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Abstract 

Development of Local Sustained Delivery Strategies for Treatment of Periodontitis 

 

Mostafa Salah Shehabeldin, BDS, MSc 

 

University of Pittsburgh, 2021 

 

 

 

 

Periodontal disease (PD) is a chronic inflammatory disease characterized by progressive 

destruction of tooth supporting structures and microbial dysbiosis.  The destructive inflammatory 

process underlying PD is mediated by components of both the innate and acquired immune 

systems including immune cells, cytokines, chemokines and lipid mediators.  Macrophages and T-

helper 17 (Th17) cells are key cellular mediators of the innate and acquired host responses in the 

periodontal environment, respectively.  In many tissues including the periodontium, macrophages 

are the prototypic phagocytes of the innate immune response.  These plastic cells can assume 

distinct phenotypic subsets to perform a wide array of functions ranging from host defense against 

invading pathogens to clearance of dead cells and promotion of tissue repair.  Similarly, 

periodontal Th17 cells can exhibit both homeostatic and pathogenic subsets.  Homeostatic Th17 

cells are essential for immune surveillance and host defense by regulating neutrophils expansion 

and recruitment at oral barrier sites.  Conversely, pathogenic Th17 cells arise in response to oral 

microbial challenge and drive inflammatory damage in PD via overproduction of their major 

cytokine IL-17A.  In this study, we tested the therapeutic efficacy of modulating macrophages 

response or IL-17A activity in PD using two polymer based sustained delivery systems.  To target 

macrophages, the chemokine CCL2 was encapsulated in PLGA microspheres and locally delivered 

at different stages of murine PD severity followed by analysis of bone levels, gene expression 

profile, osteoclastic activity, periodontal ligament organization and periodontal microbial load and 
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composition.  Using Sc-RNA sequencing technology, we also assessed murine periodontal 

macrophages gene expression profile and characterized their phenotypic subsets.  We also tested 

the protective effect of local sustained delivery of IL-17A antibodies in murine periodontitis by 

assessing the changes in bone levels, osteoclastic activity and inflammatory markers.  The overall 

aim of this study was to highlight the clinical translation potential of targeting cellular and non-

cellular components of the innate and acquired immune response to treat PD.  
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1.0 Introduction 

The periodontium is a unique tissue that invests and supports the tooth and consists of hard 

(alveolar bone and cementum) and soft (gingiva and periodontal ligament) tissues.  Microbial 

challenge in the periodontium elicits a host inflammatory response that is reversible at its early 

stage known as gingivitis, and then becomes irreversible when alveolar bone loss starts at its later 

stage referred as periodontitis.  Both gingivitis and periodontitis fall under one entity known as   

periodontal disease (PD).  PD is one of the most common oral diseases, affecting about 47% of 

adults aged 30 years or older in the United States (Eke et al. 2015a).  PD is considered as one of 

the leading causes of tooth and alveolar bone loss (Ong 1998), and has been implicated in a number 

of systemic conditions (Cullinan and Seymour 2013; Preshaw et al. 2012).  Progressive 

inflammatory bone loss is a hallmark of periodontitis, and is associated with infection and 

destruction of other components of the periodontium.  Although periodontal pathogens produce 

toxic agents that can damage the periodontium, the majority of tissue damage in periodontitis is 

self-inflicted by the host inflammatory response to those pathogens.  This host response is 

mediated by components of the innate and acquired immune systems.   

 

Owing to its inability to self-resolve, chronic periodontal inflammation requires therapeutic 

intervention to halt disease progression.  Over the past decades, the major focus of periodontal 

therapy has been to reduce the load of inflammation inducing pathogens by both mechanical and 

chemical means.  Although widely accepted, this approach does not always yield consistent and 

predictable therapeutic outcomes, and in some patients may fail to halt disease progression even 

in the absence of microbial plaque accumulation.  For this reason, periodontal host modulatory 
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approaches have been investigated in recent years.  These approaches have the potential to improve 

treatment outcomes of periodontitis when used as an adjunct for microbial debridement.  This is 

especially true for patients who fail to respond to standard microbial debridement protocols due to 

genetic or environmental factors. 

 

In the sections below, we will review the structural changes in the periodontium while it 

transitions from health to disease.  Next, we will discuss the pathogenesis of periodontal disease 

with an emphasis on the role of host-microbe interaction in disease initiation and progression.  

Furthermore, we will shed the light on the shortcomings of current periodontal treatment protocols 

and highlight the potential benefit of host modulatory therapies.  Finally, we will provide an 

overview of the most common animal models for periodontal disease and underline the potential 

application of PD as a model for other chronic destructive bone diseases.  

1.1 The Periodontium: From Health to Disease 

The periodontium consists of structures that support the tooth including gingiva, 

cementum, periodontal ligament and alveolar bone.  Each of those structures possess distinct 

structural characteristics that allow for the maintenance of periodontal health.  Periodontal 

microbial challenge disturbs the integrity of periodontal structures and undermines periodontal 

homeostasis leading to a transition from a healthy to a diseased periodontium. 

 

The gingiva forms the outermost soft tissue component of the periodontium and is 

composed of epithelium and connective tissue.  The gingival epithelium is subdivided into three 
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compartments: the oral, sulcular and junctional epithelia.  Of all three epithelial compartments, 

the junctional epithelium (JE) exhibits unique characteristics that allow it to play a crucial role 

in maintaining periodontal homeostasis.  The JE is composed of undifferentiated stratified 

squamous epithelium that is thickest at the base of the gingival sulcus, and tapers in thickness as 

it descends along the root surface.  The JE forms a collar following the tooth cemento-enamel 

junction, where its tooth-facing layer forms the epithelial attachment consisting of a basal lamina 

like structure that adheres to the tooth by means of hemidesmosomes.  This firm attachment 

enables the JE to seal off deeper periodontal tissues from the oral environment and prevent 

pathogenic bacteria from colonizing subgingival tooth surface.  In addition to its the firm 

attachment to tooth surface, the JE can hinder bacterial colonization by exhibiting other unique 

features (Pöllänen et al. 2003).  First, the JE cells undergo rapid turnover, thus are able to repair 

the tissue damaged by microbial insult efficiently.  Second, JE cells have fewer desmosomes 

resulting in the creation of wider fluid-filled intercellular spaces containing polymorphonuclear 

phagocytes and monocytes that are able to pass into the gingival sulcus. Third, JE cells have been 

reported to perform endocytic activity similar to macrophages (Cho and Garant 2000).  All these 

features make the stability of JE a key factor in the maintenance of a healthy periodontium.  

