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Decellularized Dental Pulp Extracellular Matrix as a Biological Scaffold for Dental Pulp
Regenerative Therapy
Qahtan Algahtani, BDS

University of Pittsburgh, 2018

In the current theme of dental pulp regeneration, biological and synthetic scaffolds are
becoming a potential therapy for pulp revitalization. The extracellular matrix has shown success
in preclinical models and humans, promoting constructive remodeling and formation of site-
appropriate tissue after injury. The use of ECM-based scaffolds has shown an improved tissue
remodeling outcome, as it modulates the host response into an anti-inflammatory response that is
characterized by the presence of alternatively activated macrophages around the scaffolds. This
effect was demonstrated in other studies, yet the underlying mechanism is still largely unknown.
There is currently a growing evidence that the source and composition of ECM scaffolds can be
responsible for a pro-inflammatory response, while other scaffolds were able to maintain M2 like
macrophage response. This phenomenon has led us to the conclusion that host immune cells
behavior varies depending on the chemical composition of the matrix. Cathepsin V, K, S, and L
have shown collagenolytic ability with cathepsin K being the most potent. We speculate that
lysosomal cathepsin K might play a major role in the hydrolysis of collagen in endosomes. In
this work, the swine decellularized pulp extracellular matrix (DP-ECM) was used to understand
its effect on dental pulp cells and periodontal ligament cells as a candidate for cell-based pulp
therapy. The goal is to understand the process of tissue remodeling and cells contribution to this
process over the course of 6 and 12 weeks. The generated matrix was analyzed for odontogenic
proteins, levels of retained growth factors and bioactive molecules. To simulate the dental model

of pulp regeneration, the ECM was placed into the canal space of human tooth root fragment that



were implanted subcutaneously in immune compromised mice. The resulting tissue was analyzed
for the expression of BIII-Tubulin, CD31, and DSPP. This was followed up with an investigation
of macrophage response toward the DP-ECM. We also, investigated the effect of collagen and

matrix components on Cathepsin K activity and macrophages polarization.
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1.0 INTRODUCTION

1.1  GENERAL

Dental caries is the second most prevalent infection in the world (Islam et al. 2007). Its initiation
and progression lead to a process of continuous loss of minerals along with an invasion of
bacteria. At this stage, the dental pulp will provide sensation (pain) and promote the formation of
reparative dentin in an attempt to stop the bacterial invasion (Farges et al. 2015). If left untreated,
the bacteria will reach the dental pulp causing inflammation (Martin 2003). The current
treatment for irreversibly inflamed dental pulp is root canal therapy. The treatment involves the
removal of soft tissue followed up with cleaning, shaping, and obturation using bio-inert
material. This form of treatment is performed routinely with a success rate (78%-98%) (Kojima
et al. 2004). The problems associated with this treatment are a complete loss of pulp functions,
loss of significant amount of hard tissue and the technical difficulties that can result in tooth
extraction (Reeh et al. 1989; Ruddle 2002).

The regeneration of the dental pulp has the potential to regenerate lost dentin, provide
sensation to disease progression and re-establishment of humoral immunity (Cao et al. 2015). In
regenerative endodontics, it is evident that growth factors, scaffolds, and stem cells are the main
effectors in pulp regeneration and formation of dentin-pulp complex (Mullane et al. 2008). From

this perspective, pulp regeneration approaches were categorized into two types, a cell-based



approach and a cell-free approach each offering different advantages (Caton et al. 2011; Galler et
al. 2014).

In the proposed work, the cell-based and cell-free approaches were implemented using
the generated Decellularized Pulp-ECM (DP-ECM). The goal is to compare the outcome from
the two different approaches to determine the importance of using stem cells in the treatment of
devitalized pulp (Hoshiba et al. 2016). Cells harvested from dental pulp and periodontal
ligaments will be included as these two population can be easily obtained in a clinical
environment where intact extracted 3rd molars, represent a source for the two cell populations.

The extracellular matrix (ECM) is a multi-component material secreted into the
extracellular space, it maintains the shape and integrity of tissues and organs. It is composed of
collagen, GAGs, proteoglycan, glycoproteins, adhesion molecules and growth factors. UBM
derived and ECM-based scaffolds were shown to have anti-microbial properties (Brennan et al.
2006), chemoattractant ability (Agrawal et al. 2011), improved tissue remodeling and election of
an M2 like response that helps in tissue remodeling and homeostasis (Sicari et al. 2014). It has
been used as a biological device that showed regeneration and neo-tissue formation in different
areas of the body (Brown et al. 2012a; Wu et al. 2016). The aforementioned properties of ECM-
based scaffolds make it a great choice for dental pulp revitalization applications. The use of
decellularized dental pulp ECM may provide a readily available source for growth factors
needed for regenerative therapy. The scope of the delivery system of ECM devices provides the
versatility needed to overcome complicated root anatomy (irregularly shaped spaces and
accessory canals) as it is possible to create hydrogels and 3D printed cones (Sackett et al. 2018).
It also shows biocompatibility between species, providing a harvesting source for dental pulp

scaffold. In this scenario, the use of DP-ECM will provide an environment that mimics the



natural environment of dental pulp system giving cells a better chance for the regeneration of
pulp-like tissue.

Macrophages have been recently identified as cells that are capable of polarization into
different states which can regulate and guide the process of tissue formation. They have been
identified into pro-inflammatory or classically activated M1 macrophages and an anti-
inflammatory or alternatively activated M2 macrophages. Other types of macrophages have been
further characterized into M2a, M2b, and M2c (Mantovani et al. 2004). Persistence of the M1
response was shown to be responsible for chronic inflammation, fibrosis, and graft rejection
(Wynn and Barron 2010). In contrast, the presence of M2 macrophages at different stages of
remodeling showed a better treatment outcome. It remains unclear how the transplanted material
can elect M1 or M2 response yet a set of factors can help in avoiding the inflammatory response.

Macrophages are considered one of the main factors in ECM breakdown and remodeling
using a wide array of proteases (Huang et al. 2012). It was shown that macrophages are capable
of collagen degradation in the extracellular matrix using membrane-bound and soluble proteases
(Madsen et al. 2013). Once degraded in the extracellular space, collagen is then internalized by
the cells surface receptors and then completely degraded in the lysosomes. The internal
degradation pathway of collagen remains largely unexplored in macrophages and macrophages
polarization state. Collagen uptake was shown to be dependent on Mannose receptors in
macrophages (Mrc-1) and independent of B1-integrins and uPARAP/Endo180 (Mrc-2) (Madsen
et al. 2011). Interleukin-4 (IL-4) is a cytokine that induces macrophages polarization toward M2,
was found to upregulates the expression and function of macrophage mannose receptors (MMR).
Recently, one study demonstrated the uptake and degradation of collagen in M2-like

macrophages utilizing the mannose receptor pathway (Madsen et al. 2013). We speculate that



collagen uptake and degradation intracellularly is a process that can influence macrophages
polarization in tissue regeneration and remodeling. In order to understand this process, we chose
Collagen type | as a baseline to build a scaffold with different components to enhance and reduce
the degradation rate of collagen.

Collagen is the most abundant protein in ECM and the human body, it represents 25% of
the body total protein. There are more than 25 collagen types that serve different functions (van
der Rest and Garrone 1991) resulting in different families of collagen having different roles for
example collagen type I, 1l and 11 are fibril-forming collagens, collagen 1V, and VII are network
forming collagens and collagen 1X and XII are fibril-associated collagens. Collagen type I is an
important extracellular component in soft and mineralized tissues, it represents the organic phase
of mineralized tissues and it’s responsible for providing structure and support to soft tissues. The
basic composition of this protein is 3 separate helical alpha chains, two al chains, and one a2
chain. Each of the 3 chains is about 1000 amino acids in length and it is mainly made of a
repeating Gly-X-Y, as X is frequently proline and Y is often hydroxyproline. The 3 chains form
a triple helix, which will form fibrils that eventually form collagen fibers.

So, as one of the main components of ECM, DP-ECM and one of the major proteins
encountered by macrophages in health, we decided to use collagen as a model to study the effect
of its degradation intracellularly on macrophages. A pathway that could explain macrophages
behavior to ECM and collagen-based scaffold. Matrix Metalloproteases (MMPs) and serine
proteinases are considered the main agents in ECM degradation due to their stability at neutral
pH and localization extracellularly (Werb 1997). On the other hand, cathepsins are localized in
the lysosomes where they participate in the intracellular degradation of proteins and turnover.

Cysteine cathepsins were found to be secreted by macrophages and have shown the ability to



degrade collagen and ECM given the right conditions (pH, GAGS) (Fonovic and Turk 2014; Li et
al. 2002; Turk et al. 2012). Cathepsins with collagenolytic activity (cathepsin V, K, S, and L)
have been observed in inflammatory disorders like atherosclerosis, arthritis, COPD, osteoporosis,
osteopetrosis, and pycnodysostosis (Kitamoto et al. 2007; Reddy et al. 1995; Zavasnik-Bergant
and Turk 2007). Monitoring and understanding the effects of these cathepsins and their presence
and expression during different stages of macrophages polarization is important. The goal is to
bring insight into cathepsins function in relation to different macrophage phenotype in matrix
degradation and remodeling.

Cathepsin K is one of the major cathepsins that possess a potent collagenolytic
activity along with its elastolytic properties. It is mainly expressed in osteoclasts and it’s
responsible for the breakdown of collagen in bones following demineralization in the osteoclast
lacuna. Excessive activity of cathepsin K was associated with osteoporosis and arthritis (Costa et
al. 2011). In contrast, cathepsin K knockout models have shown increased collagen deposition,
delayed wound healing, osteopetrosis, and pycnodysostosis (Gowen et al. 1999; Wen et al.
2016). These findings highlight the important role of cathepsin K in inflammation and collagen
turnover. Interestingly, studies have shown that cathepsin K collagenolytic activity can be
boosted in the presence of Chondroitin 4-Sulfate (C4-S) and hindered in the presence of
Dermatan Sulfate and Heparin (Aguda et al. 2014). On another observation, solubilized brain-
ECM was found to elect M1 response and contained no Hyaluronic Acid, when compared to
urinary bladder-ECM which showed higher content of HA (Meng et al. 2015). Hyaluronan can
bind to the sulfated-Glycosaminoglycans which in turn can affect the collagenolytic intracellular
activity of cathepsins. In this work, the effects of the removal and addition of chondroitin sulfate

and dermatan sulfate on cathepsin K activity and macrophage phenotype will be investigated.



1.2 BIOLOGY OF THE DENTAL PULP

1.2.1  Development of the Dental Pulp

Developmentally, the thickening of the primary epithelial bands marks the earliest stage of teeth
development. This thickening gives rise to the dental lamina that proliferates and interacts with
the neural crest cells underneath leading to an accumulation of ectomesenchymal cells that starts

tooth development through the bud, cap and bell stages.

Bud Stage Cap Stage Bell Stage Dentinogenesis
T - '
Dental Lamina T
Dental Papilla /
Dental Follicle
Mature tooth
Eruption

Amelogenesis
.
Amelogenesis Dentinogenesis

Figure 1. Stages of tooth development from the epithelial thickening to a mature tooth. Following
the thickening of the oral epithelium, the tooth develops into bud, cap and bell stages followed by
dentinogenesis and amelogenesis

The bud stage is the ingrowth of the epithelial cells into the ectomesenchyme of the jaw and
the proliferation of these cells. Followed by the cap stage, which marks the beginning of
morphogenesis in teeth, the epithelium develops into the enamel organ while the

ectomesenchyme gives rise to the dental papilla which will form the dental pulp and dentin
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(Balic and Thesleff 2015). The remaining condensed ectomesenchymal cells will allow for the
formation of the dental follicle which will develop into the tooth supporting tissues (Wang and
Feng 2017).

Together, the enamel organ, dental papilla, and dental follicle are called the dental organ. As
the dental organ continues to grow and the undersurface of the epithelial cap extends deeper, it
starts to resemble a bell (hence the name bell stage). At this stage, the tooth crown assumes its
shape and cells undergo histo-differentiation to perform their proper functions. At the same time,
the dental papilla shows undifferentiated mesenchymal cells and scattered collagen fibrils
occupying the extracellular space, its name changes to the dental pulp when mineralization is
apparent in the cusps tip during the bell stage. Through cap and bell stage, clusters of blood
vessels start to enter and enrich the dental papilla where future roots will form. Nerve fibers start
to penetrate the dental papilla during dentinogenesis and are thought to have a relationship with

developing blood vessels.

1.2.2  Anatomy of the Dental Pulp

The dental pulp is defined as the soft connective tissue part of the tooth encased within the
dentin. In general, it is recognized as a central pulp chamber and root canals that together make
the dental pulp. From an embryological and functional point of view, the soft pulp and dentin
tissues are closely related and should be considered as a unit. Together, the dental pulp and
dentin perform the following functions: 1) Developmental, the dental pulp allows for the
formation of dentin during tooth development. 2) Nutritive, as it allows for the delivery of
nutrients to the avascular dentin (Rombouts et al. 2017). 3) Sensory, dentin protects the dental
pulp from exposure and bacterial invasion by acting as a barrier while the dental pulp provides
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the nerves that give dentin its sensitivity (Couve et al. 2014). 4) Protective, the dental pulp has
been shown to increase the process of dentin deposition to isolate itself from the noxious stimuli

in a process called: reparative dentin formation (Farges et al. 2015).
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Figure 2. Tooth anatomy and dental pulp zones. Inside the pulp, the tissue organization follows a
layering pattern starting from the dentin to the pulp core as dentin, pre-dentin, odontoblastic layer, cell-
free zone, cell-rich zone, and the pulp core.

Histologically, four layers can be distinguished in the dental pulp. 1) The Odontoblastic
zone, which is the layer of cells adjacent to dentin consisting mainly of odontoblasts with some
of its extensions extruding to dentin. 2) The cell-free zone also called the zone of Weil is the area
beneath the odontoblastic zone that is most prominent in the coronal part of the dental pulp. 3)
Cell-rich zone is the next zone where cells density is shown to be high. 4) Pulp core is the main
area of the dental pulp and it’s characterized by the presence of major nerves and blood vessels.
In addition to the structural arrangements of the dental pulp, is also known to contain different
types of cells. Odontoblasts, a distinctive feature of the dental pulp, are capable of tissue
mineralization and dentin production showing flexibility between an active formative phase and

a less active quiescent phase (Kawashima and Okiji 2016). Fibroblasts are the main cells in the



dental pulp in terms of number and density in the cell-rich zone. These cells make and maintain
the dental pulp matrix, allowing for the formation of collagen and ground substance. Along with
these cells, immunocompetent cells like macrophages, T-cells and dendritic cells are also present
in the pulp (Gaudin et al. 2015; Hahn and Liewehr 2007). Lastly, the dental pulp was found to be
a source for mesenchymal stem cells. These cells are capable of self-renew and show a great
ability to differentiate into odontoblasts, chondrocytes, adipocytes, and neurons under the

appropriate treatment conditions (Sharpe 2016).

1.3 CURRENT TREATMENT

At the moment, different modalities and methods of treatment are being developed to improve
the outcome and reduce the cost of treatment for patients. Mainly, two forms of treatment are
currently followed: Root Canal Treatment (Thoden van Velzen 2005) and Regenerative

Endodontics (Diogenes and Ruparel 2017).

1.3.1 Root Canal Treatment

Currently, the common treatment for an infected dental pulp is Root Canal Treatment (RCT).
The treatments involve the preparation of an access cavity to reach and expose the dental pulp.
After that, the dental pulp and the infected tissues are removed by means of barbed broaches and
rotary files. Sometimes, canal medicament or antibiotics are placed inside the canals to help the
healing process and eliminate contamination. The canal is then filled with gutta-percha (rubber-

isomer) and sealant to ensure a three dimensional filling of the void space to avoid future



infection of the canals. The tooth is then filled temporarily or permanently with a filling or a
crown to seal the root canal from the oral environment and provide it with the strength to

withstand the occlusal forces (Varlan et al. 2009).
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Figure 3. Root Canal Treatment procedure. Removal of the infected pulp and cleaning of the

canals is followed by application of Gutta-percha to seal the pulp system.
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1.3.2  Regenerative Endodontics

In current and futuristic approaches, the field of regenerative endodontics was invented to
overcome some of the problems associated with techniques like apexification, apexogenesis, and
RCT. While apexification and apexogenesis would allow for the closure of the apex of immature
teeth, it will also dictate the devitalization of the tooth. Once lost, the dental pulp is no longer
able to provide sensation, nutrients or development of reparative dentin.

