be verified in other bone defect models. Of note, DNA-Col
exhibits enhanced mechanical properties when compared with
collagen scaffolds. Whether the immunomodulatory property of DNA-
modified collagen is related to the change in mechanical properties re-
quires further investigations. Because of its low tensile modulus, DNA-
Col is more suitable for repair of low load-bearing bone defects. The
mechanical strength of DNA-Col needs further improvement for it to be
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used as a load-bearing scaffold in cortical bone replacement. Another
critical limitation of the present work is that the connection between
immune regulation and bone regeneration was not fully established;
antigen-specific, adaptive immune response was not analyzed and
should be done in future studies. In addition, it is not clear which DNA
property (e.g., sequence, length, structure, or concentration) is more
important in its interaction with TLR4. Last but not the least, the
methods to maintain the properties of DNA in DNA-Col deserve further
exploration.

4. Conclusion

Binding of DNA onto a collagen scaffold via crosslinking endows the
modified collagen scaffold with excellent bone regeneration potential.
The DNA-Col scaffold improves osteogenesis via the modulation of
Tregs. This modulation is achieved through the TLR4-p38-PGC-la
pathway. Implantation of DNA-Col scaffolds represents an efficient
therapeutic method that regulates Tregs and promotes bone defect
healing. The present study emphasizes osteo-immunomodulation in
bone tissue engineering, with the aim of addressing clinical bottlenecks
in the near future.

5. Materials and methods

Supplementary Fig.1 summarizes the experimental design of the
present study. Additional materials and methods were listed in the
Supplementary Information.

5.1. Deoxyribonucleic acid-crosslinked collagen scaffolds (DNA-Col)

5.1.1. Preparation of DNA-Col

Calf thymus deoxyribonucleic acid (DNA, MilliporeSigma, Burling-
ton, MA, USA) was cross-linked with collagen scaffolds (Ace Surgical
Supply Co., Inc., MA, USA). Because the maximum solubility of DNA is 1
mg/mL, 5 mg of DNA was dissolved in 5 mL of 0.1 M 2-(N-morpholino)-
ethanesulfonic acid buffer (MES, pH 6.0). 62.5 mg of 1-(3-dimethyla-
minopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 75 mg of N-
hydroxy succinimide (NHS) were mixed in the DNA-MES solution. The
pH of the mixture was increased to 7.3 using concentrated phosphate-
buffered saline (PBS; pH 7.2-7.5). Commercially available collagen
scaffolds purchased from Iregene (Beijing, China) were cut into cylin-
ders, each with a diameter of 5 mm and thickness of 2 mm. After 30 min,
the collagen scaffolds were incubated in the DNA/EDC/NHS cross-
linking solution. This process lasted for 2 h at room temperature and was
protected from light. The DNA-modified collagen scaffolds were subse-
quently washed in DNase-free water. They were then frozen at — 80 °C
and freeze-dried to produce DNA-modified collagen (DNA-Col).

5.1.2. Preparation of DNA-conjugated self-assembled collagen fibrils (2D
DNA-Col)

Collagen fibrils were self-assembled from rat tail tendon-derived
collagen/acetic acid stock solution (5 mg/mL) using the dialysis
method[7]. The self-assembled collagen solution was placed on a dish
and air-dried. A DNA, EDC, and NHS mixed was prepared as previously
described and added to the collagen-containing dish. After incubating
for 2 h, the dish was rinsed with DNase-free water and air-dried.

5.1.3. Methyl green staining of DNA-Col

Methyl green is a basic dye that binds with DNA[29]. Deoxy-
ribonucleic acid-modified collagen scaffolds and pristine collagen scaf-
folds (Col) with a diameter of 5 mm were immersed in a 2% methyl
green (Macklin, Shanghai, China) for 5 min. Both the DNA-Col and Col
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scaffolds were thoroughly rinsed with Milli-Q water until the rinse so-
lution was colorless.