 

The periodontal ligament (PDL) is another soft tissue component of the periodontium.  

PDL is made of a thin layer of specialized connective tissue interposed between the root cementum 

and alveolar bone as a continuation of the gingival connective tissue.  PDL is composed of cellular 

and non-cellular elements, where the principal fibers form the major non-cellular element of the 

PDL (Nanci and Bosshardt 2006).  The principal fibers of PDL constitute mainly of collagen type 

I (Huang et al. 1991), and their terminal ends, referred as Sharpey’s fibers, calcify as they insert 
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into the cementum and alveolar bone.  The cellular elements of the PDL are composed of 

connective tissue cells (fibroblasts, osteoblasts and cementoblasts), immune cells (neutrophils, 

macrophages, lymphocytes and mast cells), and epithelial rest cells (epithelial rests of Malassez).  

The cellular and non-cellular components of the PDL enable it to perform its physical, formative, 

nutritional and sensory functions.  In this respect,  the PDL supports the tooth in its socket, 

maintains the gingiva in proper relationship to teeth, transmits occlusal load to bone, participates 

in the remodeling of bone and cementum in response to external load and contains blood vessels 

and nerve fibers that provide nutrition and sensation to the periodontal apparatus  (Nanci and 

Bosshardt 2006).  

 

The cementum is where the PDL fibers attach on the root surface.  The cementum is an 

avascular hard connective that is present in two varieties: acellular and cellular cementum 

(Diekwisch 2001).  The acellular cementum is found on the cervical half to two third of the root 

where most of the principal PDL fibers insert forming Sharpey’s fibers, which make a significant 

proportion of the organic constituents of acellular cementum.  The cellular cementum is present 

on the apical half to one third of the root and is characterized by presence of cells trapped in lacunae 

(cementocytes), randomly organized collagen fibers, less mineralization and a smaller proportion 

of Sharpey’s fibers than acellular cementum.   

 

The alveolar bone is the part of the alveolar process in the maxilla and mandible that forms 

the inner wall of the tooth socket.  The alveolar bone is made of compact bone that is continuous 

with the outer compact socket wall at the alveolar crest with a layer of trabecular/cancellous bone 

in between.    The alveolar bone is also referred as “bundle bone” since it is the site of PDL fibers 
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insertion.  Bundle bone also contains intrinsic collagen fiber bundles that run parallel to the socket 

wall.  Owing to its intimate relationship to the tooth and PDL, the alveolar bone responds to 

physiological masticatory forces applied to the tooth by undergoing continuous remodeling.  This 

remodeling process is accentuated the most during orthodontic tooth movement where bone lost 

in response to pressure on the PDL is replaced by an equivalent amount of bone at the site of 

tension (Verna et al. 1999). 

 

      We described above the characteristic features of the soft and hard tissue components 

of the periodontium during health.  In PD, infection and subsequent periodontal inflammatory 

response disturb the structural integrity of the periodontal apparatus and compromise its ability to 

maintain periodontal health.  For instance, the integrity of the JE and its ability to act as a barrier 

can be compromised by certain disease associated periodontal pathogens such as porphyromonas 

gingivalis (Katz et al. 2002).  The invasion and expansion of those pathogens into the periodontal 

sulcus elicits an inflammatory response and collagen fibers destruction in the connective tissue 

underlying the JE.  This results in apical migration of JE cells along the root surface and deepening 

of the gingival sulcus.  This apical migration stops once the JE cells reach a level of intact 

connective tissue where they can reestablish the epithelial attachment to the root surface (Pitaru et 

al. 1989).  Furthermore, the invasion of periodontal pathogens into the connective tissue of the 

gingiva and PDL induces immune cells expansion and chemotaxis and the secretion of pro-

inflammatory cytokines (e.g. IL-6, TNF-a, IL-1 β), chemokines (e.g. CXCL12) and proteases (e.g. 

MMP-8, MMP-9) in an attempt to wall-off pathogens invasion. Those pro-inflammatory mediators 

induce the uncoupling of bone formation from bone resorption resulting in net bone loss, which 

marks the transition from gingivitis to periodontitis (Graves et al. 2011).  The mechanism of 
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uncoupled bone remodeling is driven by an imbalance between the receptor activator of nuclear 

factor kappa-B ligand (RANKL) and its decoy receptor Osteoprotegrin (Boyce and Xing) in favor 

of RANKL overproduction (Boyce and Xing 2008).  The pro-inflammatory cytokines secreted in 

the inflamed periodontal connective tissue stimulate osteoblasts, bone marrow stromal cells and 

PDL fibroblasts to secrete RANKL that binds to its receptor RANK on osteoclasts precursors 

inducing their differentiation, maturation and inflammatory bone loss (Graves et al. 2011).  In 

addition, cementum resorption has been reported in periodontally diseased teeth (Beertsen et al. 

2001).  The Resorptive defects of root surface cementum act as a reservoir for periodontal 

pathogens and have been correlated with the severity of periodontal destruction (Mahajan et al. 

2017).  Finally, the proteases  secreted by immune cells in the inflamed periodontium destroy PDL 

collagen fibers, resulting in further collapse of the periodontal attachment and deepening of the 

sulcus (Kurgan and Kantarci 2018).  Collectively, the transition from periodontal health to disease 

is associated with pathological changes in both soft and hard tissue components of the 

periodontium. 