Regenerative endodontics and revitalization techniques were developed to allow for the natural
repair and development of the tooth root canal system (Galler 2016). Initially, revascularization
techniques were performed on immature teeth by using endodontic files to stimulate bleeding
into the apex allowing for the infiltration of cells and the establishment of a biological front. On
the other hand, regenerative endodontics techniques aim to regenerate the dental pulp for both
mature and immature teeth as an alternative to RCT. The goal is to restore the functions of the
dental pulp, allowing teeth to regain sensation to disease progression and attain an immune
response against the invading organisms.

In efforts to regenerate the dental pulp, different studies were conducted ectopically and
orthotopically aiming to understand the main factors in pulp regeneration. Findings of these
studies suggested three main factors to be necessary for the process to occur: 1) Presence of cells
capable of repopulating the pulp (Na et al. 2016), 2) biological factors to allow for the
recruitments and maintenance of these cells (Yadlapati et al. 2017) and 3) a supporting scaffold
to carry the cells and the biological factors (Chen et al. 2015). Collectively, these factors were
narrowed down to two main approaches in regenerative endodontics: The cell-free approach
which relies on the use of a biocompatible scaffold and extracellular proteins to serve as a

vehicle for delivery of growth factors aiming to provide a suitable environment for cells
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infiltrating the apical foramen. Studies using growth factors like bFGF, SDF1, VEGF and PDGF
that have been delivered by collagen hydrogels have shown recruitment of cells,
neovascularization, and formation of dentin-pulp complex (Kim et al. 2010; Suzuki et al. 2011).
The second approach is the cell-based approach that involves the use of scaffolds and growth
factors in combination with tissue-specific cells, which can be harvested from the same subject at
a prior point. De novo regeneration of dental pulp was observed in a mouse model when using
human dental pulp stem cells. The cells of the regenerated tissue were positive for human
mitochondrial antibodies, showing their human origin, positive for DSPP and alkaline
phosphates (Huang et al. 2010). Dental stem cells from dental pulp, periodontal ligaments, and
apical papilla were shown to have high proliferation rate, high viability and capability of
multilineage differentiation (Mrozik et al. 2017; Tatullo et al. 2015). These findings make it
difficult to decide which approach will have a better outcome in terms of tissue remodeling and
function. It is apparent that growth factors have a profound effect on cell recruitment and
regeneration while stem cells potential for differentiation and tissue maintenance can’t be

ignored.
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1.4 EXTRACELLULAR MATRIX

1.4.1  Role in Regenerative Medicine

The extracellular matrix (ECM) is considered as one of the main tools used in tissue engineering
and regenerative medicine. It is composed of the proteins secreted extracellularly including
growth factors, collagens, elastic fibers, mucins and glycosaminoglycans along with other
structural and functional molecules. The ECM shows the capability of remodeling and is affected
by degradation and synthesis by cells (Hynes and Naba 2012). It gained popularity as an
inductive template scaffold for tissue engineering due to its ability to induce constructive
remodeling, providing a shift in the healing response away from fibrosis and scar tissue
formation. The success of this material for tissue regeneration purposes has been attributed to the
degradation products of ECM.

The degradation of the ECM achieved by cathepsins and metalloproteinases result in the
degradation of the matrix and exposure of new recognition sites with potential bioactivity (Davis
2010; Maquart et al. 2005). These sites have the ability to influence cellular behavior and can
influence a wide array of biological processes, such as migration, angiogenesis, and adhesion
(Davis et al. 2000; Ramchandran et al. 1999).

ECM based scaffolds have been tested for a variety of applications because of their
ability to promote constructive remodeling and the formation of site appropriate, functional

tissue (Badylak 2002; 2004). This was possible because the ECM is highly conserved among
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species and is a naturally occurring substrate for cells. Several aspects about the ECM highlights
its role as an inductive scaffold, including its ability to transmit mechanical forces, modulation of
the host response, bioactive degradation products, and the instructive niches for stem cells.

The ECM is also capable of providing structural support to large defects and injury areas.
It allows for the transmission of mechanical forces, promoting matrix degradation and the release
of biological cues. Another distinct ECM property to consider is the matrix chemical
composition. The chemical composition of the ECM varies greatly from one tissue to another,
but it usually contains some common components like collagen, glycoproteins, proteoglycans
and growth factors. The composition of any specific ECM is highly influenced by the function
and origin of that tissue. The detailed and specific physical and chemical properties of ECM
scaffolds, makes it difficult to tissue engineer a synthetic replacement, although attempts are
being made through methods such as electrospinning (Barnes et al. 2007; Kumbar et al. 2008).
The ECM is also known to have pleiotropic effects upon tissue resident cells, including cell
adhesion, proliferation, migration, differentiation, and apoptosis (Lu et al. 2011). This occurs
when the ECM is constantly exerting these effects upon cellular behavior and phenotype, and
that cells in return can remodel the ECM in a process called dynamic reciprocity (Boudreau et al.
1995; Ingber 1991). The different properties and roles of ECM described above, makes it highly
desirable to be used as an inductive scaffold for tissue engineering. However, for the ECM to not
elect an inflammatory response, the tissue selected for scaffold sourcing must be decellularized
prior to implantation.

Decellularization is the process by which the ECM becomes acellular, it is important to
maintain the ultrastructure and ligand landscape during decellularization. This process includes

the use of physical, chemical, ionic and enzymatic agents for decellularization. Each method is
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customized to the thickness, density and intended clinical application of the scaffold (Crapo et al.
2011; Gilbert 2012; Gilbert et al. 2006). When the ECM is not decellularized properly, due to
excessive remaining cellular content or significant disruption of the matrix architecture, they
tend to induce a pro-inflammatory response that adversely affects tissue regeneration (Londono
et al. 2017). Also, if the decellularization process leads to chemical cross-linking of the tissue, it
can disrupt the ligand landscape, preventing the degradation of ECM in-vivo (Brown et al.
2010). The ECM s thought to supports its constructive remodeling through three major
mechanisms, although the exact interactions between these mechanisms are not understood. The
three mechanisms are mechanical forces, modulation of host responses and through ECM
scaffold degradation. All of these mechanisms are important to induce an acellular scaffold to be
populated by host cells to start a remodeling response and deposits site-appropriate tissue instead

of a pro-inflammatory response.

1.4.2 Host Immune Response

In general, the host will elicit an immune response either to Pathogen Associated Molecular
Patterns (PAMPs) or Damage Associated Molecular Patterns (DAMPS) during scaffold
placement. After that, neutrophils migrate to the implantation area within the first two days. This
is followed by recruitment and activation of macrophages to produce a prominent response
within 3 days of implantation. These activated macrophages will generally switch from a
predominately M1 (Pro-inflammatory) macrophage response to M2 (Anti-inflammatory)
macrophage response between 7 to 14 days post-implantation to promote healing (Badylak et al.

2008; Brown et al. 2012b).
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On the other hand, if the macrophages pro-inflammatory response persists, giant cells
formation and graft rejection are expected to occur. In recent studies, the SIS-ECM was shown to
elect an M2-like response, via the expression of Fizz-1. In-vivo, ECM based studies investigating
macrophages response to ECM and implanted meshes were conducted. The ECM showed a
better shift in the healing response and improved the outcome of the mesh implants. Other
studies focused on the macrophage response to ECM scaffolds showed similar results. While it’s
still unclear how the ECM elects its response, speculations of microRNAs embedded in the ECM
scaffold might be responsible for the influential effect. The degradation of the matrix using
different enzymes showed a rich profile of released DNA and RNA content (Huleihel et al.
2016). It has been shown before that if the ECM is cross-linked, the favorable host response it
lost too (Daly et al. 2012). This indicates the importance of matrix degradation in order for the
process of regeneration and tissue remodeling to take place (Badylak et al. 2008; Brown et al.
2012b). It’s well established now that ECM devices show a degradation rate of 60% after 30
days of placement and 90% after 60 days as shown when the degradation of carbon-labeled ECM
scaffolds was observed post-implantation in the canine Achilles tendon repair (Gilbert et al.
2007a; Gilbert et al. 2007b). The degradation observed is thought to be responsible for the
exposure of new binding sites, increasing the bioactivity of the implantation.

In terms of host response, the ECM has been shown to modulate the host response to
promote constructive remodeling and formation of site-appropriate tissue (Brown et al. 2012a).
The applications of ECM scaffolds focusing on the host response modulation are many,
including but limited to: esophagus, skeletal muscle, heart, brain, bone, and connective tissue
replacement (Badylak et al. 2011a; Medberry et al. 2013; Sawkins et al. 2013; Seif-Naraghi et al.

2013; Zantop et al. 2006).
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20 SPECIFIC AIMS

The overall goal of this dissertation is to assess the decellularized pulp ECM as a biological
scaffold for dental pulp regeneration. We hypothesize that DP-ECM can serve as a natural
scaffold for pulp therapy by providing a unique combination of proteins and the election of a
favorable host response. To test this hypothesis, we will study the DP-ECM effect on cells in-

vitro as well as in-vivo through the following specific aims.

2.1. Specific Aim 1: Dental pulp decellularization and matrix characterization. The goal is
to obtain a biological dental pulp scaffold that has been minimally disrupted while being
completely decellularized. The resulting matrix will be analyzed for odontogenic proteins,
growth factors and sulfated-GAGs to be compared to native pulp tissue. The matrix will be used
to assess proliferation and migration of dental pulp cells to confirm its bioactivity.

2.2. Specific Aim 2: Effect of decellularized pulp extracellular matrix on dental pulp and
periodontal ligaments cells. The DP-ECM will be used to assess wound healing and gene
expression of dental pulp and PDL cells in-vitro. The scaffold will be implanted subcutaneously
inside tooth root fragments model that will be used to assess the regenerative ability of the ECM
with and without tissue-specific cells. The implantations will contain cells from dental pulp and
periodontal ligament to determine which cells will be a better candidate for pulp regeneration

applications.
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2.3. Specific Aim 3: Host immune response to decellularized pulp extracellular matrix:
effect of matrix chemical composition on macrophages. The host response characterization
will be focused on Macrophages and their polarization state toward different materials. In-vivo,
the implanted materials will be assessed for the expression of macrophage markers F4/80, iNOS,
and Arg-1. Cathepsins are thought to be involved in the intracellular degradation of collagen yet,
their role and regulation remain unknown at different states of macrophage polarization. We aim
to investigate the effects of different substrates on the lysosomal activity of cathepsins and the

states of polarization that macrophages will attain.
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3.0 SPECIFIC AIM 1: DENTAL PULP DECELLULARIZATION AND MATRIX

CHARACTERIZATION

3.1 INTRODUCTION

In the frame of the recently coined tissue engineering strategy (Langer and Vacanti 1993), the
paradigm of regenerating the dental pulp is paving its way for the revitalization of irreversibly
ailing or lost pulp tissue; challenging all preconceptions about the fate of a non-vital tooth and a
tooth longevity as a whole. As for the current root canal therapy, more than 90% of 8-year
success rate in terms of tooth retention is reached only with post-devitalization full coronal
coverage (Salehrabi and Rotstein 2004). Statistically, most root canal failures, and their
subsequent tooth extraction, occur during the first 3 years after the initial endodontic treatment
and are primarily attributed to secondary intraradicular infection through missed canals, or to
tooth/root fractures as a consequence of the alteration in the dentin mechanical properties

(Friedman and Mor 2004; Nakashima and Akamine 2005; Siqueira 2001).

With pulpal extirpation, the pulp-dental complex is impacted by the loss of an intact
vasculature. This empty space is now void of the ability to mount an immune response and keep
the dentinal tubules filled with cellular components and dentinal fluids due to the loss of intra-
pulpal pressure. These lost components are paramount in limiting the invasion of bacteria that

leads to the development of apical periodontitis and possible tooth loss after root canal therapy.
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Physical alterations of the dentin following pulpal extirpation have been argued to leave the root
more susceptible to fracture and eventual tooth loss (Winter and Karl 2012). With regenerative
endodontic techniques, the possibility of re-establishing an innervated, vascularized pulp-like
tissue back into this voided space would provide the tooth with a biological seal of the root canal
over a purely mechanical barrier as in current endodontic therapy (Simon and Smith 2014). This
newly formed tissue would permit normal physiological functions to be returned to the root canal
system.

In regenerative endodontics, two main concepts have emerged, cell-based and cell-free
approaches (Galler et al. 2014). The cell-based approach requires cells from dental populations
alone (Syed-Picard et al. 2014) or combined with a carrier scaffold (Huang et al. 2010) with or
without growth factors (Vo et al. 2012). While the cell-free approach offers minimal
manipulation and eliminates the need for cells to be harvested from the host because it depends
on the scaffolds ability to support cellular infiltration, proliferation, and differentiation. As
scaffolds gained attention in this field, synthetic (Bohl et al. 1998) and biologically inspired
scaffolds (Galler et al. 2010) showed the ability to support cell migration into the root canal
space.

Currently, there is no gold standard for scaffolds replacing the dental pulp. This is largely
due to limits in material sourcing or its ability to have a successfully and functionally remodeled
dental pulp. While some aspects are still concerning in the regeneration of the dental pulp,
including limited blood supply and liability to infection, new materials in regenerative medicine
are shown to be anti-microbial and capable of recruiting and interacting with host cells to create

a well-maintained environment (Brennan et al. 2006). Also, the ability to create different shapes
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and gel form scaffolds are of value in the regeneration of the root canal system where some areas
are difficult to reach and fill (Medberry et al. 2013; Sawkins et al. 2013).

The utilization of tools from regenerative medicine appears to be a viable solution for the
treatment of devitalized dental pulp. Although cell-based approach might stand out as the
obvious option that guarantees the presence of a biological front that is autologous and host
compatible, problems like difficulty of obtaining host cells or maintaining and applying cells
along with the financial cost might arise. This makes cell-based approaches to be lengthier and
labor intensive than the regular root canal treatment. Those shifting focus to cell-free approach
and host compatible scaffolds with the appropriate properties is favorable.

The extracellular matrix (ECM) represents a biological and natural source for the
production of scaffolds mimicking the tissue’s native chemical and mechanical properties (Reing
et al. 2010). The introduction of a pre-knitted decellularized ECM with its spatial distribution of
trophic factors was found to trigger local progenitor and stem cells trafficking to re-colonize the
construct unlocking the body’s innate powers of regeneration. In a similar process to tissue
remodeling, the recruited cells from the surrounding tissues migrate to and become enmeshed
into the new ECM network. These cells start depositing their own matrix and most importantly
maintain its turnover (Badylak et al. 2011b). Lately, ECM-based scaffolds showed promising
results in terms of recruiting progenitor cells, promoting constructive remodeling and modulation

of host response (Badylak et al. 2011a; Huang et al. 2009; Swinehart and Badylak 2016).

To regenerate the dental pulp tissue, our approach is to introduce the decellularized pulp
extracellular matrix (DP-ECM) of swine origin into the debrided pulp space to function as a
“home-like” environment with recognized signals for progenitor/stem cells homing from the

periapical tissues. In this study, we have adapted decellularization protocols for swine dental
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pulp tissue. These DP-ECM were then thoroughly characterized in vitro for cellular
compatibility and growth factors content. We have also conducted an in-vivo pilot study in
beagle dogs to investigate the potential of the decellularized pulp matrix (DP-ECM) for pulp

regenerative therapy.