5.1.4. Attenuated total reflection-Fourier transform infrared spectroscopy

Functional groups in the DNA-Col and Col were measured using an
attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR; FTIR-8400S, Shimadzu, Tokyo, Japan). Infrared spectra
were produced using 32 scans with a resolution of 4 cm ™! over the range
of 4000-400 cm .

5.1.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS; K-Alpha, ThermoFisher
Scientific, Waltham, MA, USA) was used to analyze the surface elements
of Col and DNA-Col.

5.1.6. Scanning electron microscopy and energy-dispersive X-ray analysis

The surface morphology of Col and DNA-Col were characterized with
a scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) at
5 kV. The specimens were dehydrated with an ascending ethanol series
(50%, 70%, 80%, 90%, and 100%) for 15 min each, and finally sus-
pended in hexamethyldisilane for 30 min. The chemically-dehydrated
specimens were air-dried and sputter-coated with gold/palladium
prior to examination. Elemental analysis was performed by energy
dispersive X-ray spectroscopy (EDAX).

5.1.7. Immunofluorescence

Slides coated with reconstituted type I collagen fibrils and 2D DNA-
Col were labeled with collagen-I rabbit anti-rat antibody (Ab34710,
Proteintech, Wuhan, Hubei, China), SYTOX™ Green (S34860, Ther-
moFisher Scientific, Waltham, MA, USA), and Alexa Fluor 594 goat anti-
rabbit secondary antibodies (33112ES60, Yeasen Biotechnology,
Shanghai, China). After rinsing with PBS, the slides were examined with
confocal laser-scanning microscopy (Leica Microsystems, Wetzlar,
Hesse, Germany).

5.1.8. Young’s modulus

The modulus of elasticity of the Col and DNA-Col scaffolds was
determined using a uniaxial compression test. Experiments were con-
ducted in triplicate. The Young’s modulus of the specimens was tested
using a universal tensile tester (EZ-SX, Shimadzu, Japan). The dried
specimens were cut into blocks of 50 mm x 5 mm x 2 mm. Each block
was held by the grips of the universal tensile tester. The distance be-
tween grips was adjusted to 10 mm. The separation speed between grips
was set at 1 mm/min. A tensile load was applied until the collagen
specimen delaminated. Young’s modulus was calculated using the for-
mula: maximum load/(displacement x cross-sectional area).

5.2. Bone regeneration in vivo and in vitro

5.2.1. Rat alyeolar bone defect model

Four-week-old Sprague-Dawley rats were obtained from the Labo-
ratory Animal Research Center of the Fourth Military Medical Univer-
sity, Xi’an, China and kept under specific pathogen-free conditions.
Animal experiment was conducted at the Experimental Animal Center of
the Fourth Military Medical University. All protocols were performed in
accordance with the Guidelines for Care and Use of Experimental Ani-
mals of the university. The research protocols were approved by the
Medical Ethics Committee of the university (#20220905).

A rat alveolar bone defect model was used to evaluate the osteogenic
property of the DNA-Col. 6- to 8-week-old male Sprague-Dawley rats (n
= 36) were used in this experiment. The size of Col and DNA-Col used for
animal experiments was 5 mm in diameter and 2 mm in thickness.
General anesthesia was administered via intraperitoneal injection of
pentobarbital sodium (50 mg/kg). The maxillary right first molar was
extracted in a minimally invasive manner. A standardized defect was
created immediately after tooth extraction, using a 1.4 mm-diameter
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dental bur to remove the inter-radicular septum of the maxillary right
first molar. The DNA-Col or Col scaffold was grafted into the tooth
socket. Tooth sockets without grafts were used as blank control. The
adjacent mucosa was subsequently sutured[29].

5.2.2. Micro-computed tomography (Micro-CT)

The rats were sacrificed at the first and third week after surgery by
intraperitoneal injection of excessive pentobarbital sodium (n = 6). The
maxillary bones were collected and fixed in 4% paraformaldehyde for
48 h. The specimens were scanned using micro-CT (Inveon, Siemens
Preclinical, Knoxville, TN, USA) at high resolution. Images were
reconstructed into a three-dimensional structure and analyzed using the
Inveon Research Workplace software. Briefly, sagittal slices were used to
evaluate new bone formation in the tooth sockets. The reference views
were set to best present the mesial and distal canals of maxillary right
second molar. New bone volume fraction (bone volume/total volume)
and bone mineral density in the tooth sockets were analyzed. The region
of interest was set as 2 mm x 1 mm x 1 mm. In addition, coronal slices
were used to evaluate the buccal and palatal height of the alveolar
ridges. The range of alveolar ridge height was from the upper-most to
the bottom-most of the alveolar ridge.

