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Cell-free biomaterials-inducing endogenous in situ multi-tissue regeneration is very challenging and applying
advanced immunomodulatory biomaterials can be an effective strategy to overcome it. In-depth knowledge of the
immunopathophysiological mechanisms should be acquired before applying such an immunomodulation strategy.
In this study, we implanted different immunoregulatory cell-free biomaterials into periodontal multi-tissue defects
and showed that the outcome of multi-tissue regeneration is closely regulated by the immune reaction. The
underlying immunopathophysiological processes, including the blood clotting response and fibrinoid necrosis,
innate and adaptive immune response, local and systemic immune reaction, growth factors release, and stem cells
recruitment, were revealed. The implantation of biomaterials with anti-inflammatory properties could direct the
immunopathophysiological process and make it more favorable for in situ multi-tissue regeneration, ultimately
enabling the regeneration of the periodontal ligament, the acellular cementum matrix, and the alveolar bone in
the periodontium. These findings further confirm the effectiveness of immunomodulatory based strategy and the
unveiling of their immunopathophysiological processes could provide some favorable theoretical bases for the
development of advanced cell-free immunomodulatory multi-tissue regenerative biomaterials.

1. Introduction promising preliminary results were achieved in these studies, the tech-

nique of combing exogenous stem cells with elaborately synthetic

Tissue regeneration involves the repair and functional integration of
multiple different structures. For example, the human periodontium
consists of interconnected structures of soft and mineralized tissues,
including the periodontal ligament, cementum and alveolar bone [1].
The regeneration of periodontium requires the deposition of the new
cementum of the root surface, restoration of the alveolar bone, the
regeneration of the functionally oriented periodontal ligament fibers. It is
very challenging to achieve the regeneration of a multi-tissue, such as the
periodontium. A scaffold containing tissue-derived primary cells has
been developed to promote multi-tissue regeneration [2]. Although

biomaterial scaffolds is intricate [3].

Endogenous in situ regeneration aims to recruit adult stem cells from
specialized “stem cell niches” present in a multitude of tissue/organs to
the injury site for them to differentiate into different cell types, ensuring
multi-tissue regeneration [4,5]. The purpose of this technology is to
provide a new strategy for utilizing the biological resources of a given
body and their reparative capability for multi-tissue regeneration, espe-
cially at sites with cells from diverse sources and a complex tissue
structure [6]. Endogenous in situ regeneration may become an effective
strategy to achieve multi-tissue regeneration.
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However, the homing and functioning of stem cells are controlled by
the coordinated interactions of a vast network of chemokines, cytokines,
growth factors, and adhesion molecules [7,8]. The spatial and temporal
release and the interactions of these factors are dominated by the im-
mune microenvironment [9]. The outcome of tissue regeneration,
including the healing process and the type of regenerated tissue, is
influenced by the immune response [10]. The development of cell-free
biomaterials to direct the immune response towards a scenario that is
favorable for in situ multi-tissue regeneration is becoming attractive [11].

Directing the immune regulation for in situ multi-tissue regeneration
is difficult. Some in vitro studies have shown that the proinflammatory
microenvironment is responsible for debridement, whereas the anti-
inflammatory microenvironment is vital for tissue regeneration
[12-14]. However, the in vivo context is more complicated, especially for
the achievement of multi-tissue regeneration, which requires the
collaboration of multiple immune biomolecules that are released from
different immune cells belonging to different immune systems [15,16].
This immunopathophysiological process, which includes the coordinated
interactions among immune cells, stem cells, cytokines, growth factors,
navigational cues, and even the immune response in remote organs, is
complex [17,18].

Due to this complex immune environment-mediated multi-tissue
regeneration, it is of great importance to understand how the implanted
immunomodulatory multi-tissue regenerative biomaterials affect this
immunopathophysiological process in vivo and the subsequent effects on
in situ multi-tissue regeneration. In this way, a more sophisticated
knowledge of the evolution of this process could be developed and
enlighten the development of effective multi-tissue regeneration
approaches.

LPS and IFNy has been regarded as effective proinflammatory factors
for inducing the transformation of the M1 type macrophages or CD4" T
helper 1 cells and tending to cause the apoptosis of MSCs, foreign body
reaction and the chronic inflammation. Whereas, IL4 is a typical anti-
inflammatory factor with the ability to induce the activation of M2
type macrophages or CD4" T helper 2 cells and is often associated with
the proliferation and differentiation of tissue-resident progenitor cells,
fibrillogenesis and tissue healing. Periodontium is a typical multi-tissue
defect model, requiring the restoration of cementum deposition on the
root surface, the formation of interconnected periodontal ligament fibers,
and the restoration of alveolar bone [1]. Nowadays, the most common
strategy used for clinically regenerating the periodontium is the im-
plantation of a biological hydroxyapatite-like material, such as Bio-oss®
[19]. While this strategy has achieved certain clinical success in regen-
erating bone tissue, the complete regeneration of the
cementum-periodontal ligament-bone complex is still challenging [20].
In this study, we primarily used the biogenic hydroxyapatite as a model
material and adopted with LPS/IFNy and IL4 respectively to form
immunoregulation biomaterials. We then implanted different immuno-
regulatory cell-free biomaterials into periodontal multi-tissue defects in
rats, attempting to unveil its immunopathophysiological process, and
their eventual effects on the in situ periodontal multi-tissue regeneration
outcomes. Here we have mapped the immunopathophysiological profiles
for periodontal multi-tissue regeneration triggered by different immu-
noregulation biomaterials via integrating a complex set of biological
events of the acute injury histological reaction, phenotype transition of
innate immune cell subsets, interaction networks of immune cytokines,
expression of growth factors and the recruitment of stem cells as well as
the involvement of systemic immune reaction from acute reactive phase
to tissue remodeling stage. This study can provide some favorable
theoretical bases for the development of advanced cell-free immuno-
modulatory multi-tissue regenerative biomaterials that can better mimic
the in vivo scenario, bearing in mind the immunopathophysiology.
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2. Results and discussion