1.2 Periodontal Microbial Dysbiosis 

It is well established that the dental plaque biofilm is the major etiologic factor in the 

initiation of PD (Lindhe et al. 1975; Lovegrove 2004).  Initially, the dental plaque biofilm is mainly 

composed of commensal (non-disease causing) microbiota.  As the plaque accumulates at the 

gingival margin, the increase in commensal microbial biomass provokes a breakdown of host-

microbe homeostasis.  In its early stage, this homeostatic breakdown triggers a reversible 

inflammatory response that is limited to the gingiva called gingivitis (Murakami et al. 2018).   If 
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the plaque biofilm is left undisturbed for a longer duration, the inflammatory response becomes 

chronic and advances to deeper subgingival tissues.  This creates a periodontal environment that 

is conducive to the emergence of keystone pathogens (species that remodel the microbial 

community to promote disease), and pathobionts (commensal species that can cause disease when 

host microbe homeostasis is disturbed).  Both microbial entities thrive on the nutrients derived 

from the inflammatory exudates in the chronically inflamed subgingival environment (Lamont et 

al. 2018), and the lower redox potential typical of an aged plaque (Loesche and Grossman 2001).  

All these ecological changes promote the diversity of the periodontal microbiota with more 

pathogenic gram-negative species dominating the microbial community (Marsh 1994).  This 

inflammation-mediated change in the relative abundance of individual members of the periodontal 

microbiota is termed dysbiosis (Darveau et al. 2012).  Dysbiosis exacerbates the already 

deregulated immune homeostasis resulting in an uncontrolled inflammatory response capable of 

inducing periodontal hard and soft tissue damage (Darveau et al. 2012). Furthermore, the 

periodontal tissue breakdown products (e.g. degraded proteins and hemin) are used as nutrients by 

the proteolytic gram-negative bacteria in the dysbiotic microbiota, thus sustaining microbial 

imbalance (Hajishengallis 2014).  This results in a self-reinforcing vicious cycle where 

uncontrolled inflammation and dysbiosis are fueling each other (Hajishengallis 2015).  

1.3 Role of the Host Response 

As alluded to above, the mutually beneficial interaction between dysbiotic microbiota and 

uncontrolled host response is the major mechanism underlying soft and hard tissue destruction in 

PD.  This host response includes components of the innate and acquired immune systems and is 
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mediated by a wide array of inflammatory  mediators including cytokines (e.g. IL-6, TNF-α, IL-

17A) and chemokines (e.g. CXCL12) (Graves et al. 2011).  The main function of those cytokines 

and chemokines is to limit periodontal infection by activation and recruitment of phagocytic and 

other defense cells (Parameswaran and Patial 2010; Scheller et al. 2011).  However, those 

mediators can also indirectly induce tissue destruction by stimulating osteoclastic differentiation 

and proteolytic enzymes activity, thus promoting periodontal tissue damage, disease progression 

and dysbiosis (Cochran 2008).  Although periodontal pathogens can cause direct tissue destruction 

by their release of proteolytic enzymes (e.g. collagenase, fibrinolysin) and cytotoxic byproducts 

(e.g. H2S), the majority of tissue damage is the net result of an overactive inflammatory response 

driven by microbial dysbiosis (Cekici et al. 2014b). 

 

A number of inflammatory cells are involved in the destructive periodontal inflammatory 

response.  Among those, macrophages and T-helper 17 (Th17) cells stand out as crucial 

determinants of PD pathogenesis and fate.  Macrophages comprise 6% of all immune cells in 

periodontal soft tissue biopsies of chronic periodontitis patients (Carcuac and Berglundh 2014).  

Moreover, the total number of macrophages was found to be higher in the gingival tissues obtained 

from periodontitis lesions compared to healthy tissues in both humans and mice (Gemmell et al. 

2001; Yu et al. 2016).  Similarly, Th17 cells were abundant and their signature cytokine IL-17A 

was highly expressed in human chronic periodontitis lesions (Lester et al. 2007; Ohyama et al. 

2009).  Furthermore, the severity of human periodontitis has been correlated with an increased 

expression of IL-17A (Dutzan et al. 2012; Johnson et al. 2004).  Thus, the significant presence of 

macrophages and Th17 cells in the inflamed periodontium support their pivotal contribution to the 

host response underlying PD. 
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In addition to the destructive aspect of the periodontal inflammatory response, this response 

has also a constructive aspect that maintains periodontal immune homeostasis in health, and drives 

inflammation resolution following  plaque removal (Serhan and Savill 2005).  However, if plaque 

is allowed to build up for an extended duration in a susceptible host, the inflammation resolution 

process becomes impaired leading to the cascade of events resulting in inflammatory damage and 

dysbiosis.  Accordingly, periodontitis has been recently redefined as a disease that stems from a 

failure to resolve an inflammatory response that has gone beyond the control of the endogenous 

resolution pathways  (Van Dyke and Sima 2020).  This notion is supported by reports showing 

that exogenous induction of inflammation resolution by administering a pro-resolving lipid 

mediator (RvE1) can reverse inflammatory bone loss and dysbiosis in animal models of 

periodontitis (Hasturk et al. 2007; Lee et al. 2016b).  Along the same lines, one study suggested 

that the induction of a pro-resolving/M2 macrophages phenotype by oral administration of the 

PPAR-γ agonist Rosiglitazone inhibits periodontal bone loss and promotes bone repair in mice 

with experimental periodontitis (Viniegra et al. 2018).  Similarly, another study showed that local 

administration of a pro-resolution glycoprotein called developmental endothelial locus 1 (Del-1) 

inhibited IL-17A secretion and bone loss in murine periodontitis (Eskan et al. 2012).  Collectively, 

those reports indicate that inflammation resolution mediators exhibit their bone loss protective 

effects by targeting both innate (macrophages) and adaptive (Th17/IL-17A) inflammatory 

pathways.   Thus, extrinsic induction of inflammation resolution during the course of PD has the 

potential to reverse microbial subversion of the host response and halt periodontal destruction.  
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1.4 Current Periodontal Therapeutic Strategies 

Current treatment modalities for PD focus on reducing microbial load in the periodontium 

by periodic debridement of dental plaque using mechanical (scaling and root planning) and 

chemical (antiseptics and antibiotics) means (Sanz et al. 2015; Teles and Teles 2009).  In patients 

with advanced disease and deep periodontal pockets, it is often difficult to achieve optimum plaque 

debridement and resolution of clinical signs of inflammation without gaining adequate access to 

the root surface.  For those patients, a surgical approach termed open flap debridement is often 

prescribed.  This surgical approach is occasionally combined with guide tissue regenerative 

procedures and has been shown to result in reduction of periodontal pocket depth to some extent 