5.2.3. In vitro osteogenesis of DNA-Col

5.2.3.1. Cell culture. Murine bone mesenchymal stem cells (mBMSCs)
were purchased from Cyagen Biosciences (Guangdong, China). The cell
culture medium was a-MEM (Gibco, ThermoFisher Scientific, Waltham,
MA, USA), supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin (Invitrogen, ThermoFisher Scientific). The mBMSCs
were seeded on 2D and 3D models of Col and DNA-Col. The specimens
were subsequently incubated with 5% CO» at 37 °C. After the mBMSCs
reached 80% confluence, the culture medium was change to an osteo-
genic medium containing 10 nM dexamethasone, 4 mM p-glycer-
ophosphate, and 50 mg/mL ascorbic acid. The osteogenic medium was
replaced every three days.

5.2.3.2. Alkaline phosphatase staining and Alizarin red s staining. After
culturing in osteogenic medium for 7 days (n = 3), the mBMSCs of 2D
models were rinsed three times with PBS, and fixed with 4% formal-
dehyde. An alkaline phosphatase staining kit (Gomori-modified
calcium-cobalt method) was used according to the manufacturer’s in-
structions (Solarbio, Beijing, China). The stained cells were examined
with light microscopy (DM4000 B; Leica Microsystems).

After osteogenic induction for 14 days (n = 3), the mBMSCs in 35
mm dishes were washed and fixed following using the method described
for Alizarin red S staining. A 0.2% Alizarin Red S staining solution (pH
8.3) was incubated with cells for 5 min. The stained cells were examined
with light microscopy. The ImageJ image analysis software (National
Institute of Health, Bethasda, MD, USA) was used for semi-quantitative
analysis of alkaline phosphatase staining and Alizarin red S staining.

5.2.3.3. Reverse transcription-polymerase chain reaction (RT-PCR). Three
osteogenesis-related genes were examined: Runt-related transcription
factor 2 (Runx-2), osterix and osteocalcin. The primer sequences used
for RT-PCR are shown in Supplementary Table S1. Ribonucleic acid was
isolated using Trizol reagent and reverse-transcripted using the Prime
Script RT reagent kit (Takara Bio Inc., Shiga, Japan). Real-time PCR
(7500 Real-time PCR System; Applied Biosystems, Carlsbard, CA, USA)
was performed with sense and antisense primers based on published
cDNA sequences. Glyceraldehyde 3-phosphate dehydrogenase was used
as the housekeeping gene. Fold changes relative to the control group
were estimated using the 27 AACT method.
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5.3. Regulation of the adaptive immune system in vivo

The rat alveolar bone defect model was implanted with Col and DNA-
Col scaffolds. 6- to 8-week-old male Sprague-Dawley rats (n = 13) were
used in this experiment. The rats were euthanized at 24 h after implant
placement. The scaffolds with surrounding hematomas were collected
and prepared for RNA sequencing, immunofluorescence, and flow
cytometry.

5.3.1. Ribonucleic acid sequencing

Total RNA was extracted from the scaffolds and surrounding hema-
tomas (n = 3). The Illumina HiSeq sequencing platform was used to
obtain gene expression profiles. Quality control checks were performed
to confirm sequencing saturation and gene mapping distribution. Frag-
ments per kilobase of transcript per million mapped reads value were
used to express relative gene abundance. To further examine the bio-
logical replicates between specimens, principal component analysis of
the specimens was performed according to the expression levels of
genes, using R software (https://www.r-project.org/).