We believe our approach to regenerate the dental pulp by DP-ECM has the following
advantages: 1) The employment of growth/cryptic peptides within the debrided pulp space
promises the recruitment of host cells to repopulate the dental pulp from the periapical tissues in
a process mirroring physiological tissue remodeling (Agrawal et al. 2010). ii) The cells
trafficking warrants the re-establishment of the stem-cell niche, hence a lifetime of proper tissue
turnover (Sacchetti et al. 2007; Zaky and Cancedda 2009). iii) Less cost and complexity from
approaches requiring substantial ex-vivo cell manipulation; and iv) with its minimally invasive
procedure, DP-ECM based pulp regeneration would stand as an auspicious approach to pulp

regeneration for translation to the dental clinic.
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3.2 MATERIALS AND METHODS

3.21 Decellularization

3.2.1.1 Dental pulp harvesting, decellularization, and sterilization

Fresh six months old pig heads were obtained from the slaughterhouse. Pulp tissue was
extirpated from molar teeth and subjected to a decellularization protocol modified from Carey et
al (Carey et al. 2014) with the assistance from Dr. Badylak’s group at the McGowan Institute for

Regenerative Medicine, University of Pittsburgh.
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Figure 4. Scheme of the experimental design illustrating the steps for the decellularization

protocol and our decellularized matrix characterization.
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For decellularization, the pulp tissue was minced by scalpel blades (<2 x 2 mm) and
processed according to a decellularization protocol; the ratio of tissue to liquid volume was 1:20
for best tissue wash and penetration. The minced pulp tissue was subjected to treatment with
0.02% Trypsin, 0.05% EDTA at 37°C for 1 h. Then the tissue was placed in a vacuum incubator
under 60 to 80 mm Hg. The tissue was treated with 3% Triton X-100 for 30 min and then with
4% deoxycholic acid for 30 min. The tissue was washed 3 times with Deionized water for 20
min/wash. Then it was treated with 0.1% peracetic acid (PAA) in 4% Ethanol (EtOH) for 30
min. A final wash with PBS was performed for 2 d at 4°C, where PBS was changed every 12 h.
At that point, the tissue was weighed and stored at —80°C until thawed for characterization and

immunohistochemical application.

3.2.1.2 Assessment of decellularization: Histology and PicoGreen® assay

For verification decellularization, DP-ECM samples were checked for the presence of nuclei
histologically (formalin-fixed and cryo-embedded) and for the presence of nuclear DNA by
PicoGreen® assay. The 5um-thick sections were stained for H&E and for the nuclear fluorescent
label DAPI. Decellularization was considered successful when no intact nuclei were visible in

the histological H&E or DAPI stained sections.

For PicoGreen assay, tissue samples were dried by speed vacuum, weighed and mixed
with 300pl of cell lysis buffer (50mM Tris pH 7.5; 100mM EDTA; 0.5% SDS in water) and 3ul
of proteinase K for water bath overnight digestion at 55°C with agitation. Samples were then
mixed and spun for 1 min in 100ul of protein precipitation solution (7.5M NH4 C2H302 in
water). The supernatants were transferred to a new tube with 300l of 100% 2-propanol then

mixed and spun again for 2 min. Samples were washed with 300ul of 70% ethanol twice and left
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to dry overnight then re-suspended in 200ul of nano-pure water for DNA quantification (n=15)
by Quant-iT™ PicoGreen® dsDNA assay kit according to manufacturer’s instructions. Native
pulp tissue was subjected to the same digestion protocol as a control. The DP-ECM was
considered successfully decellularized when the total DNA content was less than 50ng/mg of dry

tissue weight.

3.2.2 Matrix Characterization

3.2.2.1 Immunolabeling of ECM molecules and SEM
For immunofluorescence, formalin-fixed samples were paraffin-embedded and sectioned at 5pum
thickness. Immunolabeling was performed against antibodies specific to a variety of swine dental
pulp ECM components: Collagen type | (Coll, Abcam Ab34710), dentin sialoprotein (DSP,
Larry Fisher LF153) and dentin matrix proteinl (DMP1, Larry Fisher LF148) and Von
Willebrand factor (VWF, Abcam Ab68545). Of note, another group of antibodies is detailed in
the in-vivo immunolabeling section below.

Briefly, after sectioning, slides were treated with 1.5% Sudan Black B (Sigma-Aldrich) in
70% Ethanol for 20min to dim auto-fluorescence, followed by thorough PBS washes with 0.2%
Tween 20 (TBS). When antigen retrieval step was required (Coll, DSP & DMP1), slides were
immersed in the citric acid solution at 95-100°C (10mM, pH 6.0) followed by TBS rinses.
Samples were blocked against non-specific binding using serum from the same species as the
secondary antibody in 0.3M glycine to reduce the background for 1h at room temperature (RT).
Primary antibodies were diluted in the blocking solution (Coll 1:50; DSP 1:100; DMP1 1:200;
vWF 1:50) and applied to the sections overnight at 4°C. Samples were washed in TBS and
appropriate fluorescently labeled secondary antibodies (diluted 1:1000 in the blocking solution)
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were applied for 1h at RT. Slides were washed, counter-stained with DAPI and cover-slipped in
aqueous mounting medium before observation under a fluorescent microscope. (Nikon Eclipse
TE2000-E, NIS Elements software).

For SEM, native and DP-ECM tissue samples were PBS washed and fixed in 2.5%
Glutaraldehyde for 4 hours, washed in PBS again, dehydrated and critical point dried using
Hexamethyldisilazane. Samples were then mounted on studs, sputter coated and imaged using

electron microscopy (JSM6330F; JOEL, CBI imaging facility; University of Pittsburgh).

3.2.2.2 ELISA quantification of GF in DP-ECM and S-GAGs quantification

We assessed the growth factors involved in angiogenesis (VEGF), collagen production (bFGF)
and fibroblasts function (TGF-bl). Using ELISA the 4 groups tested were: 1) Native non-
decellularized pulp samples as control, 2) DP-ECM non-sterilized, 3) DP-ECM disinfected in
Peracetic Acid (PAA) and 4) DP-ECM lyophilized and sterilized with ethylene oxide (EtO).
Samples were dried using speed vacuum, weighted, dissected and treated with protein extraction
buffer composed of 10ml M-PER extraction reagent (Thermo#7850), one tablet of protease
inhibitor (Roche#11836170001) and 1% phosphatase inhibitor (Sigma#P5726). The samples
were then homogenized individually, left on a shaker for 2h at 4°C, centrifuged for 20min at
13,000 rpm at 4°C, then the supernatants were collected and frozen at -80°C until assayed.
Concentrations of bFGF, VEGF, and TGF-b1l were assayed by ELISA kits according to the
manufacturer’s instructions (Quantikine Human bFGF Immunoassay; Quantikine Human VEGF
Immunoassay; and Quantikine Mouse/Rat/Porcine/Canine  TGF-bl Immunoassay- R&D
Systems).

To quantify sulfated GAGs, the following modified dimethylmethylene blue (DMMB) assay

from Awad HA (Guilak) et al. 2003 was used. Samples were digested overnight in papain
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digestion buffer of pH: 6.5 at 60 °C. Samples were added at a ratio of 80 pl:200 pl (sample:
DMMB at pH range: 1-3) increasing ratio increases sensitivity for samples with 0-30 pug S-GAG
per ml. Read at 595 nm (signal decreases with increasing gag) and 540 nm (signal increases with
increasing gag). Computing gags was based on 540-595. Chondroitin-4-sulfate at 0-30 pg/ml

concentrations were used to generate standard curves.

3.2.2.3 Dental pulp cells proliferation and migration with digested DP-ECM
Healthy adult third molars were obtained from the University of Pittsburgh, School of Dental
Medicine, after routine extraction. Dental pulp was exposed and removed with a barbed broach.
The pulp was minced and then digested in an enzyme cocktail containing 3 mg/ml collagenase
and 4 mg/ml dispase for 1 to 1.5 hr at 37°C. The total population of human dental pulp cells
(DPCs) was plated and expanded in a maintenance medium (M.M) containing Alpha Minimum
Essential Media (eMEM; Gibco, Grand Island, NY, USA), with 10% fetal bovine serum (FBS;
Atlanta Biologicals, Flowery Branch, GA, USA), and 1% penicillin/streptomycin (P/S; Gibco).
Cells were used at P3 for proliferation and trans-well migration experiments. Similar to a
previously published protocol (Freytes et al. 2008) DP-ECM was lyophilized and digested in
Pepsin 1 mg/ml, 0.01N HCI at the concentration of 10 mg DP-ECM/ml on a stirrer for 72 hrs,
neutralized using 0.1N NaOH and diluted to desired concentration using maintenance medium.
For proliferation, cells were lifted with Trypsin/EDTA, counted using a hemocytometer
and 5000 cells were seeded into a 12-well plate to adhere overnight. After overnight incubation,
the medium was replaced with conditioned medium containing DP-ECM (1 mg/ml ECM, 0.5
mg/ml ECM and 0.1 mg/ml ECM) and cells were treated for 1 day, 3 days and 7 days. At the end
of treatment, cells were lysed and cell numbers were determined using CyQuant GR Dye. A cell

pellet of known cell number was used to generate standard curves. n = 3 / group.
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For trans-well migration, cells were starved overnight in serum-free medium, lifted with
Trypsin/EDTA, counted using a hemocytometer and 50,000 cells were seeded into the top
compartment of a transwell insert (8 um pore size, Corning Transwell Polycarbonate #3421).
Bottom chamber had 4 groups: 0% FBS (negative control), 10% FBS (positive control), 1 mg/ml
DP-ECM and 0.5 mg/ml DP-ECM. Cells were left to migrate for 16 hours. After that, chambers
were placed in a cell detachment solution and cell numbers were determined using GR Dye after

the addition of cell lysis buffer. n=4/ group.

3.2.3 In-vivo Pilot Study

Dental pulp regeneration in beagle dogs by decellularized swine dental pulp extracellular
matrix: a pilot study. (Appendix figure 2)

Two female beagle dogs age 13m (Marshal Bioresources, USA) were included in this pilot study
under approved IACUC protocol at the University of Pittsburgh. The procedure is detailed under
Appendix Figure2.

Two teeth received lyophilized EtO-sterilized swine DP-ECM (App. fig. 2e) (in 4 root
canals), 3 teeth received collagen scaffold (preparation described under Appendix Figure 2) and
3 teeth were left empty (blood clot alone) as controls. Sacrifice took place at 8 weeks.

Post sacrifice micro-computed tomography (UCT), histology and immunohistochemistry.

Jaw explants (10% formalin-fixed for 3 days) were uCT scanned in PBS media at 30mm
resolution, integration time of 299 ms, 55 keV, 142 mA with a cone beam and continuous
rotation (VivaCT 40; Scanco) After uCT, teeth were hemi-sectioned into mesial (crown and
root) and distal portions by Diamond disc (102x0.3mm) on precision saw (Isomet-Buehler). Each
root/bone explant was resin embedded (Osteo-bed bone embedding kit, Polysciences, Inc-USA)
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separately for maximum penetration. Resin-embedded samples were sectioned into 5pm sections
(Leica RM2255 with tungsten carbide blade C.L. Sturkey Inc.) that were collected on sticky tape
(Tesa Film-Germany), de-acrylated and stained for 1) Goldner’s trichrome histology and 2)
immunostaining for two antibodies that demonstrated reactivity against canine but not swine
tissues (Appendix figure 3): CD31 (Labome bs-0468R, rabbit anti-human, conc. 1:50 with citrate
antigen retrieval) and DSP (Larry Fisher LF151 rabbit anti-human, conc. 1:100, without antigen
retrieval). Immunohistochemistry was performed by the Expose Mouse and Rabbit HRP kit

(Abcam) according to manufacturer’s instructions.

Statistical analysis

Data were presented as arithmetic means with standard deviation (SD) using GraphPad
Prism statistics. For PicoGreen® assay a Student’s t-test was used to compare the mean values of
DNA amount in each group. For proliferation, migration and ELISA assays, means and SD were

compared by one-way ANOVA. Differences were considered significant at p < 0.05.

29



3.3 RESULTS

3.3.1  Evaluation of the decellularization procedure

According to established decellularization assessment guidelines (Gilbert et al. 2009), our DP-
ECM contained significantly less DNA (p<0.001) than the native dental pulp tissue (PicoGreen®
dsDNA assay) and less than 50ng/mg of dry tissue weight indicating successful decellularization

(Fig. 5 A). DP-ECM showed no visible intact nuclei by H&E or DAPI staining (Fig. 5 B).

Native

DP-ECM

—

Native DP-ECM H&E DAPI

Figure 5. Assessment of the decellularization procedure. A: Quantification of the amount of
remaining dsSDNA in DP-ECM compared to native pulp tissue. B: Visualization of intact nuclei within
native and decellularized tissue by H&E and DAPI stains. Arrows point to intact vasculature before and

after decellularization.
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Before Decellularization: === After Decellularization: === Decell + Lyophilization:

Figure 6. Pictures of swine pulp tissue before decellularization (native), after decellularization

and after decellularization and lyophilization.

3.3.2 Characterization of DP-ECM

Immunofluorescence and Scanning Electron Microscopy Evaluation of DP-ECM:

ECM components were labeled using immunofluorescence before (native) and after
decellularization (DP-ECM). Collagen | was observed throughout the matrix in native and DP-
ECM, while DSP and DMP-1 were present in the tissue periphery near the dentinal walls. vVWF
was found around blood vessels and was conserved and detectable following decellularization
(Fig.7). SEM of the native tissue and DP-ECM shows changes in the tissue architecture after
decellularization (Fig. 8). These changes could be attributed to the use of vacuum pressure along

with the decellularization reagents.
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DSP DMP-1 Collagen 1 Von Willebrand factor

Figure 7. Immunofluorescence labeling of ECM molecules before decellularization (Native) and

Native

DP-ECM

after decellularization (DP-ECM). DSP and DMP-1 were limited to the periphery of the dental pulp tissue
(in proximity to dentin), VWF was localized around blood vessels and collagen throughout the tissue.

Scale bars 50um.

SEI 3.0kV X5,000 WD 7.2mm 1pm SEI 3.0kV X5.000 WD 8.0mm 1pm

Native DP-ECM

Figure 8. SEM of the native and DP-ECM shows changes in the matrix architecture and

filamentous arrangement of DP-ECM. Scale bars 1pum.
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ELISA and S-GAGs quantification:

Using ELISA, TGF-B, VEGF, and bFGF were quantified for four groups: native tissue, DP-
ECM, PAA, and EtO. Compared to native pulp tissue, TGF-f and VEGF didn’t show a
significant reduction in the decellularized matrices even after PAA disinfection. Upon EtO
sterilization, however, TGF-f and VEGF were significantly reduced (Fig. 9A, B). Basic FGF in

native tissue was undetectable after decellularization (Fig. 9C).
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Figure 9. ELISA quantification of (A) VEGF, (B) TGF-B and (C) bFGF from native pulp, DP-

ECM, DP-ECM disinfected in PAA and DP-ECM lyophilized and sterilized with EtO. *p<0.05.

Upon investigating the individual contribution of the lyophilization and EtO sterilization
processes to the reduction of GF, we tested TGF-f reduction from both the native and DP-ECM
matrices after lyophilization (Appendix fig.1). Our data indicate that the lyophilization process

may have had the greatest contribution to GF reduction rather than EtO sterilization alone.
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To further characterize the DP-ECM, dimethyl methylene blue was carried out on Native
Pulp, DP-ECM and UBM as an additional control. Overall, the DP-ECM showed a significant
reduction when compared to the native pulp. While the amount is reduced, the reduction was
only about 1 pg/mg of dry tissue. This validates the presence of S-GAGs in the DP-ECM even

after complete decellularization.

Sulfated Glycosaminoglycans Content
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Figure 10. Sulfated Glycosaminoglycans quantification of (Control) UBM, DP-ECM and from

the native pulp. *** p<0.001.
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3.3.3  Proliferation and migration of dental pulp cells.

After 1 day of treatment, all groups showed similar proliferation rate when compared to the M.M
group. At 3 days, groups containing 1 mg/ml and 0.5 mg/ml DP-ECM showed an increase in
proliferation rate when compared to the M.M group in a dose-dependent manner. 7 days after
treatment, the cells are still maintaining a proliferation rate similar to the M.M groups without

any statistically significant differences (Fig. 11).

Proliferation: Dental Pulp Cells
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Figure 11. Proliferation of dental pulp cells after 1, 3 and 7 days of treatment with the DP-ECM

digest. *p<0.05*** p < 0.001
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Trans-well migration: Dental Pulp Cells
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Figure 12. Trans-well migration of dental pulp cells, 16 hours after treatment. ***p<0.001

After 16 hours, the group containing 10% FBS had the greatest effect on the migration of
DPCs followed by 1 mg/ml DP-ECM and 0.5 mg/ml DP-ECM. When compared to 0% FBS
group, DP-ECM groups showed an increase in the number of migrating cells which was also

affected by the dose concentration (Fig. 12).