(Heitz-Mayfield et al. 2002; Needleman et al. 2001).  Moreover,  adjunctive systemic antibiotic 

prescription has been employed in patients that continue to have active disease despite strict plaque 

control measures (Walker et al. 1993).  Although some improvement in clinical parameters of PD 

has been reported with adjunctive systemic antibiotics (Haffajee et al. 2003), their use should be 

weighed against the benefits in light of the growing global concern of antibiotic resistance (Ventola 

2015; Walters and Lai 2015).  For this reason, local antimicrobial agents (e.g. Arestin, PerioChip) 

have also been investigated as adjuncts for PD treatment (Paquette et al. 2008).  In this respect, 

local adjunctive antimicrobials have been reported to improve clinical parameters of PD especially 

in sites of recurrent disease and when used in sustained release formulations (Matesanz-Pérez et 

al. 2013; Van Dyke et al. 2002). 
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1.5 Periodontal Host Modulatory Therapies 

The concept of modulating destructive host response as a therapeutic strategy is relatively 

new in the field of periodontics.  This concept has been widely studied in other chronic 

inflammatory conditions of bone such as rheumatoid arthritis (Guo et al. 2018).  Over the past 

decades, our understanding of PD pathogenesis has evolved from considering it as merely  a 

microbial plaque induced disease to a multifactorial condition in which the host response to 

microbial insult is instrumental in disease initiation and progression (Bartold and Van Dyke 2013).  

This fairly recent understanding of PD pathogenesis has propelled the quest for local adjunctive 

host-modulatory therapies aiming at enhancing the outcomes of current plaque 

control/debridement protocols.   The overall goal of periodontal host modulatory therapies is to 

restore the host-microbe homeostasis by dampening down the factors that drive destructive 

inflammation, thus tipping the balance in favor of a constructive healing response. 

 

Sub-antimicrobial Dose Doxycycline (Periostat) is one of the most studied host modulatory 

agents that is FDA approved for PD treatment.  Periostat is prescribed systemically in a small dose 

of 20 mg twice daily over a period ranging from 3-9 months. At this dose, Periostat exhibits an 

inhibitory effect on matrix metalloproteinases secreted by immune cells in the inflamed 

periodontium rather than an antimicrobial effect (Peterson 2004).  When used  in conjunction with 

mechanical plaque debridement, Periostat resulted in significant improvement in clinical 

parameters of PD (Caton 1999).   Other systemic host modulatory agents have also shown promise 

for ameliorating periodontal status such as bisphosphonates and non-steroidal anti-inflammatory 

drugs (NSAIDs) (Bhavsar et al. 2016; Faizuddin et al. 2012).  The mechanism of action of these 

drugs relies on the inhibition of osteoclastic activity by direct targeting of osteoclasts or by 
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interfering with the upstream pro-inflammatory pathways supporting their function.  Although 

some clinical benefits can be achieved by the aforementioned systemic periodontal host 

modulatory therapies, their use may be limited by the undesirable adverse effects associated with 

their route of administration (e.g. gastrointestinal disorders, osteonecrosis of jaw and increased 

bleeding tendency).   

 

 More recently, the evolution in genomic sequencing, cell tracing and animal genetic 

modification techniques has advanced our understanding of the specific molecular and cellular 

factors involved in PD pathogenesis.  This evolution also resulted in the emergence of new local 

periodontal therapeutic approaches that target specific immunologic pathways contributing to 

destructive periodontal inflammation.   

 

One promising local periodontal immunomodulatory approach is based on activating 

intrinsic inflammation resolution pathways by local delivery of a class of lipid mediators derived 

from omega-3 polyunsaturated fatty acids (PUFAs) called resolvins (Serhan et al. 2008).  

Resolvins drive inflammation resolution by suppressing pro-inflammatory cytokines production, 

inhibiting neutrophils recruitment, and inducing macrophages phagocytosis of apoptotic 

neutrophils (efferocytosis).  RevE1, a member of the resolvins family, has been shown to abrogate 

RANKL induced differentiation of pre-osteoclasts and increase OPG secretion by osteoblasts in 

vitro (Gao et al. 2013; Herrera et al. 2008).  Along the same lines, several preclinical studies have 

indicated that RvE1 local treatment can abrogate periodontal breakdown, promote periodontal 

repair and reverse periodontal microbial dysbiosis in animal models of PD (Hasturk et al. 2006; 

Lee et al. 2016a). 
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Another emerging host modulatory strategy for PD relies on harnessing the body’s natural 

immuno-regulatory mechanisms to resolve local inflammation in the periodontal environment.  

This approach leverages sustained drug release technologies to locally deliver immune-modulatory 

peptides in the periodontium.  Those peptides (e.g. cytokines, chemokines) are able to recruit or 

induce specific regulatory immune cells that promote the resolution of periodontal inflammation.  

In this regard, local sustained release of the T-regulatory cells (Tregs) recruiting chemokine 

CCL22 into the periodontal tissues was reported to inhibit alveolar bone loss in mouse and canine 

models of periodontitis (Glowacki et al. 2013).  Tregs are known for their ability to secrete anti-

inflammatory and pro-reparative cytokines, such as IL-4, IL-10 and TGF-β, and to inhibit 

osteoclastogenesis (Kim et al. 2007).  Similarly, another report indicated that induction of pro-

resolving/M2-like macrophages by local sustained delivery of the chemokine CCL2 suppresses 

inflammatory osteolysis in murine models of PD (Zhuang et al. 2018).  Similar to Tregs, M2-like 

macrophages are well established producers of an array of anti-inflammatory cytokines (IL-10, IL-

1ra) and tissue repair mediators (Arg-1, Retnla) (Bosurgi et al. 2017; Evans and Fox 2007; 

Kitazawa et al. 1994; Novak and Koh 2013).   