Differential gene expression analysis was conducted using DESeq2
(https://bioconductor.org/). The result was defined as significantly
changed if P < 0.05 and log2 (foldchange) > |1|. Hierarchical cluster
analysis was performed using R software. The overall distribution of the
differential genes was shown by the Volcano plot using ggplot2 R
package. Gene ontology enrichment analysis of differentially expressed
genes were respectively performed using R, based on hypergeometric
distribution.

5.3.2. Immunofluorescence

Implants with surrounding clot were fixed in 4% paraformaldehyde
(n = 6). The fixed specimens were embedded in paraffin, sliced into 4
pm-thick sections, and permeabilized in 0.15% Triton X-100. Regulatory
T cells was stained with CD4 rabbit anti-rat antibody (500363, Zen-Bio,
Inc., Durham, NC, USA) and Foxp3 mouse anti-rat antibody (2A11G9,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Alexa Fluor 488 goat
anti-rabbit secondary antibody (33106ES60, Yeasen Biotechnology) and
Alexa Fluor 594 goat anti-mouse secondary antibody (33212ES60,
Yeasen Biotechnology) were used to label the primary antibodies. All
specimens were rinsed and mounted with Prolong Diamond Antifade
Mountant with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, Ther-
moFisher Scientific). The images were captured using confocal laser-
scanning microscopy (Nikon A1R, Nikon Corporation, Minato-ku,
Tokyo, Japan). Relative fluorescence intensity was calculated using
ImageJ software.

5.3.3. Flow cytometry

The DNA-Col and Col scaffolds with surrounding clot were extracted,
and squeezed immediately through 70 pm filter to obtain single-cell
suspensions (n = 4). Red blood cell lysis buffer (R1010, Solarbio) was
used to deplete red blood cells. After lysis for 5 min, the single-cell
suspensions were stained with surface markers: APC anti-rat CD4 anti-
body (201509, Biolegend, San Diego, CA, USA) and PE anti-rat CD25
antibody (202105, Biolegend). The single-cell suspensions were subse-
quently incubated with fixing and permeabilizing buffer (421403, Bio-
legend), and then stained with intracellular antibodies against Foxp3
(320012, Biolegend). Analysis of the stained cells was performed with a
MoFloAstrios EQ flow cytometer (Beckman Coulter, Brea, CA, USA).

5.3.4. Treg depletion in vivo

Four-week-old male C57BL/6J mice were purchased from the Lab-
oratory Animal Research Center of the Fourth Military Medical Uni-
versity. All surgical procedures were performed in compliance with the
guidelines of the Laboratory Animal and Welfare Committee. Anti-
mouse CD25 antibodies (PC-61.5.3, rat IgGl) and isotype control
(HRPN, rat IgG1) were purchased from Bio X Cell (Lebanon, NH, USA).
The amount of anti-CD25 antibodies used in the present study was 250
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ug per mouse[58]. Treg depletion mice were used to detect depletion
effect and osteogenesis with the sample size of n = 7. After 21 days, the
depletion effect was examined using flow cytometry. The spleens of mice
were mechanical ground on a 70 pm filter to obtain single-cell suspen-
sions (n = 3). The single cells were stained with fluorescein
isothiocyanate-conjugated anti-mouse CD4 antibody (96127S, Cell
Signaling Technology, Danvers MA, USA) and phycoerythrin-
conjugated anti-mouse Foxp3 antibody (E-AB-F1238D, Elabscience,
Wuhan, Hubei, China), using the same method described in 5.3.3.

5.3.5. Murine alveolar bone defect model and micro-computed tomography
Alveolar bone defects were created in mice performed the day after
Treg depletion. The mice were anesthetized with 1% pentobarbital so-
dium (50 mg/kg). The extraction steps were the same as extracting tooth
of rats. After the maxillary right first molar was extracted, a Col or DNA-
Col scaffold was implanted into the tooth socket. The maxillary bones of
the euthanized mice were collected and fixed in 4% paraformaldehyde
at the 21st day after surgery (n = 4). The specimens were scanned using
the Inveon micro-CT, using the procedures described in section 5.2.2.