3.34 In-vivo implantation and characterization of DP-ECM

In a pilot study to investigate its regenerative ability, the sterilized DP-ECM was introduced in
debrided root canals of beagle dogs’ molars and premolars while using collagen sponges and

empty canals (filled with a blood clot) as controls. The apical foramen was deliberately prepared
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open to 0.5mm to allow periapical cells infiltration. Upon sacrifice at 8 weeks, all 3 groups
showed cellular infiltration from the apex through the root canals and up to the pulp chambers
(DAPI nuclear stain; Fig.13 F, G, M, N, T& U). All 3 groups showed evidence of intra-canal
mineralization visualized by microCT and Goldner’s trichrome staining. (Fig.13 A, B, H, |, O &
P). These observations indicate that tissue formation was achieved in all three groups. However,
immunohistochemical staining for antibodies against canine tissues and not against swine tissue
(Appendix. Fig. 3) showed CD31+ cells and DSP+ tissue in the pulp canals that received DP-
ECM. This shows that DP-ECM has the ability to recreate the pulp native microenvironment to
recruit vascular cells and differentiate the homing cells from the periapical tissues to form a

DSP-expressing dental pulp-like matrix (Fig.13 D & E).
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Figure 13. uCt (A, H & O) and histology (B-G, I-N & P-U) at 8 weeks for the 3 groups
investigated in beagles’ dental pulp regeneration: Decellularized swine ECM (DP-ECM; A-G), Collagen
sponge control (H-N) and root canals left empty (O-U) The uCt sections show the open apices directly
connected to the periapical tissues. The asterisk on Ct sections indicate the roots featured in the gross
histology images (Goldner’s trichrome) C, ] & Q. B, I and P are enlargement of framed area in C, ] & Q
respectively. D, K & R show the IHC for CD31 from the framed area in C, J & Q respectively. Arrows in
D point to positivity around a blood vessel. E, L & S show the IHC for DSP from the framed area in C, J
& Q respectively. Arrows in E point to DSP-positive tissue. F, M & T show nuclei (DAPI) of cells
infiltrated in proximity to the pulp chamber. G, N & U show nuclei (DAPI) of cells infiltrated at the root
apex. d: dentin. Scale bars: B, | & P, 100um; C,J & Q, 250um; D, E, K, L, R & S, 50um; F, G, M, N, T

& U, 200pm.

3.4  DISCUSSION

In the present study, we report the successful decellularization of swine pulp tissue from young
pigs. We characterized the decellularized pulp matrix (DP-ECM) as a homologous site-specific
ECM targeting dental pulp regeneration for regenerative endodontics applications. Although we
did not compare young to old ECM, our selection of the 6-month old swine matrix was based on
the notion that young ECM performs better in rescuing old cells potential of proliferation and
differentiation (Sun et al. 2011; Zhu et al. 2009). As a strategy for regenerative pulp therapy,
ECM-based materials are a viable option for scaffold sourcing as they represent a readily
available carrier with unique combinations of bioactive molecules from native tissue while not
relying on designing a delivery system for a single GF (Hoganson et al. 2010; Ravindran and

George 2015).
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Investigating the efficiency of our decellularization process, DAPI and H&E histology
showed no visible nuclei. Quant-iT PicoGreen results confirmed that DP-ECM had significantly
less residual double-stranded DNA compared to native pulp tissue. To reach the standard
requirement of less than 50ng of residual DNA per mg of dry tissue (Brown et al. 2011), a
marker for the effectiveness of decellularization, we performed several modifications in the
original protocol: mincing of pulp tissue while applying vacuum pressure allowed better tissue

penetration compared to treatment with acids and detergents alone. (Gilbert et al. 2006).

To understand the effect of DP-ECM on cells of dental populations, we selected human
DPCs as a candidate for proliferation and migration assays. The digested DP-ECM showed a
statistically significant increase in proliferation at day 3 followed by normal proliferation rate at
day 7. On the level of migration, DP-ECM shows a chemotactic effect on DPCs when compared
to 0% FBS, the increase in the number of migrating cells was dose-dependent. This observation
highlights the role of the ECM degradation products, as demonstrated in previous studies

investigating the cell-matrix interaction (Reing et al. 2009).

To determine the effect of the decellularization process on the resulting matrix proteins,
Coll, DSP, DMP1, and VWF were fluorescently labeled before and after decellularization. Coll
consists of the matrix body; DSP and DMP-1 are members of the SIBLING protein family and
play a role in mineralization and formation dentin-pulp complex (Beniash et al. 2011; Lee et al.
2012); and VWF as a protein involved in blood vessels formation. Immunofluorescence labeling

showed the conservation of these original matrix proteins after decellularization.
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For further characterization, we selected ELISA to quantify VEGF, bFGF and TGF-
GF shown to be present in other ECM-based materials (Keane et al. 2013; Reing et al. 2010;
Wolf et al. 2012) and crucial for dental pulp development and regeneration namely in
angiogenesis, collagen production and fibroblasts function (Boyle et al. 2014; Lee et al. 2015).
Envisioning clinical application as our ultimate goal for DP-ECM application and to understand
the effect of disinfection and sterilization on the produced matrix, we compared the DP-ECM to
a group of lyophilized and Ethylene-Oxide sterilized DP-ECM and to another that was only
disinfected by peracetic acid; while having the native non-decellularized tissue as a control. EtO
sterilization was selected according to its induction to the least physical and chemical changes in
the decellularized matrix (Matuska and McFetridge 2015). ELISA analysis showed that the
decellularization alone did not affect the amount of VEGF and TGF- within the tissue while it
significantly dropped the amount of bFGF to an undetectable level. This indicates that bFGF
may be bound to the cell membrane (Tassone et al. 2015) but also could be easily lost during the
wash steps being loosely bound to the matrix (Witte et al. 1989). The additional treatment of DP-
ECM with peracetic acid for disinfection did not have a significant reduction on the amount of
VEGF and TGF-f; while lyophilization and EtO sterilization did. To rule out the effect of either
the lyophilization or the sterilization processes, TGF-f was quantified before and after
lyophilization for both native tissue and DP-ECM (Appendix Figurel). After lyophilization,
TGF-B was significantly reduced for both groups, while adding EtO sterilization did not reduce
further the amount of TGF-B in the matrix (Fig. 9). This suggests that the reduction in GF seen
after lyophilization and EtO sterilization is mainly attributed to lyophilization prior to
sterilization. On the level of retained glycosaminoglycans, the DP-ECM showed a reduction of

about 1 pg/mg of dry tissue weight after complete decellularization with retention of the rest of
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the S-GAGs Collectively, our results indicate DP-ECM retained VEGF, TGF- and S-GAGs,
highlighting its biological activity as an implantable scaffold, which was also confirmed by the

in-vivo implantation in beagles' root canals.

To investigate the regenerative ability of DP-ECM, we implanted lyophilized and
sterilized DP-ECM into fully debrided root canals in beagle dogs for 8 weeks. The canals
instrumentation targeted opening the root apex to 0.5mm to recruit and investigate the influx of
the periapical cells toward the implanted material (Wang et al. 2015; Zhu et al. 2008).
Experimental controls were collagen matrix and empty canals filled only with the blood clot.
After 8 weeks, all experimental groups showed cellular infiltration, however, only the DP-ECM
group showed CD31 positive and DSP positive tissue within the pulp canals indicating
neovascularization and formation of dental pulp-like tissues respectively. The CD31 and DSP
were scrutinized to be from canine and not from swine origin by employing antibodies reacting
toward canine tissue only (Appendix Figure 3). All three groups showed the formation of
mineralized structures within the dental pulp. This tissue is usually considered to be cementum
differentiation and attributed to the invasion of mesenchymal cells from the periodontal ligament
differentiating into cementoblasts; a common observation in pulp regeneration literature. It is of
consensus, however, the necessity to include cementogenesis inhibitor molecules to prevent the
development of intracanal mineralization while attempting pulp regeneration (Zizka and Sedy
2017). Our observations and results point to an ECM-based scaffold able to promote constructive

remodeling and formation of site-appropriate tissue (Wolf et al. 2012).

In this study, we show that the use of a readily available decellularized pulp ECM

provides a structural and functional native scaffold that can recreate the original
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microenvironment for dental pulp regeneration. We believe our approach to regenerate the dental
pulp by DP-ECM has the following advantages: i) The employment of growth/cryptic peptides
within the debrided pulp space promises the recruitment of host cells to repopulate the dental
pulp from the periapical tissues in a process mirroring physiological tissue remodeling (Agrawal
et al. 2010). ii) This cellular trafficking warrants the re-establishment of the stem-cell niche,
hence a lifetime of proper tissue turnover (Sacchetti et al. 2007; Zaky and Cancedda 2009). iii)
Less cost and complexity from approaches requiring substantial ex-vivo cell manipulation; and
iv) with its minimally invasive procedure, DP-ECM based pulp regeneration would stand as an
auspicious approach to pulp regeneration for translation to the dental clinic.  Further
investigation, however, is needed to fully understand the remodeling process and to gain insight

into the host response to DP-ECM.
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4.0 SPECIFIC AIM 2: EFFECT OF DECELLULARIZED PULP EXTRACELLULAR

MATRIX ON DENTAL PULP AND PERIODONTAL LIGAMENTS CELLS

4.1 INTRODUCTION

Currently, the gold standard to treat a patient suffering from irreversible pulpitis is to perform
root canal treatment, resulting in the removal of the infected pulp and filling of the empty space.
There are no current autografts or xenografts that serve as a potential clinical replacement. This
is due to the lake of an appropriate scaffold capable of dental pulp regeneration. This is also true
for clinical techniques, as most of the current knowledge is based on the use of root canal
treatment related products and procedures.

The shift toward the use of ECM based scaffolds is growing larger in the field of
regenerative medicine. The application of these scaffolds in dental pulp cases might carry the
potential for the field of regenerative endodontics. Previous attempts to develop synthetic and
biological materials for implantation have shown promising results, emphasizing the possibility
of pulpal regeneration (Huang et al. 2018; Paduano et al. 2017). Matrices mimicking the dental
pulp chemical and physical properties were developed using methods like decellularization and
electrospinning (Algahtani et al. 2018; Kim et al. 2015a; Song et al. 2017).

Along these attempts, different types of cells were harvested and used for this purpose. It

is of note that most tissues and organs within the adult human body have multipotent stem and
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progenitor cell populations that are specific for the tissue or organ within which they reside. In
the 2000s, the dental pulp cells were sorted for stem cell markers and characterized to have
myogenic, adipogenic and neurogenic potential, highlighting their role as stem cells (Gronthos et
al. 2002; Gronthos et al. 2000). Similarly, cells isolated from the periodontal ligaments and
apical papilla were positive for stem cells marker and show potential for tissue regeneration
(Ruparel et al. 2013; Seo et al. 2004). Because ECM produced by the resident cells of each tissue
is well suited with regard to composition and structure for that particular tissue, the composition
of ECM harvested from different tissues will also vary (Sellaro et al. 2007). It is expected that
ECM derived from a particular tissue may generate degradation products that recruit progenitor
cells that are lineage-directed for that same tissue. Based on this approach it is important to
characterize and understand the interplay between the cells and their respected matrix.

The interactions between cells and the extracellular matrix have been shown to influence
the behavior of the cells and can result in a diverse array of biological processes such as
migration, adhesion, and angiogenesis (Davis 2010; Maquart et al. 2005; Vlodavsky et al. 2002).
This is due to ECM constant release of these effects upon cellular behavior and phenotype, and
in return, the cells remodel the ECM in a process called dynamic reciprocity (Bissell and Aggeler
1987; Boudreau et al. 1995; Ingber 1991). This dynamic homeostasis is a result of highly
regulated cell signaling and patterning processes and is dependent upon the secretion of matrix
metalloproteinases (MMPs), tissue inhibitors of MMPs, fibronectin, and collagen.

The dynamic reciprocity of ECM is a distinct feature that has not been replicated in other
tissue engineered biomaterials, as synthetic materials can only be adjusted to degrade at specific
rates and under specific conditions. The dynamic reciprocal nature of the ECM requires the ECM

to release its bioactive products that are also biodegradable. As a result, all the components of the
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ECM are subjected to degradation and change. The main components responsible for the
degradation of the ECM extracellularly are MMPs, metalloproteinases with thrombospondin
motif families (Cawston and Young 2010).

Degradation caused by these proteinases can result in the exposure and recognition of
new sites with potent bioactivity on the surface of the ECM. These byproducts include cryptic
sites, which can influence cells behavior and bioprocesses including angiogenesis, anti-
angiogenesis, chemotaxis, adhesion, and antimicrobial effects (Ramchandran et al. 1999). One of
the most common cryptic site peptides is the Arg-Gly-Asp peptide found within fibronectin,
collagen, vitronectin, and osteopontin, which have been used for cell adhesion (Hern and
Hubbell 1998; Hsiong et al. 2008; LeBaron and Athanasiou 2000; Vidal et al. 2013).

ECM based scaffolds also serve as a niche for stem cells and growth factors. The ECM
cell niche contributes to the establishment and maintenance of stem cell differentiation through
soluble factors and ECM macromolecules (Brizzi et al. 2012; Kazanis and ffrench-Constant
2011; Votteler et al. 2010). Within the ECM, the degradation and remodeling in the stem cell
niche are thought to mediate cell activation and release. The composition, topography, and
biomechanics of the ECM can regulate stem cell migration and differentiation (Engler et al.
2006; Reilly and Engler 2010).

The goal of this aim is to understand the effects produced by the DP- ECM on cells from
dental pulp and periodontal ligaments. The UBM, a well-characterized scaffold will be used as a
control and to also allow us to understand the difference between site-specific matrix and
ectopically derived matrix. The use of an appropriate cell population is another important factor
since the source of the cells invading the root through the apex remains questionable. So, the two

cell populations included in this work are both readily available and can be easily harvested from
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the adult’s third molar. This chapter focuses on the ability of these cells to promote wound
healing and understanding the effect of matrix degradation products on cells gene expression
profile. In-vivo, the matrices will be implanted subcutaneously with different cells to
characterize the regenerated tissues for vascular, dental and neuronal proteins expression and the

tissues resemblance to the natural dental pulp anatomy.

PDL Cells UBM and DP-ECM Dental Pulp Cells

| |

Wound Healing (Scratch Assay)
Imaged at 12, 24, 36 and 48 hours

Gene Expression Analysis For: COL1AI,
VEGFA, NES, TUBB3 and ALPL.
Time Points: 1, 2 and 3 weeks.

Y Y
Subcutaneous implantation of 9 groups retrived at: 6 weeks and 12 weeks:
A) Collagen I B) Collagen I + PDL cells C) Collagen I + DP cells
D) UBM E) UBM + PDL cells F) UBM + DP cells
G) DP-ECM H) DP-ECM + PDL cells I) DP-ECM + DP cells

IF staining and for: CD31, DSPP and Beta 3-tubulin + H&E

Figure 14. Scheme of experimental design for Aim 2.
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4.2 MATERIALS AND METHODS

4.2.1  Wound Healing Assay

To determine the cells ability to heal the extirpated pulp canal and repair the injury area, wound
healing assay was performed on dental pulp and periodontal ligaments cells. Cells were cultured
to P3, seeded into a 12-well plate at 200,000 cells/well and were cultured to ~90% confluency.
Wounds were created horizontally using 200 pl pipette tip across all the wells. After that, cells
were washed with PBS to remove the dead cells and stained with Hoechst 33342 for 10 mins,
washed twice with PBS to remove the dye and treated with maintenance medium (M.M) as a
control, M.M with DP-ECM at 1 mg/ml and M.M + UBM at 1 mg/ml. Wells were imaged at 12
hours interval over the course of 48 hours. Image analysis and counting of cells were performed

using ImagelJ.

4.2.2  Gene Expression Analysis

To understand the effect of the ECM degradation products on dental pulp and periodontal
ligaments cells. The cells at P3 were seeded into 6-wells plate at 4x10° cells/well, cultured to
sub-confluency and treated with the following: (control) maintenance medium,
M.M with DP-ECM 1 mg/ml and UBM 1 mg/ml for 7, 14 and 21 days. At the end of each time
point, total RNA was extracted from the cells using the Trizol technique. The quantity and
quality of RNA were measured using a nanophotometer. Complementary DNA was synthesized
using Applied Biosystems™ TagMan™ High-Capacity RNA-to-cDNA kit (Fisher #43-874-06).

For quantitative RT-PCR, TagMan® Fast Advanced Master Mix (Fisher #44-445-57) was used
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to analyze the mRNA expression of ALPL, COL1Al, VEGFA, TUBB3, NES, and human 18S as
a housekeeping gene to allow for relative quantification of the signal.