2.1. Successful preparation of the materials and the periodontal multi-
tissue defect model

Porcine hydroxyapatite (PHA) was applied as a scaffold material to
construct immunomodulatory cell-free biomaterials. PHA was prepared
from cancellous porcine bone, which is similar to human bone in terms of
the macrostructure, microstructure, bone composition and bone remod-
eling properties [21]. Further, polydopamine (PDA) coating was formed
on the surface of PHA via simply immersing PHA in alkaline dopamine
solution. With much reactive functional groups like amine and catechol
content, the surface modification of PDA could immobilize immuno-
modulatory factors LPS/IFNy and IL4 via mechanical adsorption, Schiff
base reaction or Michael addition reactions [22,23] (Fig. 1A). Particles
smaller than 0.2 mm could induce strong foreign body reaction, which
may cause poor regeneration effect [24,25]. As the size of the rat peri-
odontal defect in this study was 5*2*1 mm, PHA particles smaller than
0.5 mm can achieve better maintenance after implanting into the defect.
Therefore, in this study the size distribution of PHA particle was 0.2-0.5
mm (Table 1), which is suitable to be used in rat periodontal defect and
will not elicit strong proinflammatory response. After PDA coating, the
color was changed to gray while no morphology and crystal structure
change was confirmed by SEM and XRD result (Fig. 1B and C). The XPS
result suggest the presence of Ca, P, O element in PHA. For PDA-PHA the
characteristic N element was measured (Fig. 1D). As suggested by FTIR
result, the absorption peak at the 1618 cm ™ is identified as the char-
acteristic absorption band of benzene ring and was also shown at PDA
and PDA-PHA group (Fig. 1E). These results confirmed the successful
construction of PDA coating on the surface of PHA. The ELISA results
further demonstrated the decrease in the IL4 and IFNy levels in the
soaking medium, indicating an increased absorption on the surface of
PDA-PHA (Fig. 1F). Each milligram of PHA could adsorb approximately
30 EU of LPS (Fig. 1G). The immunofluorescence staining was performed
to visualize the distribution of LPS/IFNy and IL4 on the PDA-PHA surface
(Fig. 1H). These results collectively demonstrate the successful loading of
LPS/IFNy and IL4 on the PDA-PHA surface.

A critical-size rat periodontal defect model was then prepared
(Fig. S1A). The 5 x 2 x 1 mm size could avoid self-healing during the
observation period according to previous researches [26,27]. Besides,
according to the anatomical structure of the rat maxillofacial region, with
the depth of 1 mm, the periodontal multi-tissue defect, including the
defect of cementum-periodontal ligament-alveolar bone structure could
be achieved (Fig. S1B). PDA-PHA (control group), LPS/IFNy-PDA-PHA
(LPS group), and IL4-PDA-PHA (IL4 group) were respectively implanted
into this periodontal multi-tissue defect model to achieve the complex
regeneration and to unveil their immunopathophysiological processes.

2.2. Immunomodulatory biomaterials regulate the local
immunopathophysiological process

Generally, implanted biomaterials can modulate the blood clot
response by releasing a number of immune cell chemokines [28]. Innate
immune cells are recruited to the lesion, where they regulate the local
immune microenvironment and degrade the biomaterials [29]. The im-
mune system may be stimulated with antigen presentation. Activated
adaptive immune cells could migrate to the lesion, participating in the
modelling of the local immune environment [30]. With the release of
cytokines from immune cells, progenitor or stem cells from the peri-
odontal ligament and alveolar bone marrow can be recruited, initiating
the neo-tissue regeneration and the tissue remodeling stage [31].
Therefore, the effects of different immunoregulatory PHA materials on
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Fig. 1. Preparation and characterization of the biomaterials. A) Schematic figure of the mechanism of PDA coating formation and the immobilization of immune
regulatory factors. B) Macroscope images of PHA and PDA-PHA show the color of PDA-PHA turn gray, while the SEM image shows no obvious morphology differences;
C) The XRD results showed no crystal structure changes in PDA-PHA; D) The XPS results confirmed the N1s peak in PDA-PHA; E) The FTIR results showed the benzene
ring in PDA-PHA. F) The ELISA results show the decrease of IL4 and IFNy in the solution after soaking the PDA-PHA particles, which indicated the loading the of IL4
and IFNy on the PDA-PHA respectively; G) The decrease of LPS in the solution after soaking PHA or PDA-PHA; H) The immunofluorescence staining shows the loading
of IL4 and LPS/IFNy on the surface of PDA-PHA particles respectively. (* PHA vs. PDA-PHA, p < 0.05).

inducing different local immunopathophysiological processes were
further investigated.

2.2.1. Acute injury reactions and the initiation of multi-tissue repair process

After material implantation for 3 days, an acute injury reaction with
the formation of blood clot fibrin entrapping materials could be
observed. A few mononucleated cells could be found on the surface of the
materials (Fig. 2A). In the LPS group, the blood clot fibrins were thick and
formed a sparse network (Fig. 2A, Fig. S3). It provided a provisional
protection for the denuded tissues especially on the surface of dentin and
alveolar bone. On the other hand, this implied the precipitation of fibrin,

which has been found to be negatively related with the periodontal tissue
regeneration but favorable for immune cell activation [32]. Moreover,
we found severe fibrinoid necrosis of the periodontal ligament tissue at
the edge of the defect (Fig. 2A blue box). The fibrinoid necrosis formed as
a barrier between the defect and remaining tissue, preventing the further
invasion of exogenous substance. It could be regarded as a self-protection
mechanism of organism and showed positive correlation with the degree
of the local damage [15]. However, this fibrinoid necrosis barrier may
also block the transport of stem cells, immune cells, nutrients and
extracellular matrix (ECM) molecules from periodontal ligament and
negatively affected the process of tissue repair as no apparent periodontal
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Table 1
The maximum and minimum Feret diameter of the PHA particles.