5.4. Regulation of Treg differentiation in vitro and in vivo
5.4.1. Regulation of Treg differentiation in vitro

5.4.1.1. Generation of in vitro inducible Tregs. The spleens of 6- to 8-
week-old C57BL/6J mice (n = 20) were ground into single-cell sus-
pensions. Lymphocytes from single-cell suspensions were isolated using
density gradient centrifugation with lymphocyte separation medium
(Dakewe Biotech, Shenzhen, China). Purification of CD4+T cells was
performed using magnetic bead sorting (Biolegend) and confirmed with
flow cytometry according to the manufacturer’s instructions.

For in vitro Treg generation, the cells were seeded at 1 x 10° per well
in an anti-CD3/CD28 antibody-coated 24-well plate (100340 and
102116, Biolegend). The PRMI-1640 medium for Treg differentiation
contains 100 U/mL of IL-2 (PB180634, Pricella, Wuhan, Hubei, China)
with TGF-p1 (HZ-1011, Proteintech) at 0.1 ng/mL. To explore the role of
materials in the differentiation of Tregs, DNA-Col or Col scaffolds were
added to the medium. T cells were incubated with 5% CO- at 37 °C and
harvested 24 h later to evaluate Foxp3 expression.

5.4.1.2. Immunofluorescence. Harvested T cells were detected with
Foxp3 mouse anti-mouse antibody (2A11G9, Santa Cruz) and Alexa
Fluor 594 goat anti-mouse secondary antibody (33212ES60, Yeasen).
The procedures were the same as 5.3.2 (n = 6).

5.4.1.3. Flow cytometry. Harvested T cells were stained with fluorescein
isothiocyanate-conjugated anti-mouse CD4 antibody (96127S, Cell
Signaling Technology). The stained cells were fixed and permeabilized
according to the manufacturer’s instructions (Biolegend), and stained
with phycoerythrin-conjugated anti-mouse Foxp3 antibody (E-AB-
F1238D, Elabscience), using the same method described in 5.3.3 (n = 6).

5.4.1.4. Enzyme-linked immunosorbent assay. The concentrations of the
IL-4 and IL-10 in the supernatants of the co-culture system were deter-
mined using the IL-4 and IL-10 ELISA kits (E-EL-M0043c and E-EL-
MO0046c¢, Elabscience), respectively (n = 6).

5.4.1.5. Transmission electron microscopy. T cells incubated with DNA-
Col and Col were pelleted at 800 g for 5 min. The pellets were fixed
with 2.5% glutaraldehyde in phosphate buffer (0.01 M, pH 7.4) for 2h at
room temperature. The specimens were post-fixed with 1% osmium
tetroxide, dehydrated with a graded ethanol series (30-100%), and
embedded in Epon/Araldite resin mixture. Ninety nanometer—thick
sections were cut with a diamond knife, mounted on 300-mesh copper
grids, and stained with uranyl acetate and Reynold’s lead citrate.
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Sections were observed using a JEM-123 TEM (JEOL, Tokyo, Japan) at
110 kV.

5.4.1.6. Bioenergetic analyses. CD4+T cells were incubated with DNA-
Col and Col in a RPMI-1640 medium with CD3/CD28 and IL-2 (n =
3). T cells were harvested after 24 h. The bioenergetic functions of the
harvested T cells were measured using an XFe24 Analyzer (Seahorse
Biosciences, North Billerica, MA, USA). To enable cell adherence, the
XFe24 24-well plates were pre-coated with Cell-Tak (Corning Inc.,
Corning, NY, USA). The harvested CD4+T cells were seeded at a con-
centration of 0.5 million/100 uL XF assay medium containing 1 mM of
pyruvate, 2 mM of glutamine, and 10 mM of glucose at pH 7.4, and then
incubated at 37 °C in a non-CO- incubator. An additional 350 pL of assay
medium was added to each well after 30 min. For oxygen consumption
rate evaluation, oligomycin, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone, rotenone, and antimycin A were injected sequen-
tially through ports of the Seahorse Flux Pak cartridges to reach final
concentrations of 1.0 uM, 2.5 uM, and 1 uM, respectively. For evaluation
of extracellular acidification rate, glucose, oligomycin, and 2-deoxy-D-
glucose were added subsequently to reach final concentrations of 100
mM, 10 pM, and 500 mM, respectively.