Table 1. Genes used to characterize the dental pulp and periodontal ligaments cells response.

Tagman™ gene expression
Gene Symbol and name
assay Catalog Number
ALPL (Alkaline Phosphatase) (Hs01029144 m1)
COL1AL (Collagen I alpha I chain) (Hs00164004_m1)
VEGFA (vascular endothelial growth factor A) (Hs00900055_m1)
TUBB3 (beta 3-tubulin) (Hs06637750_g1)
NES (Nestin) (Hs04187831 _g1)
18S (human 18S Ribosomal RNA) (Hs99999901 s1)

4.2.3  Constructs Preparation

To mimic the orthotopic model of the tooth root canal: subcutaneous implants consisting of
human tooth root segments were used in this study. The segments contain a combination of
different cells and different scaffolds. The goal is to determine the suitability of these scaffolds
while understanding the ECM influence on cells in dental pulp regeneration scenario (For all
groups sample size n=8, four samples were retrieved at 6 weeks and another four samples at 12

weeks to be used for histology processing and immunofluorescent staining).

4.2.3.1 Tooth Root Segments
Adult human teeth were collected after extraction at the University of Pittsburgh, School of

Dental Medicine. The teeth crowns were removed, and the roots were scraped to remove
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cementum and cut into radicular segments of 5-6 mm in length using an IsoMet low-speed saw
(Buehler, Lake Bluff, IL, USA) with IsoMet diamond blade (Buehler). The root canal space was
opened to a diameter of 1-1.5 mm. Root segments were then conditioned in a series of washes
with NaOCI and EDTA which has been previously shown to enhance cells differentiation and
adhesion to the dentin wall (Galler et al. 2011). The roots were first treated with 0.5 M
ethylenediaminetetraacetic acid (EDTA) for 1 min, then rinsed in PBS for 5 min and washed in
6.15% NaOCI for 10 min. The roots were then washed 3 times in sterile PBS and then treated
again with 0.5 M EDTA for 10 min. The roots were rinsed again 3 times in PBS. To ensure the
sterilization of the segments. The roots were incubated in Growth Medium at 37°C for 4 days
and monitored for microbial growth. One side of the canal openings was plugged by Mineral

Trioxide Aggregate as an actual presentation of a root canal in-vivo.

4.2.3.2 Scaffolds Preparation and Delivery in Root Segments.

After the preparation of the root segments, cells from dental pulp and PDL were cultured to 80%
confluency then it was treated with trypsin, collected and centrifuged to obtain a cell pellet. The
pellet was re-suspended in Rat Tail Collagen | (Advanced BioMatrix) at the concentration of
1x107 cells per 1 ml of collagen. To allow the attachment of cells to the scaffolds, the cells
suspension was mixed with 3 different scaffolds (Rat Tail Collagen I, DP-ECM and UBM) that
have been lyophilized and sterilized with ethylene oxide. Afterward, the cells and scaffolds were
placed in the root segments using a plugger and a plastic instrument. The constructs were then
incubated at 37°C until surgery takes place on the same day.

The groups included in this study are featured below in Table 2.
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Table 2. Groups included in the constructs for subcutaneous implantation.

Groups Matrix Seeded cells

1 No cells

2 Collagen Periodontal Ligaments Cells
3 Dental Pulp Cells

4 No cells

5 UBM Periodontal Ligaments Cells
6 Dental Pulp Cells

7 No cells

8 DP-ECM Periodontal Ligaments Cells
9 Dental Pulp Cells

4.2.3.3 Surgery and Animal Implantation

All animal studies were approved by the University of Pittsburgh Institutional Animal Care and
Use Committee (IACUC). The prepared constructs in (Table 2) were implanted subcutaneously
into 8 weeks old immunocompromised NU/NU nude male mice (Jackson Lab); in total, 4
samples from each group were implanted per time point. Mice were exposed to isoflurane and an
incision approximately 1 cm in length was made in the dorsum of the mouse, air pockets were
created by blunt dissection, samples were implanted and the wounds were closed with
interrupted sutures. Four samples were implanted into each mouse, and samples were retrieved

after 6 and 12 weeks.
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4.2.4  Histology and Immunofluorescence

Upon retrieval of samples, the constructs were placed in a cold 10% Formalin for 24 hours. After
that, samples were treated with 0.32 M of EDTA for 3 to 4 weeks. Radiographs were taken to
determine decalcification of dentin. Following processing and embedding of samples, 7-pum
sections were taken and were used for H&E staining.

To detect and compare the presence of vascular, odontogenic and neurologic markers in
the regenerated samples, sections of 7-um thickness were stained for: CD 31 (Abcam, ab28364),
DSPP (Kerafast, LF-151, and LF-153) and B-111 Tubulin (Abcam, ab52623) according to the
following protocol: Sections were deparaffinized in 3 changes of Xylene and rehydrated in a
series of alcohol changes. Once hydrated, samples were inspected for auto-fluorescence and
treated with Sudan Black B 1.5% in 70% ethanol or Cupric Sulfate and Ammonium acetate
50mM if needed. After that, heat-induced epitope retrieval was performed using 0.1 mM Sodium
Citrate buffer pH: 6 at 98°C for 20 mins or in 10 mM Tris-EDTA buffer pH: 8 at 98°C for 20
mins. Primary antibodies were applied in the following concentrations (DSPP at 1:200, CD31 at
1:100 and B-II tubulin at 1:400) and incubated overnight at 4°C followed by washes and
application of fluorophore-conjugated secondary antibody, Goat anti-Rabbit Alexa Fluor 555 for

(CD31 at 1:300), (B-111 Tubulin at 1:1000) and (DSPP at 1:1000).
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43 RESULTS

4.3.1  Wound Healing Assay

In order to understand the effect of ECM degradation products on cells isolated from different
dental populations, wound healing assay was selected. The periodontal ligaments cells showed
an increase in the number of cells migrating to the wound area after 12 hours and 24 hours when
compared to the untreated control. It shows that the treatments with UBM and DP-ECM can
potentially enhance wound healing when used with PDL cells. After 36 hours of wound
induction, it appears that there are no differences in the number of cells and even at 48 hours.

Another cell line, dental pulp cells, was scratched and treated in a similar way. Interestingly, the
cells isolated from dental pulp showed a better wound healing response when treated with the
DP-ECM digest. At 12 hours the number of cells recruited to the wound area has exceeded the
control and also the UBM at 24 hours post-treatment. The wounds created with dental pulp cells

also show no differences at time points: 36 hours and 48 hours.
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Figure 15. Wound healing assay for PDL cells. A) After the scratch, cells were stained with

Hoechst 33342 and left to migrate for 48 hours. B) The numbers of cells migrating to the wound area

from 0 hours to 48 hours. Scale bars=100um (n=4) Error bars are mean £ SEM * p <0.05 ** p <0.01

54



A Time: 0 hours Time: 48 hours
3
o
=
=
=~
g
=
D
| e, IS
B Dental Pulp Cells
250, P

-
N
o

200, I 'I' I 'I'
T B Control
1 . I UBM 1 mg/ml
o 1 DP-ECM 1 mg/ml
0‘_¥_=_I - r T v
0 hrs 12 hrs 24 hrs 36 hrs 48 hrs
Wound Healing Assay

E

Number of migrated cells

a
o

Figure 16. Wound healing assay for Dental Pulp cells. A) After the scratch, cells were stained
with Hoechst 33342 and left to migrate for 48 hours. B) The number of cells migrating to the wound area

from 0 hours to 48 hours. Scale bars=100um (n=4) Error bars are mean = SEM * p <0.05 ** p <0.01



4.3.2  Gene Expression Analysis

To determine the effects of DP-ECM and UBM on the gene expression of PDL cells and dental
pulp cells, both matrices were digested and add to the cells medium at 1mg/ml for 1, 2 and 3
weeks. Gene analysis for VEGFA, Nestin, TUBB3, ALP, and COL1Al1 as markers for
angiogenesis, neurogenesis, and mineralization. After one week of treatment, the PDL cells
showed an up-regulation of ALPL with UBM and down-regulation of VEGFA, Nestin, and
COL1A1 when treated with UBM and DP-ECM. For dental pulp cells, the DP-ECM induced a
decrease in the expression of VEGFA, Nestin, TUBB3, and COL1A1. Similarly, the UBM group
showed a decrease in the expression of VEGFA and COL1A1 but not Nestin or TUBB3.

After two weeks of treatment, the PDL cells still show a downregulation of the genes
mentioned above along with the UBM creating the same effect on these cells. Dental pulp cells
gene expression of VEGFA, Nestin, and COL1A1 appears to be still down-regulated with UBM
and DP-ECM. TUBB3 shows an upregulation for dental pulp and periodontal ligaments cells
when treated with UBM compared to control.

At three weeks, PDL cells treated with DP-ECM shows an increase in the expression of
VEGFA and down-regulation of collagen | and Nestin. The UBM maintained a similar response
to the two weeks group with TUBB3 and ALPL being up-regulated. The cells isolated from
dental pulp showed an increase in VEGFA and ALPL while collagen | and Nestin were down-
regulated when treated with DP-ECM. The UBM, on the other hand, appears to increase the

expression of TUBB3 with Nestin still down-regulated.
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Figure 17. Gene expression analysis of PDL cells at 1, 2 and 3 weeks post-treatment. Genes

included: Collal, Nestin, TUBB3, ALPL, and VEGFA.
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Figure 18. Gene expression analysis of Dental Pulp cells at 1, 2 and 3 weeks post-treatment.

Genes included: Collal, Nestin, TUBB3, ALPL, and VEGFA.
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4.3.3  Histology and Immunofluorescent Labeling

In this study, constructs made from root segments plugged with MTA on one side were filled
with Collagen, UBM, and DP-ECM with and without cells from the dental pulp and periodontal
ligaments. Eight samples per group were placed in mice subcutaneously, four samples were
retrieved at 6 weeks and four samples were retrieved at 12 weeks. The samples were fixed,
demineralized and processed for H&E staining, DSPP, CD31 and B-IlI tubulin
immunofluorescent staining.

At 6 weeks, collagen showed no changes, without any signs of remodeling or cellular
infiltration. When seeded with PDL cells, the resulting tissue demonstrates cellularity,
organization, and formation of nerves and new blood vessels along with the maintenance of the
canal system. When the dental pulp cells were used, similar to PDL, there were signs of
neovascularization and moderate expression of B-111 tubulin within the canal and DSPP within
the cells. Samples filled with UBM powder didn’t display any marked infiltration of cells with
minimal numbers of cells seen near the UBM/host interface with no expression of either CD31
or B-111 tubulin or DSPP. Samples with PDL cells incorporated with the UBM showed a presence
of some cells within the canals but no signs of remodeling and regeneration. Similarly, when
dental pulp cells were added to UBM it showed no support for these cells and remained negative
to vascularity or neurogenesis. The DP-ECM was also included in this study and it was added in
a minced tissue form. At 6 weeks, it showed infiltration of host cells mostly around and between
the spaces of the DP-ECM. It also shows blood vessels, expression of CD31 and cells expressing
DSPP but remained negative to B-111 tubulin. When PDL cells were added to the DP-ECM, the
ECM showed support for the incorporated cells and shows remodeling of the ECM with

positivity for CD31, DSPP and B-I11 tubulin. Of an interesting note, samples with DP-ECM and
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dental pulp cells showed the best remodeling of the matrix and enmeshment of cells into the
matrix with areas of the regenerated tissue expressing CD31, DSPP, and B-111 tubulin.

Samples retrieved at 12 weeks included the same groups as the ones mentioned above.
Collagen remains unchanged in the canal without remodeling or infiltration of the host cells.
When PDL cells were added to collagen, it showed cellularity and maintenance of the canal
system with markers for CD31 and B-111 tubulin still being expressed. The dental pulp cells have
also shown similar results when it comes to markers expression and maintenance of cellularity.
When using the UBM alone, it shows an outcome similar to the one seen in the 6 weeks group
without any signs of tissue remodeling. Dental pulp and PDL cells were also included in the 12
weeks assessment and included in the canal with the UBM. Both groups showed no expression
of CD31, DSPP and beta 3-tubulin, with areas of minimal cellularity existing in the canal space.
The DP-ECM displayed infiltration of host cells and continues signs of remodeling and
expression of vascular, mineral and neuronal markers. The DP-ECM included with PDL cells
shows maintenance of cellularity, vascularity, neurogenesis, and expression of DSPP. Last,
samples with the dental pulp cells added to the DP-ECM in the canal space appears to be the best
in terms of matrix remodeling and neo-tissue formation across the canal, expression of CD 31,

DSPP and B-I11 tubulin are still present.
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Figure 19. Six weeks after implantation of Collagen alone, Collagen + PDL cells and Collagen +
Dental Pulp cells. H&E staining (Scale bar = 250um) and IF (Scale bar = 100 um) was done for CD31, j-

111 tubulin and DSPP.
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Figure 20. Six weeks after implantation of UBM alone, UBM + PDL cells and UBM + Dental
Pulp cells. H&E staining (Scale bar = 250um) and IF (Scale bar = 100 um) was done for CD31, -111

tubulin and DSPP.
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Figure 21. Six weeks after implantation of DP-ECM alone, DP-ECM + PDL cells and DP-ECM
+ Dental Pulp cells. H&E staining (Scale bar = 250um) and IF (Scale bar = 100pum) was done for CD31,

B-111 tubulin and DSPP.
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Figure 22. Twelve weeks after implantation of Collagen alone, Collagen + PDL cells and
Collagen + Dental Pulp cells. H&E staining (Scale bar = 250pum) and IF (Scale bar = 100um) was done

for CD31, B-111 tubulin and DSPP.
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Figure 24. Twelve weeks after implantation of DP-ECM alone, DP-ECM + PDL cells and DP-
ECM + Dental Pulp cells. H&E staining (Scale bar = 250pum) and IF (Scale bar = 100um) was done for

CD31, B-111 tubulin and DSPP.
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44  DISCUSSION

In this work, the DP-ECM and the UBM were selected as candidates to study the effect of ECM
based scaffolds on cells isolated from the dental pulp and the periodontal ligaments. The goal is
to understand the effects of matrix degradation products in-vitro and gain an insight into the
remodeling potential of these matrices with and without the cellular component in-vivo
ectopically. The choice for an ectopic subcutaneous model over an orthotopic application stems
from the need of a bacteria-free environment and an immunocompromised host to allow for the
study of the cellular effect on the matrix (Kim et al. 2015b). It was shown before that ECM
scaffolds can carry beneficial effects on different cells including chemotaxis, differentiation, and
proliferation (Hu et al. 2017; Takewaki et al. 2017). It is of importance to understand the
suitability of the cell selected and the proposed ECM scaffold as studies have suggested the
benefits of using site-specific ECM (Boruch et al. 2010; Shi et al. 2017).

While the origin of cells expected to fill the canal space in regeneration scenario is
unknown, we chose to study dental pulp and PDL cells as these cells are available in adult
patients and it would be logical to expect the apical infiltration to be of PDL related cells (Gao et
al. 1996). One important aspect of the cells infiltrating the canal is the ability of the recruited
cells to heal the wound area and the void pulp space. For this purpose, wound healing assay was
carried using the dental pulp and PDL cells utilizing two matrices: DP-ECM and UBM in the
form of an acid digest. Cells isolated from the PDL showed an increase in the number of cells
migrating to the wound area when stimulated with DP-ECM and UBM, the effect was notable at
12 and 24 hours post-treatment. All of the groups showed similar numbers of migrating cells to

heal the wound area 36-48 hours after wound induction. When compared to dental pulp cells, the
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DP-ECM group had the highest number of migrating cells between 12-24 hours and the UBM
showed no statistically significant difference from control.

Collectively, the results of this experiments come in support of previously reported and
established work where ECM degradation products induced chemotaxis and migration of
different cells (Brennan et al. 2008; Crapo et al. 2014; Reing et al. 2009). The DP-ECM with its
collection of proteins and growth factors show an influence in the ability to recruit both PDL and
dental pulp-derived cells in wound healing scenario. These results highlight the ability of DP-
ECM in the recruitment of two cellular population with clinical and anatomical relevance. On an
interesting note, the UBM showed better support for PDL cells over dental pulp cells, indicating
the suitability of the UBM scaffold for periodontal applications (Camacho-Alonso et al. 2018;
Wang et al. 2018).