1.6 Preclinical Models of Periodontal Disease 

Animal models have been extensively used in osteoimmunology research to understand the 

mechanisms driving inflammatory bone loss in periodontal and other skeletal diseases.  In 

particular, PD animal models have been a powerful tool for elucidating periodontal inflammatory 

pathways, testing new therapies and understanding the link between oral and systemic 



 14 

inflammation.  An ideal model for PD would be one that closely mimics human disease in terms 

of pathogenesis, progression, histological and molecular changes and that is also easy to use and 

assess in a standardized manner.  While an ideal model for PD is yet to be developed, several 

animal models have been employed over the past decades with a wide variability in induction 

methods, advantages and limitations.  In the section below, we will discuss rodent and canine PD 

models as two examples of the most widely models. 

1.6.1 Rodent Models 

Rodent (mice and rat) PD models have been widely used due to their affordability, 

accessibility and the availability of rodent molecular analysis reagents.  Although rat PD models 

are still being used, mice PD models have gained remarkable popularity in recent years due to the 

widespread application of genetic modification techniques in mice more so than in rats.  In mice, 

the rational for PD induction banks on exogenously promoting periodontal pathogens 

accumulation around teeth by the administration of oral gavages containing known periodontal 

pathogens or the application of a suture ligature around teeth to encourage intrinsic plaque 

accumulation (Abe and Hajishengallis 2013; Baker et al. 2000).    

 

A number of studies comparing different models of murine PD (oral gavage, LPS injection, 

ligature application) have concluded that the ligature model, unlike other models, is effective 

in inducing inflammatory bone loss and recapitulating histological and cellular changes associated 

with human PD (de Molon et al. 2014; de Molon et al. 2016).   Instead of exogenously boosting 

periodontal pathogens load in the mouse oral cavity by injection or gavage, the murine ligature PD 

model relies on sutures ligated around maxillary molars to act as a bacterial plaque retentive niche 
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capable of initiating a destructive host inflammatory response (Abe and Hajishengallis 2013; 

Marchesan et al. 2018).  Indeed, inflammatory tissue destruction is almost entirely dependent on 

the presence of periodontal pathogens in specific pathogen free mice (SPF), since ligatures have 

failed to instigate inflammation and bone loss in germ-free mice (Rovin et al. 1966; Xiao et al. 

2017). Additionally, ligature PD allows for studying the resolution of periodontal inflammation, 

since removal of ligatures results in spontaneous disease recovery and downregulation of pro-

inflammatory makers (Kourtzelis et al. 2019). This is a unique advantage of this model as it 

provides a powerful tool for testing the effectiveness of immunomodulatory therapies in situations 

that mimic clinical scenarios.  As a result, the murine ligature PD model has gained significant 

popularity amongst several groups in recent years due to its predictability and reproducibility and 

technical versatility. 

 

Owing to the reported similarities in the mechanism of inflammatory bone loss between 

PD and other bone destructive diseases (e.g. rheumatoid arthritis) in mice and humans (Detert et 

al. 2010; Lübcke et al. 2019), the murine ligature PD model can also serve as an exemplar for 

chronic bone destructive diseases.  However, the strain of mice used needs to be taken into 

consideration when studying and interpreting specific inflammatory pathways in this model.  This 

is because the most widely used strains (C57BL/6 and BALB/C) for murine PD induction exhibit 

inherent differences in their T-helper cell subsets frequencies and macrophages innate immune 

responses (Gorham et al. 1996; Watanabe et al. 2004).  
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1.6.2 Canine Model 

Despite the myriad of advantages of employing mice in periodontal translational research, 

PD models in higher order animals such as dogs are often needed to circumvent the limitations of 

mice models.  Those limitations include the inability to assess the clinical parameters of PD that 

are routinely used to evaluate human disease (pocket probing depth, clinical attachment loss and 

bleeding on probing), in addition to the limited working field of mice oral cavity.  The latter makes 

mice PD models unsuitable for testing novel periodontal regenerative techniques and materials.   

 

Beagles are the most commonly used dog breed for the induction of PD.  In beagle dogs, 

PD is induced by the application of suture ligatures around teeth for a period ranging from 3 to 8 

weeks (Martuscelli et al. 2000; Shibutani et al. 1997).  The similarities in the subgingival plaque 

composition between beagle dogs and humans and the increased disease severity with age support 

the clinical relevance of the canine PD model (Kortegaard et al. 2008; Lindhe et al. 1973; Sorensen 

et al. 1980).  Additionally, PD induction in beagle dogs was shown to recapitulate the clinical signs 

of periodontal inflammation and disease progression observed in humans (edema, bleeding on 

probing, attachment loss) (Glowacki et al. 2013; Nociti et al. 2001).  Finally, beagle dogs have 

been extensively used for evaluating the efficacy of many periodontal guided regeneration 

techniques (Koo et al. 2005; Park et al. 1995; Wikesjö et al. 1998). 

 

Despite the many advantages of the canine PD model, several limitations are encountered 

with its use including the higher cost, the need for daily companionship, frequent maintenance and 

the requirement for more extensive training of research personnel. 
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2.0 Specific Aims 

In this study, our goal was to evaluate the therapeutic effect of targeting inflammatory 

pathways driven by macrophages and Th17 cells in murine PD.  Our first hypothesis was that 

local sustained delivery of the chemokine CCL2 in diseased murine periodontium would protect 

against periodontal tissue destruction and enhance healing by restoring local macrophages 

homeostasis and reversing microbial dysbiotic changes.  Our second hypothesis was that 

targeting of the signature Th17 cytokine IL-17A by local sustained delivery of IL-17A antibodies 

would halt inflammatory bone loss in mice with PD induction.  To test these hypotheses, we 

outlined the following aims: 

 

Specific Aim 1 (SA1): To assess the therapeutic efficacy of CCL2 local sustained 

delivery as a preventive, interventional and reparative therapy for murine periodontitis. 