Number maximum Feret diameter®(pm) minimum Feret diameterh(pm)
1 431.496 304.806
2 265.286 222.843
3 450.005 234.823
4 444.285 309.261
5 428.964 356.582
6 296.240 227.341
7 416.468 295.577
8 345.116 265.777
9 337.062 262.019
10 426.541 295.875

@ Maximum Feret diameter represents the longest dimension of the particle
independent of its angular rotation at the time the image was captured. The
maximum Feret diameter is determined by isolating the corner pixels of the
object's perimeter and taking the maximum distance between each corner pixel
to all other corner pixels.

b The minimum Feret diameter is defined as closest possible distance between
the two parallel tangents of an object.

multi-tissue regeneration signs were observed. Together, these results
indicate that the LPS group may have had an enhanced acute injury
inflammation, thus causing severer local tissue damage with a set of
self-protection measures to protect the remaining tissues from further
invasion. Meanwhile, this over defensive action may also result in a re-
straint to tissue regeneration.

Interestingly, this self-protection mechanism seemed to fade away
and the tissue regeneration process seemed to begin on day 7. The thick
fibrin network begun to be degraded and became thinner (Fig. 2B).
Multinuclear giant cells (MNGCs) could be observed at the edge of the
periodontal ligament defect (Fig. 2B blue box), degrading the fibrinoid
necrosis, and the periodontal ligament began to be in contact with the
fibrin network in the lesion, leading to the generation of rare periodontal
collagen fiber [33]. Stem cell homing is an important strategy in the
development of biomaterials-based endogenous in situ multi-tissue
regeneration. Thus, the recruitment of stem cells was further evaluated
in this stage. CXCL12 is a stem cell homing factor that binds to the CXCR4
receptor and plays a role in the recruitment, migration and differentia-
tion of stem cells [34,35]. It has been demented that CXCR4™ MSCs can
be recruited to the injury site via chemotactic attraction toward a
gradient of CXCL12 [36]. The expression of CXCL12 in LPS group did not
markedly increase at day 3 but was slightly upregulated at day 7
(Fig. 2C). However, the recruitment of stem cells that are positive for the
mesenchymal marker CD90 and negative for the hematopoietic marker
CD34 was not evident (Fig. 2D). These results imply that the enhanced
acute injury inflammation was being resolved and that the host body was
going to initiate the repair process but only in its preparatory phase as the
recruitment of stem cells was not obvious.

However, the results obtained for the IL4 group were different from
that of the LPS group. At day 3, the generation of periodontal ligament
fibrinoid necrosis was inconspicuous (Fig. 2A). The blood clot fibrins
were thin in diameter but luxuriant, velvety, and connected via a dense
network, which can provide conditions for cell migration and substance
exchange, creating the foundation for further regeneration [37].
Compared with LPS group, these results point to the fact that IL4 could
reduce acute injury inflammation, while initiating multi-tissue repair.

With this favorable environment, a multi-tissue regeneration process
could be observed at day 7. MNGCs were rarely found at the defect edge
of the periodontal ligament, but were observed surrounding the
implanted materials, indicating the beginning of material degradation
(Fig. 2B). Moreover, with the up-expression of CXCL12 at day 3 and 7, the
IL4 group exhibited stronger stem cells homing ability (Fig. 2C). The
obvious recruitment of CD90" CD34™ stem cells to the defect site was
observed (Fig. 2D). The signs of the periodontal bone-ligament-
cementum complex regeneration emerged. The network of blood clot
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fibrin was gradually replaced by the newly formed collagen fibers, which
could be further mineralized to form bone tissue [38]. Regarding the
cementum-periodontal ligament regeneration, functional ALP positive
fibroblasts were observed on the surface of the denuded dentin (Fig. 2E),
which has been known to secrete a collagen bundle vertical to the tooth
root surface (namely, Sharpey's fibers) and is a resource of acellular
cementum matrix [39-41]. Therefore, these results indicate the onset of
this complicate multi-tissue repair process in the IL4 group, characterized
by the formation of the periodontal structure (Sharpey's fibers) and the
potential formation of acellular cementum and bone tissue.

From our results, it could be speculated that the proinflammatory
effect in the LPS group may cause more severer damage to the local tissue
thereby inducing intense defensive reactions such as severe fibrinoid
necrosis and thicker blood clot fibrin to protect the remaining tissue from
further invasion. However, this over defensive action may against the
process of tissue regeneration. While anti-inflammatory effect of IL4 may
reduce the damage to the tissue to avoid over defensive reaction,
providing conditions for cell migration and substances exchange,
founding basis for further regeneration process.

2.2.2. Characterization of the generated immune microenvironments

Typical immune regulators, the immune regulation effect of which
has been widely known and commonly used in evaluating the general
characteristics of the immune microenvironment, were further analyzed
(Fig. 3A and B). In order to get a general overview of these cytokines
including their general correlation and the differentially expression dis-
tribution among different groups, the cytokines networks in Fig. 3B and D
were performed to show the interaction of the cytokines. These cytokines
were classified with their most widely recognized immune regulation
properties and marked with different color for the up-regulation cyto-
kines in each group (yellow for those upregulated in control group, red
for those regulated in LPS group and green for those upregulated in IL4
group) to map the immune cytokines functional profile of different
groups. TNFa, IFNy, and NF-kB(RelA) have been known as typical pro-
inflammatory factors and trigger the local inflammatory response [9,
18]. At day 3, in LPS group, the proinflammatory response featured as the
upregulation of the TNFa, IFNy, and NF-xB (RelA) levels. The upregula-
tion of the expression levels of the M1 macrophage markers (CD86 and
CCR7) and the Thl marker (Tbx21) could also be observed. Thl che-
mokines CCL17 and CXCR3 were both upregulated. These results
collectively indicate the possible involvement of Thl and M1 macro-
phages. The results of the IHC analysis further confirmed this hypothesis.
The amount of M1 macrophages in the LPS group was markedly higher
than that of the other groups (Figs. 4A and S4). This result was also
confirmed by immunofluorescent staining in Fig. S5. Interestingly, in
addition to this Th1-M1 interaction, B cell chemotaxis which can be
induced by CXCR5 [42] was also upregulated in LPS group (Fig. 3B),
which implied the possible recruitment of B cells and the complexity of
this immunopathophysiological process. These results implied a type 1
immune response-dominated pro-inflammatory immune environment in
LPS group.