On the level of gene expression, previous reports have shown the influence that ECM
based scaffolds can have on cells in-vitro including the changes in secreted MMPs and growth
factors (Agrawal et al. 2011; Crapo et al. 2012). The dental pulp cells and PDL cells, in this case,
were treated with 1 mg/ml for 1, 2 and 3 weeks. At the 1% 2" and 3' week, COL1A1 a gene
involved in ECM production was markedly down-regulated for in dental pulp and PDL cells
treated with UBM and DP-ECM when compared to the untreated control. This is possibly due to
the presence of collagen extracellularly and the upregulation of a different type of collagen (Hu
et al. 2017). After the treatment of PDL cells with the UBM for one week, it showed a significant
increase in the expression of ALPL. At 1 and 2 weeks of treatment, VEGFA and Nestin were
both down-regulated with no increase in folds of the expression of these genes. The UBM was
able to upregulate TUBB3 after 2 weeks of treatment for the two cell type. Three weeks after

treatment with ECM scaffolds, the DP-ECM shows an increase in the expression of ALPL for
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dental pulp cells and an increase in VEGFA for dental pulp and PDL cells. On the other hand,
the UBM digest appears to upregulate the expression of TUBB3, a marker for newly formed
nerves, for dental pulp and PDL cells while ALPL was only upregulated with PDL cells. These
results are not surprising when we consider the UBM effect on Neuroblastoma cells and its
ability to induce the formation of neurite extensions along with its use in spinal injuries (Huleihel
et al. 2016). The DP-ECM effect on the expression of VEGFA was favorable as one of the
important aspects of a functional dental pulp is an intact vascular system. It was shown before
that the DP-ECM retained its proteins including VEGFA which is potentially one of the factors
contributing to the upregulation of VEGFA (Algahtani et al. 2018). Overall, the UBM and DP-
ECM digests are bioactive and show an influence on dental pulp and PDL cellular behavior as
early as 1 week after treatment and as late as 3 weeks after treatment in-vitro.

Upon retrieval of the subcutaneously implanted constructs. Samples filled with collagen
type I alone didn’t show any signs of remodeling or cellular infiltration. It is possible that the
lack of complexity and active degradation products rendered collagen’s ability to remodel. When
PDL cells were added, the canal was filled with cells where blood vessels were clearly visible,
the same trend continued at 12 weeks post-implantation showing persistence of CD31 and -1l
tubulin expression. On a similar note, the addition of dental pulp cells permitted the formation of
new vessels with a noted expression of DSPP and B-111 tubulin around cells and near dentinal
walls. At 12 weeks, dental pulp cells maintained the canal vitality showing contentious
expression of CD31, DSPP and B-I11 tubulin. Groups that have received UBM powder show
slight infiltration of cells at the UBM/host interface. The UBM didn’t remodel in the root canal
segments, although shown in other areas to be capable of remodeling and allowing for the

formation of functional tissue. When cells from PDL and dental pulp were added, the resulting
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tissue appears to follow the behavior of the UBM group where minimal numbers of cells were
sparsely present in the canal with no expression of CD31, DSPP and -1l tubulin even at 12
weeks after implantation. Collectively, these results suggest the UBM as a material not suitable
for dental pulp regenerative purposes, at least in the powder form. This could be attributed to the
dire need for UBM to receive mechanical forces, which will allow for remodeling and release of
factors embedded within the UBM. A heavy body of the ECM literature emphasizes the role of
mechanical forces in the degradation and functional remodeling of UBM scaffolds (Boruch et al.
2010; Dziki et al. 2018; Turner et al. 2012). Although the outcome might be different for the
UBM in the orthotopic application, where occlusal forces are present, the ectopic model shows
that mechanical interaction is more important than the presence of vital cellular components.
Lastly, the DP-ECM placed inside the canals showed an interaction with the host marked with
cellular infiltration and formation of blood vessels within and around the matrix but remains
without detectable expression of B-111 tubulin. When PDL cells were added, the DP-ECM
supported neovascularization mineralization and neurogenesis at 6 weeks and 12 weeks post-
implantation. Similarly, when dental pulp cells were added it showed a better interaction and
presence of cells through the canal and around the remaining DP-ECM. The introduction of the
dental pulp cells showed presence and expression of CD31, DSPP, and B-I11 tubulin at both time
points. These findings highlight the DP-ECM ability to support regeneration in root canal model
along with the use of cell-based approach as it shows a better remodeling outcome and
expression of factors (Dissanayaka et al. 2014; Syed-Picard et al. 2014; Wang et al. 2013).
Although most of the studies conducted on ECM scaffolds displayed remodeling and degradation
of the ECM within 4 to 8 weeks (Gilbert et al. 2007a; Gilbert et al. 2007b), in the current model

the DP-ECM didn’t remodel completely but it showed a slower progress toward complete
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remodeling. Again, this could be attributed to the lack of occlusal mechanical forces transmitted
to the apical area in the orthotopic model. Along with the lack of mechanical factors, the root
canal system is of limited blood supply and the interaction area between the scaffold and the
material is also limited. These challenging factors shift the attention to the use of ECM based
hydrogel for this purpose (Ghuman et al. 2016; Massensini et al. 2015). The hydrogels will
facilitate the release of the biological factors embedded in the matrix and ensure the complete
filling of the root canal space without any voids (Ghuman et al. 2017). To sum up, the DP-ECM
alone showed better remodeling results when compared to collagen and UBM alone. The use of
dental pulp cells in conjunction with the DP-ECM highlights the importance of a cell-based

approach and the role of the DP-ECM in supporting cells of dental origins.
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5.0 SPECIFIC AIM 3: HOST IMMUNE RESPONSE TO DECELLULARIZED PULP
EXTRACELLULAR MATRIX: EFFECT OF MATRIX CHEMICAL COMPOSITION

ON MACROPHAGES

5.1 INTRODUCTION

The use of the extracellular matrix (ECM) as a biological scaffold material for in-vivo
regenerative medicine and repair has been studied for different outcomes, ranging from
unsatisfactory to satisfactory outcomes (Aurora et al. 2015; Turner et al. 2010; Wolf et al. 2015).
It has been suggested that the successful remodeling of the extracellular matrix scaffolds could
be attributed to macrophage byproducts released upon digesting the ECM scaffold (Gordon and
Taylor 2005; Mantovani et al. 2004; Valentin et al. 2009). Macrophages are a type of white
blood cells that exist in all tissues and can attain polarization in response to their surroundings.
Two main types of polarizations are M1 macrophages which upregulate inflammation, and M2,
which decreases inflammation and induce tissue repair. Correlation between macrophage
polarization and tissue remodeling outcome has been reported in several tissues and organs and
provides a potential area of investigation for wound healing and tissue repair. The macrophage
response is highly regulated, with uncontrolled inflammation proving to be a detrimental process,
whereas a controlled and regulated inflammatory response can be a key factor in tissue

remodeling following injury. In skeletal muscle wound repair, the macrophage response has been
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highly characterized. The capacity for tissue regeneration is highly dependent on the interaction
between satellite and inflammatory cells in the wound area (Mauro 1961; Muir et al. 1965).
Initially, neutrophils infiltrate the wound area as soon as few hours post injury. The neutrophils
reach their maximum numbers between 6 and 24 hours (Bondesen et al. 2006; Tidball and
Villalta 2010). After that, the recruited neutrophils will start releasing Reactive Oxygen Species
(ROS) and T-helper 1 associated cytokines to recruit the circulating monocytes and
macrophages. Three to four days after injury, the neutrophil response subsides and macrophages
become the dominant tissue remodeling cells in the wound (Tidball and Villalta 2010). The
monocytes recruited by the neutrophils originating from the bone marrow will migrate to the
injury area where they will differentiate into macrophages (Swirski et al. 2009). Once recruited
and differentiated, the macrophages generally attain M1 polarization, a pro-inflammatory
phenotype due to the exposure to the recruiting pro-inflammatory cytokines such as IFN-y (St
Pierre and Tidball 1994; Tidball 2005). M1 macrophages reach their maximum numbers after
two days, where they begin showing a transition to the M2 immuno-regulatory and anti-
inflammatory phenotype. This paradigm shift is not fully understood yet it has been related to the
increased IL-10 concentrations 48 hours post-injury. Classically activated M1 macrophages
mediate phagocytosis of bacteria, removal of dead cells and the initial exposure to the ECM
degradation products (Sicari et al. 2014). Once polarized to the M2 phenotype, macrophages
release anti-inflammatory cytokines that signal tissue remodeling and repair (Gordon 2003;
Gordon and Martinez 2010). The pro-inflammatory products from the M1 population are needed
for the recruitment and activation of local cells within the injury site (Collins and Grounds 2001;
Villalta et al. 2009). After recruitment, these cells are differentiated in the wound site by

paracrine signals from the M2 macrophage population that is the results of the paradigm shift
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from M1 to M2. It has been shown that the delay or elongation of the timeline of neutrophil and
macrophage infiltration, polarization, or transition has a significant effect on a tissue’s ability to
functionally remodel. For example, when macrophages are depleted prior to a toxin-induced
injury, regeneration and the removal of cellular debris was impaired (Arnold et al. 2007).
Depletion of macrophages at the site of injury using liposomes was shown to restrict tissue
regeneration by preventing the M1 response, which in turn prevents recruitment of local cells
(Teixeira et al. 2003; Valentin et al. 2009). Furthermore, TNF-a knockout animals, a product of
M1 macrophages, produce significantly less tissue-specific transcription factors, which suggests
that TNF-a is necessary for the promotion of tissue repair (Chen et al. 2007). When macrophages
were removed from the injury site at 2 days, the time period when they would transition to the
M2 phenotype, tissue regeneration was impaired (Tidball and Wehling-Henricks 2007).
Collectively, macrophages play a major and crucial role in the success of implanted ECM
scaffolds. These cells are responsible for the early recognition and degradation of the implanted
materials along with the recruitment of sub-populations of cells to aid in the process of
remodeling (Valentin et al. 2009). The secreted matrix metalloproteases (MMP) are thought to
be responsible for the degradation of ECM products extracellularly (Jablonska-Trypuc et al.
2016). Studies looking into the secretion profiles of MMPs of macrophages under pro-
inflammatory and anti-inflammatory stimulations showed similar results without major
differences in the secreted MMPs (Newby 2008). Although the extracellular degradation
pathway appears to be unaffected by the host inflammatory status, intracellular cathepsins were
shown to be present in macrophages involved in inflammatory diseases e.g. atherosclerosis and
pycnodysostosis (Lutgens et al. 2006). The intracellular digestive pathway of cathepsins shows

differences in potency when sulfated glycosaminoglycans were added to collagen (Aguda et al.
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2014). In a recent work involving macrophage response, the macrophages were treated with
UBM alone or UBM digested with Hyaluronidase. When digested with Hyaluronidase, the UBM
showed an increase in nitric oxide production, signifying the role that hyaluronic acid and the
attached S-GAGs played in reducing NO production (Meng et al. 2015). Glycosaminoglycan, are
long unbranched polysaccharides consisting of a repeating disaccharide unit, they have a
negative charge which makes it capable of water retention. Different classes of sulfated-
glycosaminoglycans were shown to differentially affect the intracellular digestive pathway (Li et
al. 2002).

Cathepsin K, a highly potent collagenase and the predominant papain-like cysteine
protease, was shown to increase its collagenolytic activity when chondroitin sulfate and keratan
sulfate were present (Li et al. 2004). Another class of sulfated-gags, dermatan sulfate was shown
to have an opposite effect on the collagenolytic activity of cathepsin K along with heparin and
heparan sulfate (Wilson et al. 2009). So, to investigate the effect of the matrix chemical
composition on macrophages behavior we decided to use chondroitin sulfate and dermatan
sulfate added to type I collagen. The goal is to enhance and dampen the activity of cathepsin K to
gain an insight into its role in the inflammatory process utilizing functional assays and flow

cytometry.
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5.2 MATERIALS AND METHODS

521 Isolation of Bone Marrow-Derived Macrophages

Mice were euthanized by asphyxia and rapid cervical dislocation. Using aseptic technique, the
skin was removed off the lower limbs along with the feet. Hind legs were cut at the hip joint with
scissors and excess muscle tissue was removed from legs by holding the end of bone with
forceps and using scissors to push muscle downward away from forceps. The tibia and femur
were washed with PBS for 5 mins and placed into 70% EtOH for 1 min and rinsed again in PBS.
The ends of the long bones were removed using scissors, placed into 0.5 ml Eppendorf tube
which was perforated with a needle at the bottom and placed into 1.5 ml Eppendorf tube and
centrifuged at >10,000 x g in a microcentrifuge for 30 sec. The total number of bone marrow
progenitor cells were counted using a hemocytometer and cells concentration was adjusted to a
~2 x 106 cells/ml in a 10% L929 supplemented macrophage complete medium.

On day 1, cells were seeded at half of the wells required volume (e.g. 5 ml in a 10 cm
dish, total of 1 x 107 cells) and incubated in 37 °C, 5% CO; incubator. On day 2, half the amount
of the medium was added to the cells. The medium was replaced at day 3 and day 5. At day 7,
cells were switched to maintenance medium or treatment medium (Fig. 25) below depicts cells
morphology over 7 days of treatment with 10% L929 medium. After that, the untreated attached
cells were detached using ice-cold Accumax, applied twice on ice, counted and stained for F4/80

as a pan-macrophage marker and monocytes marker CD11b (Mac-1 beta chain).
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Figure 25. Phase contrast images were taken at 0, 3 and 7 days. After 7 days, mature

macrophages showed spreading of cell bodies and attachment to the culture plates.

5.2.2  Preparation of Treatment Groups

In order for us to understand the effect of different matrices on macrophages behavior, the
following treatment groups were prepared and included in the in-vitro experiments:

M¢: Untreated naive macrophages.

M1: Classically activated macrophages, treated with IFN-y at 20 ng/ml and LPS at 100 ng/ml.
M2: Alternatively activated macrophages, treated with IL-4 at 20 ng/ml.

UBM: solubilized UBM was added to the medium at 1 mg/ml.

DP-ECM: solubilized DP-ECM was added to the medium at 1 mg/ml.

Pepsin: as a control for the digestion buffer.
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For the study of Cathepsin K and its effect on macrophages, the groups of treatment are detailed

under Cathepsin K Activity section.

5.2.3 Nitric Oxide Quantification

After 48 hours of treatment, cell culture supernatants were collected to measure the Nitric Oxide
concentration was using Griess reagent (Molecular Probes, G-7921). 150 ul of the cell culture
supernatants were mixed with 10 pl of 1% sulfanilamide, 10 pl of 0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride (NED) solution and incubated for 30 min at room temperature.
The absorbance was measured at 540 nm with a microplate reader. Known concentrations of
nitrite solutions were used to generate a standard curve. Photometric reference samples were

generated using the cell culture medium.