SA1A: Sustained release CCL2 PLGA microparticles (MP) will be fabricated, surface 

characterized, and their release profile will be evaluated.  SA1B:  CCL2 MP will be delivered 

concurrently with starting murine ligature PD induction (Preventive therapy).  Alveolar bone loss 

will be assessed and the mRNA expression of macrophages polarization, inflammatory and bone 

remodeling markers in the murine periodontium will be analyzed.  SA1C:  CCL2 MP will be 

delivered 4 days after the start of murine PD induction (Interventional therapy).  Alveolar bone 

loss, osteoclast counts and the expression of macrophages polarization, inflammatory and bone 

remodeling markers and will be evaluated.  SA1D:  CCL2 MP will be delivered at the end of PD 

induction prior to a brief recovery period (Reparative therapy) to assess alveolar bone gain and 

periodontal ligament fibers organization. 
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Specific Aim 2 (SA2):  To Unravel the changes in periodontal microbiome and 

phenotype periodontal macrophages at single cell level in response to local delivery of CCL2 

in murine ligature periodontitis.  SA2A:  The periodontal microbial load and composition will 

be assessed following preventive CCL2 MP treatment of murine ligature induced PD.  SA2B: 

CD45 enriched cell suspensions isolated from mice gingiva will be used for phenotyping and 

assessing the gene expression profile of murine periodontal macrophages following preventive 

CCL2 MP treatment of murine ligature induced PD. 

 

Specific Aim 3 (SA3):  To evaluate the bone loss protective effect of targeting IL-17A 

cytokine secreted in diseased murine periodontium by local sustained release of IL-17A 

antibodies.  SA3A:  Sustained release anti-IL-17A PLGA microparticles (MP) will be fabricated, 

surface characterized, and their release profile will be assessed. SA3B: Anti-IL-17A MP will be 

locally delivered either simultaneously with or 2 days after ligature PD induction in mice.  Alveolar 

bone loss, osteoclastic activity and the mRNA expression of inflammatory markers will be 

analyzed. 
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2.1 Specific Aim 1 

2.1.1 Introduction and Rationale 

Periodontal disease (PD) is one of the most common oral diseases affecting nearly 50% of 

the United States adult population (Eke et al. 2015b), and its most severe form has global 

prevalence of 11.2% (Kassebaum et al. 2014).  PD is characterized by a microbial dysbiosis that 

subverts the host microbe homeostasis in the periodontal environment and triggers chronic 

inflammatory destruction of tooth supporting structures (Hajishengallis 2015).  If left untreated, 

PD can result in progressive alveolar bone loss, tooth loss and compromised masticatory function 

(Kosaka et al. 2014) .  Furthermore, recent preclinical studies have implicated PD as an aggravating 

factor in a number of systemic conditions such as Alzheimer’s and inflammatory bowel disease 

(Dominy et al. 2019; Kitamoto et al. 2020).   

 

Owing to its chronic and complex nature, the destructive inflammatory process underlying 

PD lacks the ability to self-resolve and requires therapeutic intervention to control disease 

progression.  In this respect, a myriad of mechanical (scaling and root planning) and chemical 

measures (antiseptics and antibiotics) have been employed to control PD (Sanz et al. 2015; Teles 

and Teles 2009).  Those measures aim primarily at reducing the load of inflammation-inducing 

pathogens in the periodontium, thereby dampening the destructive inflammatory response fueling 

PD.  Despite the long history of improvement in periodontal microbial debridement protocols, 

those protocols have exhibited varying degrees of success, and, in some patients, may fail to halt 

progressive attachment loss even in the presence of low plaque scores, as in the case of refractory 

periodontitis (Colombo et al. 1998; Haffajee et al. 1997).   
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The lack of consistent therapeutic outcomes for current PD treatment protocols has 

propelled the quest for adjunctive strategies addressing the host response component of the disease.  

Those strategies circumvent the arduous task of trying to completely eradicate periodontal 

pathogens and focus more on modulating the deleterious host response, which is responsible for 

the majority of inflammatory destruction characteristic of PD (Cekici et al. 2014a). 

 

Macrophages are key mediators of the inflammatory response in many tissues including 

the periodontium.  These cells exhibit a wide spectrum of phenotypic subsets with M1 (classically 

activated) and M2 (alternatively activated) phenotypes representing the extreme ends of the 

spectrum (Mantovani et al. 2004).  Each phenotypic subset performs distinct functions depending 

on the nature and stage of the inflammatory process.  In this regard, the M1 macrophages drive the 

initial pro-inflammatory responses necessary for host defense against invading pathogens, whereas 

M2 macrophages exhibit anti-inflammatory effects to promote inflammation resolution and tissue 

repair following pathogen eradication (Mantovani et al. 2004).  Owing to their phenotypic and 

functional diversity, macrophages are thought to play a crucial role in the initiation, progression, 

and resolution of chronic inflammation (Oishi and Manabe 2018).   Thus, modulating macrophages 

response has a potential to influence the course and fate of PD. 

 

 Several studies have investigated systemic and local approaches to target macrophages 

response in the periodontium.  In this respect, one study showed that daily oral administration of 

Rosiglitazone, a PPAR-γ agonist, inhibited bone loss and stimulated bone formation by inducing 

M2 macrophages in murine periodontium (Viniegra et al. 2018).  Another study suggested that 

locally injected dental pulp stem cell exosomes can accelerate periodontal bone healing in mice by 
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driving M2 macrophages polarization (Shen et al. 2020).  Although promising, the aforementioned 

studies present macrophage-modulatory strategies that require either frequent systemic 

administration of the therapeutic agent or address only one stage of PD.  To the best of our 

knowledge, there has been no reports to date of a local sustained periodontal therapeutic strategy 

that tests the feasibility of modulating macrophages response during different stages of periodontal 

inflammation or disease severity. 

 

Our group has previously investigated local recruitment or induction of specific 

populations of immune cells into the periodontium to dampen destructive inflammation (Araujo-

Pires et al. 2015; Glowacki et al. 2013; Zhuang et al. 2019).   We have shown the feasibility of 

local induction of M2 macrophages in halting periodontal destruction in murine PD models 

(Zhuang et al. 2019) .  The induction of M2 macrophages was achieved by local sustained delivery 

of the chemokine CCL2, which has been reported to preferentially induce an M2-like macrophages 

phenotype in several settings (Roca et al. 2009; Sierra-Filardi et al. 2014).  In this work, we further 

examined the therapeutic efficacy of locally delivered CCL2 as a macrophage-modulating agent 

to treat early and established murine PD, and to induce periodontal healing during disease 

recovery.  In this regard, we employed three clinically relevant therapeutic approaches for initial 

(preventive), progressing (interventional) and resolving (reparative) murine PD using local 

sustained delivery of CCL2.   We assessed the changes in bone level, osteoclastic activity, 

periodontal ligament organization and the gene expression profile in murine periodontium.  The 

present study aimed at providing phenotypic and mechanistic insights into the therapeutic potential 

of CCL2 local sustained delivery as an adjunctive therapy for PD.  
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2.1.2 Hypothesis 

We hypothesized that local sustained delivery of the chemokine CCL2 would prevent 

murine ligature PD initiation, slow down its progression and accelerate its resolution by favoring 

a pro-resolving/M2-like macrophages response in the periodontium. 