However, at day 7, the gene expression profile of the immune factors
was markedly changed in the LPS group (Fig. 3C and D). Proin-
flammatory cytokines were down-regulated, while the upregulation of
immune regulatory cytokines, including TGFb1 and TGFb3 both of which
often regarded as anti-inflammatory factors, could be observed. CD68,
CD11b (Itgam) and CD45 (Ptprc) have been regarded as pan-macrophage
markers and CD163 has been reported as the M2 macrophage marker [9].
The expression of CD68, CD11b (Itgam), CD45 (Ptprc) and CD163 were
upregulated. The number of CCR7 positive macrophages was still the
highest in the LPS group (Fig. 4B and S4). Though the number of CD206
positive cells was still the lowest, the growth rate of CD206 positive cells
was the highest in the LPS group (Fig. 4C). MNGCs characterized as TRAP
and CCR7 positive were generated and were mainly distributed in the
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Fig. 2. The acute injury reaction and initial multi-tissue repair process after implanting the immunomodulatory biomaterials. A-B) H&E and MSB staining of
the defect area at day 3 and 7. A) At day 3, blood clot fibrins with different morphology were formed. (green box). Mononucleated cells could be found on the surface
of the materials (yellow arrow head). A severe acute injured reaction with a thick blood clot fibrin network and periodontal ligament fibrinoid necrosis (yellow dotted
line) was found in the LPS group, whereas it was inconspicuous in the IL4 group (blue box). In MSB staining, blood clot fibrin appears in red, while the collagen fibers
appear in blue. B) At day 7, the network of blood clot fibrin was gradually replaced by the new-formed collagen fibers to varying degrees among all the groups (green
box). The thick fibrin began to be degraded and MNGCs (green arrow) could be observed at the edge of the defect in the LPS group. In the IL4 group, the boundary of
newly formed collagen and the remaining periodontal ligament was obscure (blue box). MSB staining shows the blood clot was gradually replaced by collagen fiber on
day 7. C) Gene expression level of CXCL12 and CXCR4 at day 3 and 7. D) Immunofluorescence staining of CD90 (green) and CD34 (red) at day 7. E) ALP staining of the
local area at day 7. ALP positive stained cells (red arrow head) could be observed on the surface of the denuded dentin in IL4 group. PDL: periodontal ligament; M:
materials; AB: alveolar bone; orange dotted lines: the boundary of the prepared defect. (* control vs. LPS/IL4 group, # LPS vs. IL4 group, p < 0.05).

defect edge of the periodontal ligament (Fig. 4D and E), accounting for
the degradation of fibrinoid necrosis. All these results show a tendency of
a shift from a proinflammatory type 1 immune response towards a wound
healing type 2 immune response in the LPS group.

As aforementioned, an anti-inflammatory immune environment was
observed at day 3 in the IL4 group (Fig. 3A and B). With the upregulation
of the levels of the anti-inflammatory cytokines TGFb1 and IL13, the M2
macrophages were the dominant immune cells, with an upregulation of
Arg, CD163, and CD206 (Mrcl). The IHC results further showed an
increased number of CD206 positive macrophages (Fig. 4A). The

upregulation of Thl chemokines (CCR5, CXCL6, and CXCL9) and Th2
chemokines (CCL7 and CCL2) suggested the possible involvement of T
cells.

The inflammatory status at day 7 was not evident (Fig. 3C and D).
However, the expression of anti-inflammatory factors and proin-
flammatory factors decreased in the IL4 group. The Thl (CXCR3,
CXCL10, CXCL9 and CCL17) and Th2 (CCR4, II5, CCL2) activation
related factors were still upregulated (Fig. 3C). The CD206 expression
level and the number of CD206 positive macrophages were still the
highest in the IL4 group (Fig. 4B, S4 and S5). It was speculated that the
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TRAP and CD206 positive MNGCs were responsible for the material
degradation since they were founded nearby the materials (Fig. 4D and
E). The role of MNGCs in biomaterials-mediated tissue regeneration re-
mains controversial. Originally MNGCs were considered to be respon-
sible for the tissue degradation and material rejection being referred as
foreign body giant cells (FBGCs). In recent researches, MNGCs has been
found to secret anti-inflammatory factors such as IL10, IL13 and TGFp,
contributing to tissue regeneration Different phenotypic profiles of
MNGCs have been found [29,43]. The contradictive effect on tissue
regeneration may own to their phenotypic heterogeneity. According to
our results, MNGCs seem to exhibit a phenotypic heterogeneity which is
equivalent to that of macrophages suggesting that MNGCs could play a
significant role in tissue regeneration in a manner comparable to mac-
rophages. MNGCs here could be regarded as a “functional syncytium” of
macrophages. The CD206 positive MNGCs may attribute to the improved
multi-tissue regeneration in IL4 group while the CCR7 positive ones may
play more role in absorbing fibrinoid necrosis in LPS group. These results

indicate that in IL4 group immune homeostasis was approaching as the
multi-tissue regeneration was in progress.