524  Arginase Activity Assay

Arginase activity was measured using macrophage cell lysate according to the following
QuantiChrom Arginase Assay Kit (DARG-100). Briefly, macrophages were lysed with 200 ul of
0.001% Triton-x 100 with 1 x protease inhibitor cocktail on a rocker at 150 rpm for 15 min at
room temperature. The cell lysate was centrifuged at 14,000x g for 10 min at 4 °C. Then 40 pl of
cell lysate was added to 10 pl of 5x activation buffer including MnCI2. Arginine hydrolysis was
conducted by incubating the cell lysate at 37 °C for 2 hours. The reaction was then stopped with
the addition of 200 ul of acid mixture. The urea concentration was measured at 540 nm with a
microplate reader. One unit of arginase activity is defined as the amount of enzyme that catalyzes

the formation of 1 mM of urea/min.
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5.2.1 F4/80, INOS and Fizz-1 Immunolabeling of BMDMs

Bone marrow-derived macrophages were seeded into Lab-Tek Il 8-well chambers at the density
of 2x10° cells/ml and were allowed to differentiate for 7 days. After that cells were switched to
M.M or Treatment medium for 48 hours. At the end of treatment, cells were washed with PBS,
fixed with chilled 4% PFA for 15 mins at RT and washed again with PBS to remove the fixative.
The primary antibodies used in this immunofluorescent staining were: (1) monoclonal anti-F4/80
(BioRad: MCA497GA) at 1:200 dilution as a pan-macrophage marker, (2) polyclonal anti-iNOS
(Abcam, Ab3523) at 1:100 dilution as an M1 marker, and (3) polyclonal anti-Fizz1 (Peprotech,
Rocky Hill, NJ) as an M2 marker at 1:200. Samples were inspected for auto-fluorescence and
treated with Sudan Black B 1.5% in 70% ethanol or Cupric Sulfate and Ammonium acetate
50mM. Heat Induced epitope retrieval was performed using Sodium Citrate, pH: 6. After that,
cells were incubated in a blocking solution consisting of PBS, 0.1% Tween-20, 5% goat serum,
0.3M glycine and 1% bovine serum albumin to prevent nonspecific binding for 1 hour at room
temperature. Blocking solution was removed and cells were incubated in primary antibodies
overnight at 4 C, primary antibody was omitted for staining control samples. After 3 washes in
PBS, cells were incubated in fluorophore-conjugated secondary antibodies (Alexa Fluor goat
anti-rat 488 or goat anti-rabbit 488, Invitrogen, Carlsbad, CA) for 1 hour at room temperature.
After washing again with PBS, nuclei were counterstained with 50 nM 6-diamidino-2-
phenylindole (DAPI) prior to imaging. Light exposure times for ECM treated macrophages were
adjusted based on the same settings set for cytokine-treated macrophages, serving as a positive

control.
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5.2.2  Chemotaxis Assay

The effect of ECM digests upon macrophages chemotaxis was investigated using Boyden
chamber cell migration assay. BMDM cells were cultured in 6-well plate (Nunc, UpCell) and
treated with starvation media (DMEM, 0.5% Heat Inactivated FBS, 1% Penn/strep) for 18 hours
prior to migration. Cells were then removed from the incubator and treated with 2 ml of chilled
Accutase and left for 15 mins at RT to facilitate detachment. Cells were then re-suspended in
FBS-reduced DMEM, cell density was adjusted to 100,000 cell / 300 ul and seeded in the top
chamber on top of the polycarbonate chemotaxis membranes with a pore size of 5 um. ECM
digest (UBM, DP-ECM) or positive (10% FBS, 50 ng CCL2) or negative (0% FBS and 10%
Pepsin) controls were added to the lower chamber. Cells were allowed to migrate across the
chamber for 8 hours at 37 °C, 5% CO2. Following the migration period, membranes were
washed with PBS, cells were detached and the cell’s DNA was detected using Quant-it GR Dye.

The values of migrated cells were expressed as RFUSs.

5.2.3  Cathepsin K Activity

In order for us to understand the effect of different substrates on Cathepsin K and macrophages
behavior, different treatment groups with known effects on CTSK were included in this study:
M¢: Untreated naive macrophages.

M1: Classically activated macrophages, treated with IFN-y at 20 ng/ml and LPS at 100 ng/ml.
M2: Alternatively activated macrophages, treated with IL-4 at 20 ng/ml.

Collagen I: 1 mg/ml.

Chondroitin Sulfate: Chondroitin sulfate at 0.1 mg/ml + Collagen I at 1 mg/ml.
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Dermatan Sulfate: Dermatan sulfate at 0.1 mg/ml + Collagen | at 1 mg/ml.

E64: E64 at 10 uM + Collagen I at 1 mg/ml.

Following 48 hours of treatment, BMDMs were lysed using 200 pl of lysis buffer followed by
incubation on ice for 10 mins (BioVision, K141). The lysate was then centrifuged at 14,000 x g
for 5 mins at 4 °C. 50 pl of the collected supernatants will be placed in a black 96-well plate and
50 pl of reaction buffer is added along with 2 ul of Cathepsin K fluorescent substrate Ac-LR-
AFC (200 uM final concentration). The plate was then incubated at 37 °C for 1 hour. Negative
controls were included using 2 pl CK inhibitor. Samples absorbance was measured using a plate

reader with a 400-nm excitation filter and 505-nm emission filter.

5.2.4  Nitric Oxide Quantification and Arginase Activity Assay

After 48 hours of treatment, cell culture supernatants were collected to measure the Nitrite
concentration was using Griess reagent. 150 pl of the cell culture supernatants were mixed with
10 pl of 1% sulfanilamide and 10 pl of 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride
(NED) solution and incubated for 30 min at room temperature.

Arginase activity was measured using macrophage cell lysate. Briefly, macrophages were
lysed with 200 pl of 0.001% Triton x-100 with 1 x protease inhibitor cocktail on a rocker. The
cell lysate was centrifuged at 14,000x g. Then 40 ul of cell lysate was added to 10 pl of 5x
activation buffer including MnCl». Arginine hydrolysis was conducted by incubating the cell
lysate at 37 °C for 2 hours. The reaction was then stopped with the addition of 200 pl of acid
mixture. The urea concentration was measured at 540 nm with a microplate reader. One unit of
arginase activity is defined as the amount of enzyme that catalyzes the formation of 1 mM of
urea/min.
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525  Cell Sorting for CD86 and CD206

After 48 hours of treatment, cells were treated with Accutase for 15 mins on ice repeated twice to
ensure removal of all cells. Surface Staining of the collected cells was performed according to
the following: Cells were washed once with plain PBS to remove all the protein in the samples
and stained with Zombie Aqua (Live/dead stain) with 100 pl per 5 x 10° cells for 30 minutes at
4° C. After that cells were washed again with staining buffer (1% BSA and 0.1% Sodium Azide)
and centrifuged at 400 g for 10 mins at 4 °C. Fifty pl of FC block was added to each tube and
incubated at RT for 20 min in the dark. Fluorophore-conjugated primary antibodies for CD86
and CD206 were added to cells and incubated for 20 mins at 4 °C. Following the application of
antibodies, the cells were washed with staining buffer and fixed using 200 pl of 2% PFA for 20
mins at 4 °C. After fixation, cells were washed and stored in PBS in the dark at 4 °C until used.

Single color compensation controls were used for signal spill-over compensation.

5.2.6 In-vivo Immunohistochemistry

Constructs of tooth root filled with three lyophilized and sterilized scaffolds: Rat tail type |
collagen, Porcine UBM, and Porcine DP-ECM were implanted subcutaneously in wild-type mice
with an intact immune component for 2 weeks to characterize the infiltrating macrophage's
response to the scaffolds. Upon retrieval of samples, the constructs were placed in a cold 10%
Formalin for 24 hours. After that, samples were treated with 0.32 M of EDTA for 3 to 4 weeks.
Radiographs were taken to determine decalcification of dentin. Following processing and

embedding of samples, 7-um sections were taken and were stained for H&E staining.
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To detect and compare the presence of macrophages, M1 and M2 markers in the retrieved
samples, sections of 7-um thickness were stained for: F4/80 (Abcam, ab6640), INOS (Abcam,
Ab3523) and Arg-1 (Abcam, Ab91279) according to the following protocol: Sections were
deparaffinized in Xylene and rehydrated in a series of alcohol changes. Once hydrated, samples
were inspected for auto-fluorescence and treated with Sudan Black B 1.5% in 70% ethanol or
Cupric Sulfate and Ammonium acetate 50mM if needed. Heat-induced antigen retrieval was
performed using Sodium Citrate buffer pH: 6 at 98°C for 20 mins or Enzyme induced antigen
retrieval was performed with Proteinase K. Primary antibodies were applied in the following
ratios (F4/80 at 1:20, iNOS at 1:100, Arg-1 at 1:200) and incubated overnight at 4°C followed by
washes and application of fluorophore-conjugated secondary antibody Goat anti-Rat and Goat
anti-Rabbit (Alexa flour 488) at 1:500.

A total of 4 openings were used for quantification of positive cells using Cell Profiler.
Numbers of cells expressing iNOS and Arg-1 were normalized to F4/80 and the normalized

values were used to present M1/M2 ratio.
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53 RESULTS

5.3.1  Nitric Oxide Production and Arginase Activity

After 7 days of treatment with 10% L929 medium, mature macrophages showed spread cell
bodies and attached to the culture substrates. The cells were then stained for CD11b and F4/80 as
markers for macrophages. Results show cells that are double positive for both markers to be the

majority of cells, with a positivity percentage of 95-98%.
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Figure 26. Flow cytometry performed on bone marrow cells after 7 days of differentiation for

CD11b and F4/80 as markers for macrophages.

After differentiation, macrophages were treated with different cytokines to allow for a
classic and alternative activation of cells as positive controls for nitric oxide and arginase
quantification assays. Macrophages were also treated with 1 mg/ml of UBM, 1 mg/ml of DP-

ECM and 10% pepsin as a control for endotoxins. Forty-eight hours after treatments, NO was
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quantified from the supernatants with M1 groups showing highest levels of NO production,
approximately 74 uM and UBM of about 13 pM. Untreated macrophages along with IL-4

treated, DP-ECM and pepsin group did not show any increase in the levels of nitric oxide
production.

Nitric Oxide Quantification at 48 hours
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Figure 27. Quantification of Nitric Oxide production after treatment with UBM, DP-ECM and
Control Pepsin. M1 was used as a positive control while M¢ was used as a baseline level. Error bars are
mean = SEM (n=3) ****p<0.0001

Following NO quantification, the same groups were used for cell lysis, protein extraction
and arginase quantification as a marker for alternative activation. Arginase activity was highly
increased when macrophages received treatment of 20 ng/ml of IL-4, while the untreated and the
classically activated macrophages showing no change in the levels of arginase activity. The DP-
ECM showed an increase in arginase activity when compared to the UBM and pepsin control

group. Overall, the DP-ECM didn’t induce the production of any levels of NO and allowed for

an up-regulation in arginase activity in-vitro.
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Arginase Activity at 48 hours
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Figure 28. Quantification of Arginase Activity after treatment with UBM, DP-ECM and Control
Pepsin. M2 was used as a positive control while M¢$ was used as a baseline level. Error bars are mean +

SEM (n=3) ** p < 0.01 **** p < 0.0001

5.3.2  Chemotaxis and Fizz-1 Expression

To investigate the chemotactic ability of the ECM based scaffolds to the host immune
component, BMDMs were generated and seeded into Boyden chamber with DP-ECM 1 mg/ml,
UBM 1 mg/ml, 10% FBS, 10% pepsin and 50 ng/ml of CCL2 as treatment and controls added to
the lower chamber. At the end of the migration period, the positive control groups, CCL2, and
10% FBS showed an increase in the number of cells reflected as RFU of the DNA of migrated
cells. Pepsin control and 0% FBS control show no increase in relative fluorescence units. The
DP-ECM and UBM groups displayed an increase in the number of cells similar to the levels seen

when 10% FBS was used as a chemoattractant.
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BMDM migration after 8 hours
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Figure 29. Migration of BMDM after treatment with UBM, DP-ECM and Control Pepsin. FBS
and CCL2 were used as a positive control while No FBS was used to detect passive migration. Error bars
are mean = SEM (n=4) ****p<(.0001

To determine the phenotype of macrophages following treatment with DP-ECM and
UBM degradation products, immunofluorescent staining for F4/80, iNOS and Fizz-1 were
performed 48 hours after treatment. Cells from all the groups were positive for pan-macrophage
marker F4/80 as shown (Fig. 30). Macrophages treated with LPS/IFNy were classically activated
showing positivity for iINOS. On the other hand, macrophages treated with IL-4 were positive for
Fizz-1, a marker for alternative activation in mice macrophages. Similar to IL-4 treated cells, the
UBM and DP-ECM treated macrophage showed expression of Fizz-1 and minor positivity for
INOS even in IL-4 treated groups. Pepsin control shows no changes when compared to the

untreated macrophages group.
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Figure 30. Immunofluorescent staining of F4/80, iNOS, and Fizz1-1. M1 and M2 groups were

used as positive controls for INOS and Fizz-1 respectively. Scale bars = 50 pm
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5.3.3 In-vivo analysis of INOS and Arg-1 Expression

After 2 weeks of implantation in immune-competent mice. The samples were processed for H&E
alone with IF staining for mouse F4/80, INOS, and Arg-1. Samples containing lyophilized
collagen showed an infiltration of cells expressing F4/80 and iNOS. Following the inflammatory
cells infiltration, the same samples showed Arg-1 positive cells distal to the inflammatory cells
zone. The UBM powder showed infiltration of cells positive for F4/80, INOS, and Arg-1 without
a specific pattern of distribution. The DP-ECM was added as lyophilized minced tissue to the
canal and shows infiltration of F4/80, iINOS, and Arg-1 positive cells. Compared to collagen
alone, the UBM and the DP-ECM showed a statistically significant difference in the ratio of

M1/M2.
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Figure 31. M1/M2 ratio derived from the numbers of INOS/Arg-1 positive cells, constructs

retrieved at 2 weeks contained lyophilized Collagen, UBM, and DP-ECM. Error bars are mean + SEM

(n=4) *** p < 0.001
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Figure 32. Collagen, UBM, and DP-ECM after 2 weeks of implantation, scanned and stained for
H&E along with IF staining of F4/80, iINOS, and Arg-1. H&E (Scale bar = 250um) IF (Scale bar =

100um).
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5.3.4  Effect of Scaffolds Composition on Host response and Expression of

Mannose Receptor CD 206

5.3.4.1 Cathepsin K activity

To determine the effect of matrix composition on collagen degradation intracellularly, Cathepsin
K activity assay was conducted. It shows that there is no increase in CTSK activity when
comparing collagen treated macrophages and the untreated ones. When E64 was added the
activity was significantly reduced. A similar trend in CTSK activity reduction is also seen when
Dermatan Sulfate was added to collagen. On the other hand, CTSK activity was up-regulated
when Chondroitin Sulfate was added to the collagen along with a notable increase in the activity

of LPS/IFNYy treated macrophages.
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Figure 33. Quantification of Cathepsin K activity was performed on 48 hours post-treatment on

cell lysate. Error bars are mean = SEM (n=4) * p <0.05 ** p < 0.01 *** p <0.001
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5.3.4.2 Nitric Oxide Production and Arginase Activity

After 48 hours of treatment, nitric oxide was measured from tissue culture supernatants. It
showed an increase in classically activated macrophages with collagen, E64, chondroitin sulfate
and dermatan sulfate showing minimal levels of NO. While the NO production levels are still
similar to the levels produced by untreated macrophages, chondroitin sulfate shows the highest

level of NO production in the treatment groups.

Nitric Oxide Quantification at 48 hours
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Figure 34. Quantification of Nitric Oxide production after 48 hours post-treatment. M1 was used

as a positive control while M¢ was used as a baseline level. Error bars are mean & SEM (n=4) **** p <
0.0001
Following NO quantification, the same groups were used for cell lysis, protein extraction
and arginase quantification as a marker for alternative activation. Arginase activity was highest
when macrophages received treatment of 20 ng/ml of IL-4, while the untreated and the
classically activated macrophages show no change in the levels of arginase activity. Collagen

treated group did not show an increase in arginase activity when compared to the untreated
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control group. When E64 and dermatan sulfate were added to collagen the arginase activity was

up-regulated. Chondroitin sulfate adopted a response similar to collagen alone.

Arginase Activity at 48 hours
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Figure 35. Quantification of Arginase Activity 48 hours after treatment. M2 was used as a
positive control while M¢ was used as a baseline level. Error bars are mean = SEM (n=4) * p < (.05 ****

p <0.0001

5.3.4.3 Expression of CD206

After the immune-labeling of treated macrophages with CD86-FITC and CD206-PerCP Cy5.5.
The cells were sorted using flow cytometry to measure the events positive for CD86 or CD206 or
both. When compared to the untreated group, M1 macrophages showed a shift and an increase in
CD86 events while M2 macrophages were shifting to an increase in CD206 expression. Collagen
group along with chondroitin sulfate group showed an increase in the expression of CD86
compared to the control. Dermatan sulfate showed a 5% decrease in CD86 positive evens and

E64 groups showed no changes when compared to untreated macrophages. Lastly, collagen and

93



chondroitin sulfate groups show a decrease in cells expressing CD206 only, while dermatan

sulfate and E64 retained its numbers in comparison to control.