5.4.1.7. Inhibition of TLR4. The CD4+T cells were pretreated in vitro
with 10 nM of resatorvid (TAK-242) (MCE, Monmouth Junction, NJ,
United States) for 3 h to inhibit TLR4 activity prior to seeding into 24-
well plates. The plates were pre-coated with CD3/CD28. CD4+T cells
without TAK-242 was used as control. The DNA-Col or Col scaffold was
added to 24-well plates, and incubated with T cells for 24 h.

5.4.1.8. Immunofluorescence. The DNA-Col or Col scaffold was added to
CD4+T cells of the control group and the TLR4 inhibition group. The T
cells were harvested after 24 h and fixed in 4% paraformaldehyde. After
rinsing three times with PBS, 0.15% Triton X-100 was added to the
centrifuged T cells pellets. The T cells were subsequently stained with
fluorescein isothiocyanate-conjugated rat anti-mouse CD4 antibody
(961278, Cell Signaling Technology) and mouse anti-mouse PGC-la
antibody (66369-1-Ig, Proteintech). Alexa Fluor 594 goat anti-mouse
secondary antibody (33212ES60, Yeasen) was used to bind primary
antibodies. For measurement of fluorescence intensity, cells that were
positive to CD4 and PGC-1a were manually selected and analyzed using
the ImageJ software.

5.4.1.9. Western blot. Western blot was used to identify the expression
of PGC-1a, phosphorylated p38 (p-p38), and total p38 (p38) in the
control and TLR4 inhibition groups (n = 3). After culturing for 24 h with
DNA-Col and Col, T cells were collected and lysed with protein extrac-
tion reagent that was supplemented with a protease inhibitor cocktail
(Thermo Fisher Scientific). Protein specimens were separated with a
10% SDS-polyacrylamide gel and transferred onto polyvinylidene
difluoride membranes (MilliporeSigma). Each membrane was blocked
with 5% bovine serum albumin and incubated with primary antibodies
overnight at 4 °C. The primary antibodies were anti-PGC-1a, anti-p-p38,
anti-p38, and anti-p-actin (1:1000; Cell Signaling Technology). Signals
were revealed after incubation with horseradish peroxidase-conjugated
secondary antibody (1:5000, Servicebio, Wuhan, Hubei, China) and
enhanced chemiluminescence detection (GeneTex, Irvine CA, USA). The
stained bands were scanned and quantified using a densitometer
(Tanon, Shanghai, China) and the ImageJ software. Protein expressions
were normalized against p-actin.

5.4.2. Regulation of Treg differentiation in vivo
5.4.2.1. Alveolar bone defect model in TLR4-inhibited mice. Four-week-

old male C57BL/6J mice were pretreated with intraperitoneal injection
of TAK-242 (3 mg/kg) with the sample size of n = 4. The maxillary right
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first molar was extracted 30 min after injection. The Col or DNA-Col
scaffold was implanted into the tooth socket.

5.4.2.2. In vivo flow cytometry. Animals were euthanized 24 h after
implant placement. The scaffolds with surrounding hematomas were
harvested to collect the single-cell suspensions (n = 4). Flow cytometry
was performed in the manner described in 5.3.3.

5.5. Statistical analysis

All data were presented as means + standard deviations. The
Shapiro-Wilk test was used to test for the normality assumption of the
corresponding data sets. The modified Levene test was used to test the
homogeneity of variance assumption of the corresponding data sets.
Parametric statistical tests were used after validating that those two
assumptions were not violated. Comparisons between 2 groups were
examined using Student’s t-test. Comparisons involving more than 2
groups were analyzed using one-way analysis of variance. The GraphPad
Prism 8 package (GraphPad Software, La Jolla, CA, USA) was used for
analyses. For all analyses, statistical significance was pre-set at a = 0.05.
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