2.2.3. The effects of generated immune microenvironments on the multi-
tissue regeneration regulatory factors

The expression of the regenerative regulatory factors could be regu-
lated by the immune microenvironment. The protein-protein interaction
network analysis results showed that the upregulated immune factors in
either the LPS or IL4 group are closely related with the regenerative
factors (Fig. 5A). The function of these regenerative factors can be clas-
sified as fiber remodeling related factors, osteogenic factors, angiogenic
factors and cementum mineralization-related factors (Fig. 5B). At day 3,
the connecting lines between upregulated immune factors and the
regenerative factors in LPS group were marked sparser than that of the
IL4 group. Under the proinflammatory environment on day 3 in the LPS
group, no remarkable upregulation of multi-tissue regenerative factors
was observed (Fig. 5A, C). Regarding day 7, the immune environment
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M: materials; PDL: periodontal ligament; AB: alveolar bone (* control vs. LPS/IL4 group, # LPS vs. IL4 group, p < 0.05).

changed to an anti-inflammatory status. The connecting lines between
upregulated immune factors and the regenerative factors in LPS group
became dense, implying closer connection of the upregulation immune
factors and the regenerative factors. The expression level of multiple
regenerative factors also increased, accounting for the observed tissue
regeneration (Fig. 5D). MMP9 and MMP13 can degrade extracellular
matrix and collagen fibers [44]. The up-regulation of MMP9 and MMP13,
implying the absorption of necrotic tissues and tissue remodeling.
COL1A1 and IGF1 are related to fiber formation process [45-47]. The
increase of COL1A1 and IGF1 suggesting the improved fiber synthesis
activity. As an angiogenic factor, PDGF was upregulated, which implied
an active angiogenesis [48]. Moreover, the osteogenic potency was also
improved with the increase in the osteogenic and related factors,

including BMP2, OPG, OPN, MGP, and SPOCKI, in this period [49-51].

In the IL4 group, the expression levels of multi-tissue regenerative
factors were also closely related with the local anti-inflammatory im-
mune environment on day 3 (Fig. 5A). The fiber remodeling-related
factors COL1A1 and MMP13 and the angiogenic factor PDGF were
highly expressed in the IL4 group [48] (Fig. 5C). POSTN, OPN, IGF1,
OPG, COL1A1, and SPOCK1 have been known as osteogenic related
factors [47,51]. The increased expression of them suggested the pro-
motion of osteoblast migration, differentiation, and bone matrix miner-
alization. Furthermore, MGP, SPOCK1, and OPN known as cementum
mineralization-related cellular factors [51], the upregulation of them
indicated an increase in cementoblast differentiation and cementum
mineralization. IGF1, COL1A1, PDGF, and FGFR2 have been found to
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Fig. 5. The effects of the generated immune microenvironments on the multi-tissue regeneration regulatory factors. A) Protein interaction analysis of the
upregulated immune cytokines and typical multi-tissue regeneration-related factors in each group, showing a close regulatory effect. The red spheres represent the up-
regulated immune cytokines in LPS group, the green spheres represent the up-regulated immune cytokines in IL4 group, the yellow spheres represent the up-regulated
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participate in fibroblast migration and differentiation, while MMP13 is
involved in collagen degradation [52,53]. The significant increase in the
IGF1, COL1A1, PDGF, FGFR2, and MMP13 levels indicated an active
remodeling of the ECM and the collagen fibers in the IL4 group.

As the multi-tissue regeneration progressed, the growth factor levels
did not show a significant increase at day 7 (Fig. 5D). According to results
2.2.1, the IF staining results shows the amount of CD90" CD34 ™ cells in
the IL4 group was obviously higher than that in the other groups
(Fig. 2D), all these results suggest a superior outcome of multi-tissue
regeneration in the further regenerative stage.

In summary, the immunopathophysiological process induced by
biomaterials is closely related to the immunoregulatory performance of
the implanted biomaterials. The implantation of cell-free biomaterials
with proinflammatory properties could initially generate a type 1
proinflammatory microenvironment locally by causing excessive blood
clot fibrin accumulation and fibrinoid necrosis, releasing proin-
flammatory factors, inducing the involvement of M1 macrophages and
MNGCs, activating Th1l and recruiting B cells. The adaptive immune
response included the activation of Thl and the recruitment of B cells.
The participants of the adaptive immune reaction implied the involve-
ment of the systemic immune systems. This microenvironment resulted
in multi-tissue regeneration-related factors, which regulated the subse-
quent multi-tissue regeneration. However, when the microenvironment
shifted towards a type 2 wound healing immune microenvironment, the
levels multi-tissue regenerative factors increased, indicating the begin-
ning of the regeneration process. Moreover, the cell-free biomaterials
with anti-inflammatory properties could initially generate a type 2
wound healing microenvironment and start the multi-tissue regeneration
process.

2.3. The involvement of systemic immune response in this
immunopathophysiological process

Systemic immune response could play an important role in local tis-
sue regeneration. Activated antigen-presenting cells, cytokines, chemical
irritant in local area could induce immune responses in peripheral im-
mune organs including lymph nodes and spleen through lymphatic fluid
and blood circulation respectively [54,55]. Systemic derived cells could
further modulate the local environment via releasing cytokines and
migrating to local area. As mentioned in section 2.2, the upregulation of
T cell chemotactic factors and T cell markers could be detected, sug-
gesting the involvement of the immune system. Thus, the investigation of
the involvement of systemic immune response in the generation of local
immune microenvironment is becoming attractive. The systemic toxicity
of the implanted biomaterials was first tested to exclude the biosafety and
the so-caused toxicity effect. A non-toxic reaction was observed in all the
tested organs for all the observation times (Supplementary Fig. 2).

No obvious anatomic and histological difference was observed in
each group in lymph node at day 3 (Fig. 6A). As for the LPS group, pro-
inflammatory cytokines such as TNFa, IL1, IL6 were both up-regulated
(Fig. 6B). Enriched terms included inflammatory response and LPS
response (Fig. 6C). These all suggested a pro-inflammatory status, which
was similar with the local area response. As the receptor of LPS, TLR4 was
up-regulated, leading to the activation of NFkB and consequent tran-
scription of pro-inflammatory cytokines including TNFa, IL1, and IL6,
which can promote T cell maturation and Th1 differentiation [56]. Thl
marker Tbx21 was also up-regulated. With the upregulation of chemo-
kines, such as CXCR5, CXCR3, and CCR5, the cell migration and inter-
action activity in the lymph nodes was enhanced and T cell maturation
could be further improved. At day 7, the LPS-related proinflammatory
response was decreased and a homeostasis status was reached once again
(Fig. 6D-F). The immune response of the spleen was not as intense as that
in the lymph nodes, with no obvious anatomic and histological change at
day 3 and 7 (Fig. 6G, J). TLR4 and the related proinflammatory cytokines
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were only slightly upregulated at day 3 and became more weakened at
day 7 with the upregulation of only a few anti-inflammatory cytokines
(Fig. 6H, K). Interestingly, the GO analysis results all suggest the positive
regulation of an isotype switch to the IgG isotype was activated at day 3
and 7 (Fig. 61, L), which suggest the increasement of IgG. As an important
component of humoral immunity, IgG could activate complements and
neutralize toxins, thus promoting antigen-antibody reaction [57].