A M¢ (untreated)
i Q1 Q2
70.25 339
3
: M1 (LPS+IFNy)
Q4 Q3
+ 4 8.56 '_“ 573
& s ,
s . :
8 M2 (IL-4) X
. Q1 Q2
'70.023 15.1
g PerCP-Cy5-5-A = CD206
.3
Q4 Q3
1’4 4.58 80.3
CD206" g
Population M (untreated) M1 (LPS+IFNy) M2 (IL-4)
Total CD86+ 34.15% 70.21% 15.12%
Total CD206+ 91.2% 96.4% 95.4%
Only CD86+ 0.25% 2.11% 0.02%
Only CD 206+ 57.3% 28.3% 80.3%

Figure 36. Cell sorting for CD86 and CD206 positive cells. M$, M1, and M2 were included as

controls.
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Figure 37. Cell sorting for CD86 and CD206 positive cells. Collagen alone, Collagen with

Chondroitin Sulfate, Collagen with Dermatan Sulfate and Collagen with E64 were included.
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5.4  DISCUSSION

In this work, bone marrow-derived cells were isolated and differentiated to macrophages
expressing F4/80 and CD11b after 7 days of treatment. The goal of this work is to understand the
host response to the exogenous stimulation of pepsin-digested ECM scaffolds. Previous studies
have shown that the degradation products of the ECM can help in the recruitment of different
cells along with the modulation of these cells behavior (Dziki et al. 2017). Herein we show the
ability of the DP-ECM and the UBM to recruit macrophages in a trans-well migration assay
when compared to reduced FBS control and pepsin.

Since the literature has emphasized on the ability of the ECM to elect an immune
response characterized by the presence of M2 like macrophages around the implants in-vivo
(Meng et al. 2015; Sicari et al. 2014). The next step was to investigate the phenotype of the
recruited macrophages. For that propose, the amount of produced nitric oxide as a marker for
inflammation was quantified 48 hours post stimulation. The same cells were used for the
quantification of arginase activity as an anti-inflammatory marker for healing and repair. While
the UBM shows a statistically significant difference the DP-ECM showed no difference in NO
production when compared with the untreated macrophages. It is of note that published studies
using similar methods showed no increase in NO production with UBM, this could possibly be
attributed to the seeding numbers, incubation times and the differences between mice and rats
derived macrophages (Meng et al. 2015). Based on the levels of chemotaxis, NO production and
arginase activity, the ECM shows that it can elect a response and exert an effect on these cells,
which might not be an absolute activation of M1 or M2 response.

To further investigate this response, BMDMs treated with ECM digest for 48 hours were

stained for F4/80, iNOS, and Fizz-1. Recent studies have shown the ability of ECM based
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scaffolds, including UBM and SIS, to upregulate and express Fizz-1 as an anti-inflammatory
marker (Huleihel et al. 2017b). Interestingly, bone marrow-derived macrophages showed
expression of Fizz-1 when treated with DP-ECM at 1 mg/ml for 48 hours. Similarly, the UBM
treated macrophages were positive for Fizz-1 with some cells being positive for INOS. While the
expression Fizz-1 is not as pronounced as the one seen in the IL-4, the ECM degradation
products appear to affect the BMDMSs behavior by the expression of basal activities that could
potentially modify the behavior in-vivo.

Currently, the literature shows the presence of M2 like macrophages around successfully
remodeled ECM-based implant (Badylak et al. 2008; Valentin et al. 2009). In some studies, the
ECM was used as a coating for mesh implants and showed better results when compared to mesh
only (Wolf et al. 2014). To mimic this effect, lyophilized UBM powder, lyophilized minced DP-
ECM and lyophilized Collagen gel as a control were subcutaneously implanted in mice within
the canal of root segments for 14 days. The goal is to characterize the infiltrating cells for pan-
macrophage marker along with M1/M2 markers. In this study, when compared to collagen, the
UBM and the DP-ECM showed a statistically significant difference in the ratio of M1/M2. These
findings further highlight the role of ECM scaffolds in modulating the host response which
showed more M2 macrophages compared to collagen alone. The degradation products and the
matrix release profile were shown to contain matrix vesicles that were capable of inducing Fizz-1
expression on BMDMs in-vitro (Huleihel et al. 2017a; Huleihel et al. 2016). The added
complexity in the chemical components of the ECM appears to be advantageous over a single
protein matrix. The modulation of the host response is a concern in the field of regenerative
endodontics as most of the pulp extirpation cases were due to an inflammation (Zanini et al.

2017). The ability of ECM scaffolds to modulate the host response and the possession of
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antibacterial activity, not shown here for DP-ECM, are favorable in the regeneration of the root
canal system where bacteria and inflammation can cause rejection of the scaffold. Overall, the
DP-ECM was able to recruit macrophages and modulate their response at 2 weeks similar to the
UBM.

The results above show that collagen alone is not capable of modulating the host response
yet its degradation is essential for remodeling (Huleihel et al. 2017b; Madsen et al. 2013). To
enhance and hinder the degradation of collagen intracellularly, chondroitin sulfate and dermatan
sulfate were added respectively. Studies have shown that cathepsin K activity, one of the main
collagenolytic cathepsins, can be improved with the addition of chondroitin sulfate or dampened
with the addition of dermatan sulfate (Aguda et al. 2014; Li et al. 2002). The goal is to
understand the effect of collagen degradation rate on host response. For this purpose, cathepsin K
activity was characterized and showed an increase in M1 (LPS/IFNYy), collagen and collagen with
chondroitin sulfate treated macrophages. On the other hand, the activity was downregulated with
M2 (IL-4), dermatan sulfate and the pan-cathepsin inhibitor E64. It appears that the activity of
cathepsin K can be upregulated or down-regulated based on the activation status of macrophages
as studies have shown the presence of cathepsin K in inflammatory macrophages (Platt et al.
2007).

To investigate the effect from an immune response point of view, nitric oxide and
arginase activity were quantified from BMDMs 48 hours post-treatment. Macrophages did not
show any statistically significant differences in NO production when compared to naive
untreated macrophages. Arginase activity showed an increase when treated with collagen +
dermatan sulfate when compared to collagen alone. Of note, the increase due to treatment with

collagen and dermatan sulfate was not significant when compared to the untreated macrophages.
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For further investigation, flow cytometry analysis was done on two main markers: CD86 as an
inflammatory marker and CD206 as an anti-inflammatory marker. These two markers were used
in the literature of ECM for the discrimination of M1/M2 macrophages in-vitro and in-vivo
(Brown et al. 2012b; Brown et al. 2009; Valentin et al. 2009). The results above show an
increase of 18% and 11% in the number of CD86 positive cells for collagen and chondroitin
sulfate respectively when compared to the untreated. The same groups have also shown a
decrease in cells expressing CD206 only, 20% reduction with collagen and 11% reduction with
the addition of chondroitin sulfate. On the contrary, the addition of dermatan sulfate to collagen
showed a decrease in CD86 positive cells and maintained similar levels of CD206 expression
when compared to control. Pan inhibition of cathepsins activity using E64 showed a 5%
reduction in CD206 expressing cells without effects on CD86 expressing cells.

The results at hand highlight the complexity that the ECM offer and shows the
importance of the manipulation of organic matrices. Studies using the brain ECM, known to
contain glycosaminoglycans, showed an increase in the production of NO when compared to
UBM (Dziki et al. 2017; Meng et al. 2015). The same study showed an increase in NO
production in UBM when digested with hyaluronidase (Meng et al. 2015). Along with proper
decellularization and characterization, these findings demonstrate the importance of the ECM
chemical composition and the possibility to modify an ECM for the appropriate intended

application.
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6.0 CONCLUSIONS

The decellularized pulp extracellular matrix derived from porcine was characterized after
decellularization and used in a pilot to investigate the ECM potential in an orthotopic
implantation. The early results showed regeneration and remodeling to a pulp like tissue in the
canals compared to collagen control. Furthermore, the DP-ECM when digested showed an ability
to affect dental pulp and periodontal ligaments cells migration along with the expression of a
vascular gene after 3 weeks of treatment. The in-vivo ectopic model demonstrated the potency of
a cell-based approach over the use of the ECM scaffold alone. The total population of cells
isolated from the dental pulp was capable of survival, enmeshment and remodeling of the ECM
with the expression of CD31, Beta 3-tubulin and DSPP as markers for pulp tissue. In addition,
the DP-ECM was also capable of electing a macrophage response similar to the UBM in-vivo
and shows no increase in NO production in-vitro. ECM based scaffolds offer a variety of
chemical components, some of which might affect its performance due to the presence or the
lack of some components. The use of collagen, in this case, was intended as a baseline to build
up a more complex matrix, where the addition of specific chondroitins showed an influence on
the response of bone marrow-derived macrophages. Altogether, this work shows the feasibility
of using ECM derived scaffolds for the regeneration of the dental pulp as these scaffolds possess
favorable properties including but not limited to: chemotaxis, differentiation, and modulation of

the host response all of which are required for the regeneration of a functional dental pulp.
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[CHAPTER 2 APPENDIX]

A- PicoGreen Assay protocol

Tissue samples were dried by speed vacuum, weighed and mixed with 300pul of cell lysis
buffer (50mM Tris pH 7.5; 100mM EDTA; 0.5% SDS in water) and 3ul of proteinase K for
water bath overnight digestion at 55 °C with agitation. Samples were then mixed and spun for 1
min in 100ul of protein precipitation solution (7.5M NH4 C2H302 in water). The supernatants
were transferred to a new tube with 300ul of 100% 2-propanol then mixed and spun again for 2
min. Samples were washed with 300ul of 70% ethanol twice and left to dry overnight then re-
suspended in 200upl of nanopure water for DNA quantification (n=15) by Quant-iT™
PicoGreen® dsDNA assay kit according to manufacturer’s instructions. Native pulp tissue was
subjected to the same digestion protocol as a control. The DP-ECM was considered successfully

decellularized when the total DNA content was less than 50ng/mg of dry tissue weight.

B- Dental pulp cells and periodontal ligament cells isolation

To investigate the biological activity of the DP-ECM and UBM, human dental pulp cells and
PDL cells were isolated and cultured according to the following: Healthy adult third molars were
obtained from the University of Pittsburgh, School of Dental Medicine, after routine extraction.
Dental pulp was exposed and removed with a barbed broach. The pulp was minced and then
digested in an enzyme cocktail containing 3 mg/ml collagenase and 4 mg/ml dispase for 1 to 1.5
hr at 37°C. The total population of human dental pulp cells (DPCs) was plated and expanded in a

maintenance medium (M.M) containing Alpha Minimum Essential Media (aMEM; Gibco,
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Grand Island, NY, USA), with 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery
Branch, GA, USA), and 1% penicillin/streptomycin (P/S; Gibco). Cells were used at P3 for
proliferation, trans-well migration, wound healing, gene expression experiments, and in-vivo
implantation experiment.
The PDL was scraped from the middle third of the root and then digested in an enzyme cocktail
containing 3 mg/ml collagenase and 4 mg/ml dispase for 1 to 1.5 hr at 37°C. The total population
of Periodontal Ligaments Cells (PDLCs) was plated and expanded in a maintenance medium
(M.M) containing Alpha Minimum Essential Media (aMEM; Gibco, Grand Island, NY, USA),
with 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA), and 1%
penicillin/streptomycin (P/S; Gibco). Cells were used at P3 for wound healing, gene expression,
and in-vivo implantation experiments.

Similar to a previously published protocol (Freytes et al. 2008) DP-ECM and UBM were
lyophilized and digested in Pepsin 1 mg/ml, 0.01N HCI at the concentration of 10 mg on a stirrer
for 72 hours, neutralized using 0.IN NaOH and diluted to desired concentration using

maintenance medium.

C- Post sacrifice (LCT), histology and immunohistochemistry.

Jaw explants (10% formalin-fixed for 3 days) were UCT scanned in PBS media at 30mm
resolution, integration time of 299 ms, 55 keV, 142 mA with a cone beam and continuous
rotation (VivaCT 40; Scanco) After uCT, teeth were hemi-sectioned into mesial (crown and
root) and distal portions by diamond disc (102x0.3mm) on precision saw (Isomet-Buehler). Each
root/bone explant was resin embedded (Osteo-bed bone embedding kit, Polysciences, Inc-USA)

separately for maximum penetration. Resin-embedded samples were sectioned into 5um sections
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(Leica RM2255 with tungsten carbide blade C.L. Sturkey Inc.) that were collected on sticky tape
(Tesa Film-Germany), deacrylated and stained for 1) Goldner’s trichrome histology and 2)
immunostaining for two antibodies that demonstrated reactivity against canine but not swine
tissues (Appendix figure 3): CD31 (Labome bs-0468R, rabbit anti-human, conc. 1:50 with citrate
antigen retrieval) and DSP (Larry Fisher LF151 rabbit anti-human, conc. 1:100, without antigen
retrieval). Immunohistochemistry was performed by the Expose Mouse and Rabbit HRP kit

(Abcam) according to manufacturer’s instructions.
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Appendix Figure 1. Histogram showing the contribution of the lyophilization process to the reduction of
growth factors (tested on TGF-B) in both the native and DP-ECM matrices. This piece of data indicates
that the lyophilization process may have had the greatest contribution to the reduction of growth factors

rather than Ethylene oxide sterilization. n=3; *p<0.05.
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Appendix Figure 2. Canine surgery. a: Beagle under GA with tooth isolated by rubber dam and rubber-

base impression material. b: Pulp chamber and root canals access. c: Mesial and Distal canals preparation
by K-files. d: Guiding x-ray during surgery. e: Lyophilized DP-ECM to be inserted into the root canals. f:

final restoration with glass ionomer filling material.
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Procedure details: Under general anesthesia, the mandibular first molars and 4th premolars were
isolated by rubbed dam supported by a rubber dam clamp. Teeth were scrubbed with Betadine
and further isolation was maximized by silicone rubber-based impression material sealing around
the placed clamp (App. fig. 2a). The dental pulp of each tooth was accessed by a #4 round
carbide bur mounted on a high-speed dental handpiece. For each tooth, the apex was determined
using stainless steel K type files guided by x-rays (NOMAD Pro™ — Handheld X-ray-USA on
Ergonom.X self-developing dental film S.R.L-Italy) (App. fig. 2c&d). The canals where
prepared and the pulp tissue extirpated with NiTi rotary Protaper NEXT files (Dentsply/Tulsa
dental). The apex was opened to size 0.54mm by removing 1mm from a size 50/0.4-taper Profile
NiTi rotary instrument (Dentsply/Tulsa dental). The canal was irrigated with a 0.5% NaOCI pH7
solution (Dankins’ irrigation) followed by 17% EDTA solution (EndoCleanse, Roydent) to clean
the canals from all debris. The canals were dried by sterile paper points and apical bleeding was
induced by passing a sterile size 15 K file into the periapical tissue before material implantation.
Two teeth received lyophilized EtO-sterilized swine DP-ECM (App. fig. 2e) (in 4 root
canals), 100mg of tissue in each canal inserted by hand pluggers, while 3 teeth (6 root canals)
received collagen scaffold (Preparation described below) and 3 teeth (6 root canals) were left
empty (blood clot alone) as controls. All pulp chambers were then sealed by MTA material
(Dentsply, USA) at the canals orifice followed by a glass ionomer filling material (Ketac Silver-
3M ESPE) within the pulp chamber (App. fig. 2f). The dogs were subjected to a 3-day analgesic
(Meloxicam 0.2mg/Kg SID) and antibiotic (Amoxicillin 20mg/Kg BID) regimen according to
the Division of Laboratory Animal Resources guidelines. Dogs were housed individually with

enrichment methods. Animals stayed healthy and active until sacrifice at 8 weeks.
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Preparation of collagen scaffolds as a control for in-vivo experimentation. Rat tail collagen and
neutralizing solutions (Advanced Biomatrix Inc., San Diego, CA, USA) were chilled and kept on
ice during scaffold preparation procedure. Both solutions were mixed in 9:1 ratio then transferred
to sterile vials and incubated at 37°C for 4h for cross-linking. The formed gel was then
lyophilized for 24h then sterilized in EtO. The collagen resulting sponge was stored in a vacuum
desiccator at 4°C until used in animal surgery. The animal study conformed to the ARRIVE

guidelines.
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Appendix Figure 3. IHC controls. Canine and swine native pulp tissues stained with CD31 antibody

Canine native Pulp
and Dentin tissue

Swine native
Pul tissue

(Labome bs-0468R, rabbit anti-human, conc. 1:50 with citrate antigen retrieval), DSPP (Larry Fisher
LF151 rabbit anti-human, conc. 1:100, without antigen retrieval) and antibody negative controls. This
experiment shows that the antibodies used to demonstrate the regenerative effects of swine DP-ECM are
positive against tissues of canine origin only; confirming that the formed tissues within the root canals are

of canine origin and not a part of the implanted swine ECM. bv: blood vessels; p: pulp; d: dentin.
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