 

2.1.3 Materials and Methods 

2.1.3.1  Fabrication and characterization of sustained release CCL2 Microparticles 

Sustained release CCL2 MP were fabricated by encapsulating recombinant mouse CCL2 

protein (R&D systems) into Poly-Lactic-co Gylcolic Acid (PLGA) (Sigma) using a standard 

water-oil-water double emulsion technique as described previously (Glowacki et al. 2013).  The 

first aqueous phase consisted of 200 µl of 10 µg of recombinant mouse CCL2 with 1% bovine 

serum albumin (BSA) and 15 mmol NaCl.  The oil phase was made by dissolving 200 mg PLGA 

polymer (lactic:glycolide 50:50, Mwt 7000 – 17000) in dichloromethane (organic solvent).  The 

first aqueous and oil phases were sonicated together to obtain an emulsion that was then 

homogenized with 60 ml of 2% polyvinyl alcohol with 50 mM NaCl (second aqueous phase) to 

make the second emulsion.  The homogenate was then added to 80 ml of 1% polyvinyl alcohol 

with 50 mM NaCl and stirred for 3 hours to allow for evaporation of dichloromethane.  Next, the 

MP were collected and washed, then resuspended in 5 ml of deionized water and flash frozen in 

liquid Nitrogen before lyophilization.  We also fabricated Blank (unloaded) PLGA MP without 

recombinant protein following the same protocol. 
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Following fabrication, the CCL2 MP were surface characterized using a scanning electron 

microscope (JSM-6335F), and their size distribution was assessed with volume impedance 

measurements on a Beckman Coulter counter.  Next, the release profile of CCL2 protein from the 

MP was assessed by suspending 10 mg of the MP in 1 ml PBS with 1% BSA and placing the 

suspension on a tube rotator at 37°C.  Supernatants were collected by centrifugation of the MP 

suspension followed by resuspension in equal amount of fresh PBS/BSA solution.  Supernatant 

collection continued over a period of 30 days.  The amount of the soluble CCL2 protein in the 

supernatant was quantified using an ELISA assay (R&D systems).  

2.1.3.2  Murine ligature induced periodontitis 

All animal procedures followed a protocol approved by the Institutional Animal Care and 

Use Committee at the University of Pittsburgh (protocol number: 18042616), and the ARRIVE 

guidelines for preclinical studies.  Male 6-8-week-old Balb/C wild type mice, weighing 25-30 g, 

were purchased from Charles Rivers and used for the induction of ligature periodontitis around 

maxillary second molars.  Mice were kept in cages (3-4 mice/cage) in a controlled environment 

with 12-hour dark/light cycles and were fed standard pellet diet and water through the length of 

each experiment.  Mice were allowed an acclimation period of at least 72 hours before starting the 

experiments.  Before placing ligatures in each experiment, mice were randomly assigned to 

experimental groups that included an age-matched-healthy control group with no ligature 

placement. For ligature periodontitis induction, mice were first anesthetized by intraperitoneal 

injection of 80 mg/8 mg/kg Ketamine/Xylazine, then, under a stereomicroscope, 6-0 silk suture 

(Henry Schein) was ligated around the left maxillary second molar with the knot placed on the 

palatal side, as previously described (Abe and Hajishengallis 2013).   
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Depending on the endpoint of each experiment, ligatures were left in place for either 7 

(Preventive approach) or 10 days (Interventional approach) before mice sacrifice.  Alternatively, 

ligatures were removed after 10 days then a recovery period of 4 days was allowed before 

sacrificing the mice (Reparative approach).  G*Power 3.1 software was used to estimate the 

number of mice needed for each experiment.   For the preventive approach experiment, a total of 

44 mice were used (24 mice for bone loss analysis and 20 mice for gene expression analysis).  For 

the interventional approach experiment, 50 mice were used (30 mice for bone loss analysis and 20 

mice for gene expression analysis).  Finally, 31 mice were used for the reparative approach 

experiment.  At experimental endpoints, mice were euthanized in CO2 chamber followed by 

cervical dislocation. 

2.1.3.3 Local periodontal delivery of CCL2 or blank PLGA MP 

Following ligatures placement on maxillary molars, CCL2 or blank PLGA MP were locally 

delivered as a single dose at one time point throughout the length of the experiment.  The MP 

delivery time point was determined based on whether a preventive, interventional or reparative 

therapeutic approach was intended in each experiment.  Accordingly, MP were administered on 

same day of placement, 4 days after placement or on the day of removal of ligatures for the 

preventive, interventional and reparative therapeutic approaches, respectively (Fig. 1 outlines the 

experimental end points for each of the therapeutic approaches).   

At the time of MP administration, 50 µl of either CCL2 or blank MP suspended in 2% 

carboxymethylcellulose in PBS (10 mg MP/ml) were locally injected in the buccal and palatal 

gingiva of the ligated maxillary second molar.  20 µl were injected in the mid-buccal aspect and 

the remaining 30 µl were distributed on the mesial, middle and distal palatal aspects of the ligated 

maxillary second molar.  For the interventional and reparative approach experiments, mice that 
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had lost their ligatures at the time of MP delivery with or without ligatures removal were excluded 

from the study.  In each experiment, mice with ligatures only and no MP injection (untreated) or 

age matching healthy mice with neither ligatures nor MP (healthy control) were included as 

additional experimental groups.  No adverse events were encountered while conducting the animal 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Diagramatic representation of the experimental design describing the 3 therapeutic approahes 

employed to treat initial, progressing (established) and resolving murine ligature induced periodontal disease 

(PD). 