A different systemic immune response was observed in the IL4 group.
In lymph nodes, the immune status tends to be more anti-inflammatory
with the upregulation of the anti-inflammatory cytokines CD163, Arg,
IL5, TGFb1l and TGFb3 at day 3 (Fig. 6B). IL5 can be synthesized and
secreted mainly by activated CD4+helper T cells of the T-helper-2 (Th2)
[58]. TGFb family could regulate the activation and phenotypes trans-
formation [59]. The up-regulation of IL5, TGFb1, and TGFb3 suggest the
promotion of T cell activation and differentiation. The GO enriched term
also included T cell differentiation and T cell receptor signaling pathway
(Fig. 6C). At day 7, chemokines including CXCL6 and CXCL10 were both
up-regulated (Fig. 6E), suggesting active cell migration activity. The GO
analysis suggested the positive regulation of JAK-STAT cascade (Fig. 6F),
which could be activated by IL2 and IL5, and further regulating the im-
mune response [60]. The enhanced migration ability was corresponded
with the upregulation of T cell chemokines in local area, as mentioned
above. Interestingly, unlike the anti-inflammatory immune environment
in the lymph nodes, the immune response in the spleen tends to be
related with the inflammatory response and LPS response, which lasted
from day 3-7, as suggested by the gene expression heatmap and gene
ontology (GO) analysis results (Fig. 6G-L). Degradation of necrotic tissue
activity in local area might have been the stimulation source of
pro-inflammatory response of spleen in the IL4 group.

From our results, the immune response in the adjacent lymph nodes
seemed to be enlarged and to supplement the local immune response and
participated in the generation of the local immune microenvironment.
After activating the local immune response, the antigens could be pre-
sented through the lymph and cause the corresponding T cell and B cell
response in the lymph nodes [61]. The activated T cells and B cells could
be recruited by the chemokines to the local site and were involved in the
generation of the local immune microenvironment [18]. However, the
immune response in the spleen can be activated by blood-borne stimu-
lation; thus, the signals from the local area may cascade through blood
circulation and be influenced by multiple factors, which complicates the
interaction between the spleen and the local defect area [62,63].

2.4. The periodontal multi-tissue regeneration outcomes

Four weeks after the surgery, the periodontal multi-tissue regenera-
tion effect was analyzed. An overview of the periodontal regeneration
outcome was obtained via micro-CT and H&E staining. In the LPS group,
the overall multi-tissue regeneration effect was inferior (Fig. 7A and B).
The Goldner staining results show sparse collagenous formations and no
obvious ALP positive cells were observed in the LPS group, indicating a
worse bone formation effect than in the other two groups (Fig. 7C and D).
The perforating fiber, named as Sharpey's fiber, is a unique structure in
periodontal tissue, and its formation is highly oriented and can be
observed via PR staining combined with polarized light microscopy [64,
65]. However, the formation of Sharpey's fibers was hardly observed in
the LPS group (Fig. 7E). OPN and BSP are the main noncollagenous
proteins of cementum [51]. The sign of cementum regeneration in the
LPS group was inconspicuous, since no obvious OPN and BSP positive
staining was observed (Fig. 7E-G).

However, a better multi-tissue regeneration was observed in the IL4
group. Superior bone formation in the IL4 group was found in the micro-
CT, H&E staining, and Goldner's staining results (Fig. 7A-C). Moreover,
ALP positive cells were found on the edge of new bone and in the dentin
defect surface (Fig. 7D), suggesting an active osteogenesis activity and
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the potential formation of perforating fibers and acellular cementum in
the IL4 group. The PR staining results show the highly organized and
parallel newly formed periodontal fibers extending from newly formed
alveolar bone to the root surface (Fig. 7E). OPN positive staining was also
observed in newly formed woven bone, periodontal fibers, and in the root
surface in the IL4 group (Fig. 7F). Continuous BSP positive bands were
also observed on the surface of dentin and were closely attached to the
root surface in the IL4 group (Fig. 7G). Herein, the regeneration of
alveolar bone, Sharpey's fibers, and cementum-like structures was
observed in the IL4 group.
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2.5. Implications for the development of advanced immunomodulatory
multi-tissue regenerative materials

In summary, cell-free biomaterials with pro- or anti-inflammatory
properties effectively regulate the acute injury reaction. The effects of
the immune microenvironment on the periodontal tissue were initially
elicited by regulating the fibrin network and the formation of fibrinoid
necrosis in the periodontal ligament tissue. Polarization macrophages,
MNGCs, and the adaptive immune response, which is regulated by the
systemic immune reaction, were subsequently involved in generating and
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materials; AB: alveolar bone; PDL: periodontal ligament; *: Sharpey's fiber.

remodeling the local immune microenvironment. Ultimately, corre-
sponding the upregulated immune factors to different microenviron-
ments induced the expression of relevant regenerative factors, which
regulated the subsequent in situ multi-tissue regeneration. These collec-
tively indicate that the immunopathophysiological process induced by
biomaterials significantly regulated the outcome of multi-tissue regen-
eration (Fig. 8).

The whole immunopathophysiological process includes a complex set
of interacting components that work to produce certain outcomes.
Although we could only barely scratch the surface of many aspects, this
study inspires us to understand and explore this immunopathophysio-
logical process from at least two dimensions, a systemic and a spatial
perspective, when developing advanced multi-tissue regeneration bio-
materials based on this immunomodulation strategy.
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2.5.1. A systemic immune perspective

The regenerative immune environment is an eventually regulatory
outcome of complex interaction between local innate immune response
and systemic adaptive immune response [66,67]. Advanced immuno-
modulatory multi-tissue regenerative materials development should be
developed considering this systemic immune response, rather than
focusing on the local immune response.

2.5.2. A temporal perspective

The immune response undergoes dynamic and temporal changes in
vivo. We should not pursue one specific immune environment but a
favorable immune reaction switch pattern. Our study also shed light on
the optimal immune regulation time for multi-tissue regeneration. An
obvious difference in acute injury reaction, immune response, and in the
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In situ multi-tissue regeneration mediated by cell-free immunomodulatory biomaterials
and their immunopathophysiological processes
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biomaterials were characterized by a complex set of biological events of the acute injury histological reaction, the phenotype transition of innate immune cell subsets,
the involvement of the systemic immune reaction, the interaction of immune cytokines, the expression of growth factors and the recruitment of stem cells, from the

acute injury reactive phase to the tissue remodeling stage.

regenerative capacity among different groups was observed in the early
stage, and early immune regulation would be effective for multi-tissue
regeneration.

However, our study preliminary demonstrated the discrepant
immunopathophysiological process of pro-inflammatory and anti-
inflammatory immunomodulatory biomaterials in vivo. Further re-
searches need to be done to reveal the dose effect or the combination
effect of immunomodulatory effectors and their underlying mechanisms.
Secondly, the evaluation of periodontal complex regeneration was
complex and difficult. Especially in observing the new-formed
cementum, because of the limitation detection method. Therefore, an
evaluation system for periodontal multi-tissue regeneration in vivo was
needed to established. Approaches applied in this study could generally
satisfy the needs of comparing the effect of periodontal regeneration.
However, more specific, powerful and straightforward evaluation
method should be developed. Finally, the immune cytokines and growth

12

factors analyzed in this study may not completely and accurately depict
the full view of the immunopathophysiological process. With further
research in the future, more specific and comprehensive conclusion could
be made. The specific immunopathophysiological process may various
according to different materials, but the immune reaction of materials
with similar immunomodulatory function may follow similar pattern.

3. Conclusion

Our results showed that the outcome of multi-tissue regeneration is
closely regulated by the immune reaction. The underlying immunopa-
thophysiological process, including the involvement of a blood clotting
response and fibrinoid necrosis, innate and adaptive immune response,
local and systemic immune reaction, growth factor release, and stem cell
recruitment, was revealed. From our results, the implantation of bio-
materials with anti-inflammatory properties could direct the
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immunopathophysiological process towards one that is more favorable
for in situ multi-tissue regeneration, and ultimately lead to the regener-
ation of periodontal ligament, acellular cementum matrix, and alveolar
bone in the periodontium. This constitutes a promising strategy to
developed cell-free biomaterials for in situ multi-tissue regeneration.

4. Experimental section
4.1. Preparation of the PHA and PDA-PHA

Porcine hydroxyapatite (PHA) was prepared according to our previ-
ous studies [68,69]. Briefly, cancellous bone harvested from the porcine
femoral epiphysis was immersed in 30% HyO, and 75% ethanol
respectively for 24 h to remove soft tissues. The bones were dissected into
regular blocks (10 mm*10 mm*5 mm dimensions) by cut-off machines
(Accutom-50, Struers, Ballerup, Denmark) and calcined at 800 °C for 2 h
in a muffle furnace (SGM6812BK, Sigma Furnace Industry, China). The
PHA blocks were then grinded into particles and filtered by screen with
0.2 mm and 0.5 mm hole size to obtain 0.2-0.5 mm PHA particles. Image
J has been performed to measure the maximum and minimum Feret
diameter of the PHA particles. For PDA coating formation, dopamine
hydrochloride (Sigma, USA) was dissolved in a 0.01 M Tris-base solution
(Sigma, USA) to obtain a 2 mg/mL polydopamine (PDA) solution. The
PHA particles were immersed in the PDA solution for 48 h to form a PDA
nano coating on PHA (PDA-PHA). Next, SEM, FTIR, XRD, and XPS were
used to characterize the biomaterials.

4.2. Immobilization of immune modulatory factors

The PDA-PHAs were dipped in an LPS (10 pg/mL, InvivoGen, FRA) +
IFNy (200 ng/mL, R&D Systems, USA) or an IL4 (500 ng/mL, R&D Sys-
tems, USA) solution for 24 h at 4 °C to obtain LPS/IFNy-PDA-PHA (LPS
group) and IL4-PDA-PHA (IL4 group). ELISA and LPS endotoxin assays
were performed to detect the concentration of IL4, LPS, and IFNy
remaining in the stimulation solution to verify the loading amounts.
Immunofluorescence staining was performed to visualize the distribution
of LPS/IFNy and IL4 on the PDA-PHA particles. Firstly, PDA-PHA was
incubated with FITC-LPS+IFNy and IL4 solution as above mentioned.
After medium removed, materials were incubated with Alexa Fluor® 647
anti-rat IFNy Antibody, eFluor 660 IL4-Monoclonal Antibody at 4 °C for
2 h. The samples were observed under a fluorescence microscope.

4.3. Animal surgery

Male Sprague-Dawley rats aged six to eight weeks were used to
observe the tissue regeneration process and evaluate the multi-tissue
regeneration effect. The animal surgical protocols followed were
approved by the Institutional Animal Care and Use Committee of Sun
Yat-sen University. The periodontal defect model was prepared accord-
ing to a previously published protocol, with some modifications [27].
Briefly, rats were anesthetized and 1 cm skin incision was made along the
oral horn to ear. Masseter was exposed and two distinct anatomical
landmarks (parotid duct and facial nerve) could be seen on the surface of
masseter. The masseter was cut parallel to the parotid duct and facial
nerve to reach the buccal bone. A periodontal defect (5 x 2 x 1 mm) was
prepared with a 1.8 mm diameter drill. The size of defect was measured
by a periodontal probe. After anesthesia, a periodontal defect was pre-
pared on the buccal alveolar bone on the posterior tooth area of the rat
mandible. The prepared PDA-PHA (control group), LPS/IFNy-PDA-PHA
(LPS group), and IL4-PDA-PHA (IL4 group) were implanted into the
defect area (n = 6). The animals were sacrificed at 3 days, 7 days, and 4
weeks for further analysis.

4.4. Acute injury reaction and the initial multi-tissue repair process

At day 3 and 7, the mandibles were collected to analyze their
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histology. After fixation, the mandibles were decalcified in a 10% EDTA
solution (pH 7.4) for four weeks. For H&E staining, the nuclei were
stained with Mayer's hematoxylin (Servicebio, China), and the cytoplasm
was stained with eosin (Servicebio, China). For Martius scarlet blue
(MSB) staining, the red blood cells were stained with the Martius solu-
tion, the fibrin was stained with the Ponceau staining solution, and the
collagen was stained with aniline blue (Pythonbio, China). Quantifica-
tion analysis of blood clot fibrin thickness at day 3 was conducted by
Image J software. For IHC staining, the slides were blocked with a 5%
BSA (Macklin, China) solution for 1 h and incubated with ALP (1:100,
Abcam, UK) after antigen retrieval. The sections were then incubated
with a secondary antibody (Genetech, China) for 30 min at room tem-
perature. The diaminobenzidine solution (Genetech, China) and Mayer's
hematoxylin were used to stain the antigen-antibody complexes and the
nuclei. For immunofluorescence staining, after antigen retrieval, the
slides were blocked with a 5% BSA solution for 1 h and incubated with
mouse anti-CD68 (1:100,Invitrogen, USA), rabbit anti-CCR7 (1:100,
Abcam) and rabbit anti-D206 (1:10,000, UK) at 4 °C overnight. Donkey
anti-rabbit IgG (1:100, Beyotime, China) or goat anti-mouse IgG (1:100,
EMAR, China) was used as a secondary antibody and the nuclei were
stained using 2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride (DAPI, Beyotime, China). Immunofluorescence staining of rab-
bit anti-CD34 (1:100, Abcam, UK) and mouse anti-CD90 (1:100, Abcam,
UK) was conducted as mentioned above for identifying the stem cells in
the local area. Images were captured using Aperio AT2 system and a
fluorescence microscope.

4.5. Characterization of the immune microenvironment

At day 3 and 7, blood clots at the defect area were collected for RNA
extraction. The gene expression of immune cytokines was assessed using
RT-qPCR, as previously described [16]. The RT-qPCR primers used in this
study are listed in Supplementary Table 1. Advanced heatmap plotting
was performed using the OmicStudio tools at https://www.omicstudio.c
n. The cytokines interaction network was further obtained using Cysto-
scope software (3.7.2) based on the String database. IHC staining of CD68
(1:100, Abcam, UK), CCR7 (1:100, Abcam, UK), and CD206 (1:10,000,
Abcam, UK) was conducted as mentioned above. TRAP staining was
performed to analyze the MNGCs, as previously described [16]. After
being washed with pure water, the slices were counterstained with
Mayer's hematoxylin. Images were captured using an Aperio AT2 system
and semi-quantification was conducted using Image J software (1.46).

4.6. Multi-tissue repair process initiated by different immunomodulatory
biomaterials

The expression levels of multi-tissue-related genes were detected and
quantified using RT-qPCR. Cytoscape software was used to analyze the
interaction between the highly expressed factors in the LPS and IL4
groups and the downstream multi-tissue regenerative factors (based on
the String database).

4.7. Evaluation of the systemic immune response

For systemic toxicity analysis, the liver, kidneys, brain, and heart
were collected for systemic toxicity evaluation at each time point. The
sectioning and H&E staining of samples was conducted as mentioned
above. Images were captured and analyzed using an Aperio AT2 system.
For immune environment analysis, the spleen and superficial cervical
lymph nodes were collected for RNA extraction. The gene expression of
immune cytokines was assessed using RT-qPCR. The gene expression
heatmaps were prepared and analyzed via online software program
Omicstudio (https://www.omicstudio.cn/index).
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4.8. Evaluation of the periodontal multi-tissue regeneration

At 4 weeks, the mandible was collected to analyze the multi-tissue
regeneration effect. After fixing it with 4% paraformaldehyde for 24 h,
the tissue was scanned using a micro-CT scanner (pCT50; SCANCO
Medical AG, Switzerland). Materialize Mimics Research 19 (Materialize,
Belgium) software was used to reconstruct the three-dimensional images.
The mandible was further decalcified in a 10% EDTA solution (pH 7.4)
for four weeks and H&E staining was performed. For Goldner's trichrome
staining, the slices were first stained with hematoxylin for 20 min, fol-
lowed by staining with fuchsin acid, orange G, fuchsia acid, and light
green stain for 5-10, 1-5, 3-5, and 3-10 min, respectively (Servicebio,
China). For picrosirius red staining, the paraffin sections were impreg-
nated with picrosirius red (Servicebio, China) for 10 min and differen-
tiation was induced with ethanol for 3 s. IHC staining of ALP (1:100,
Abcam, UK), OPN (1:200, Abcam, UK), and BSP (1:200, Abcam, UK) was
performed as previously described. The sections were scanned using an
Aperio AT2 system. The picrosirius red-stained sections were observed
and photographed using a polarized light microscope.

4.9. Statistical analysis

The experimental results are presented as mean =+ standard deviation.
GraphPad Prism 8 was used for statistical analysis. One-way ANOVA with
Tukey's HSD analysis was used to compare the differences between the
groups. The statistical significance was set as p < 0.05.
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