 

2.1.3.4  Micro-computed tomography and alveolar bone analysis 

At the end of each experiment, mice maxillae were harvested and fixed overnight in 10% 

neutral buffered formalin then transferred to 70% ethanol for scanning with a micro-computed 



 27 

tomography system (Scanco µCT 50, Scanco Medical).  A resolution of 10µm voxel size, 55KVp, 

0.36 degrees rotation step (180 degrees angular range) and a 1200 ms exposure per view were 

used.  All scans were reoriented with DataViewer software (GE Healthcare) to a standardized 

orientation guided by pre-defined anatomical landmarks.  For bone loss evaluation, reoriented 

images were used to measure the distance between the cementoenamel junction (CEJ) of the 

maxillary second molar and the level of the alveolar bone crest (ABC) on the mesial, distal, buccal 

and palatal aspects using CTAN software (Bruker).  For mesial and distal measurements, the CEJ 

to ABC distance were measured on 8 measurement slices with a distance interval of 40 μm in 

between.  For the buccal and palatal measurements, the CEJ to ABC distance were measured on 

20 measurement slices with a distance interval of 30 μm in between.   The average measurements 

on each aspect on the ligated side were normalized to the corresponding averages on the healthy 

side of the same maxilla.  In the reparative therapeutic approach experiment, a second 

normalization to the average measurements from the 10 days ligature only group was performed.  

The investigator/personnel conducting the measurements was blinded to the treatment received. 

2.1.3.5  Histological analysis  

Mice maxillae samples were demineralized for 10 days in 10% EDTA, then embedded in 

paraffin.  Embedded tissue samples were then sectioned into 5-μm thick sagittal sections that were 

used for assessing osteoclastic activity or characterizing the periodontal ligament fibers around the 

ligated molar using bright field microscopy. 

 

Osteoclasts in tissue sections from the interventional approach experiment were quantified 

using a TRAP staining kit (Sigma) according to the manufacturer’s instructions.  In brief, 

deparaffinized tissue sections were first incubated in a fixative solution (25 ml citrate solution, 65 
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ml acetone and 8 ml of 37% formaldehyde) for 30 seconds then rinsed thoroughly in deionized 

water.  Next, the slides were incubated in prewarmed reaction solution (45 ml deionized water 

prewarmed to 37°C, 1 ml diazotized Fast Garnet GBC solution, 0.5 ml Naphthol AS-BI phosphate 

solution, 2 ml acetate solution and 1 ml tartrate solution) for 1 hour at 37°C while protected from 

light.  Following the 1-hour incubation, the slides were rinsed thoroughly in deionized water then 

counterstained with Hematoxylin solution for 30-45 seconds.  After counterstaining, the slides 

were rinsed with running tap water for 5 minutes, then air-dried in a fume hood before adding 

Aqua-Poly/Mount mounting medium (Polysciences) and coverslip. 

 

 TRAP+ osteoclasts were identified as multinuclear pattern with red cytoplasm and purple 

nuclei.  For each sample, three tissue sections near the bucco-lingual center and with a distance 

ladder of 25-30 μm were selected for counting TRAP+ cells.  The region of interest was be defined 

as the area extending from either the mesial or distal alveolar bone crests to the corresponding root 

apex of the second molar.  The total number of TRAP+ cells was normalized by the surface area 

of the ROI as measured by ImageJ software.  The investigator/personnel performing the 

quantification was blinded to the treatment received.   

 

To assess the pattern of periodontal ligament reorganization during the recovery phase 

following ligature removal, tissue sections from the reparative approach experiment were stained 

with a Picrosirius Red stain (Polysciences) following the protocol provided by the manufacturer. 

Briefly, deparaffinized tissue sections were first stained with Weigert’s Hematoxylin solution for 

8 minutes then rinsed thoroughly with deionized water.  The slides were then incubated with 

phosphomolybdic acid (Solution A) for 2 minutes then rinsed with deionized water.  Next, the 
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slides were incubated in Picrosirius Red F3B staining solution (Solution B) for 60 minutes.  After 

picrosirius red staining, the slides were incubated in 0.1 N hydrochloride acid (Solution C), then 

dehydrated in ethanol (70% for 45 seconds once, 95% for 60 seconds twice and 100% for 60 

seconds twice).  Finally, the slides were incubated in Xylene for 60 seconds per incubation then 

the mounting medium and coverslips were added. 

The orientation and distribution of the periodontal ligament collagen fibers around the 

ligated molar was visually assessed and compared across the experimental groups.   

2.1.3.6  Quantitative polymerase chain reaction (qPCR) 

For gene expression analysis, the preventive and interventional therapeutic approach 

experiments described above were repeated, then gingival tissues surrounding the ligated molar 

were harvested at predefined endpoints to proceed with RNA extraction, reverse transcription and 

qPCR analysis.  For the preventive approach, local MP injection was done simultaneously with 

ligatures (day 0) placement then mice were sacrificed 4 days after (ligature PD induction for 4 

days).  For the interventional approach, MP injection was done 4 days after ligature placement, 

then mice were sacrificed 6 days (10 days ligature PD induction).  Following mice sacrifice, the 

half-maxillae on the ligated side were harvested and flash frozen in liquid nitrogen then stored in 

-80 C until the day of RNA extraction.  The half maxillae samples were thawed at 4C in RNA 

later solution the night before RNA extraction.  Total RNA was extracted from the dissected 

alveolar gingiva on the ligated side using Trizol reagent (Life technologies, then purified using 

RNeasy Mini kit (Qiagen).  Next, RNA was reverse transcribed to cDNA using High-Capacity 

RNA-to-cDNA™ Kit (Applied biosystems).  Quantitative polymerase chain reaction was 

conducted using TaqMan™ Gene Expression Master Mix and Taqman primers (Applied 

Biosystems) on a QuantStudio 6 Flex Real- Time PCR system (Thermo Fisher Scientific).  The 
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gene expression of macrophages polarization, inflammatory and bone remodeling markers (Table 

1) was assessed. Data analysis was done with the delta-delta Ct method (Livak and Schmittgen 

2001). 

Table 1 List of Taqman probes used for qPCR analysis 

Gene symbol and name Taqman™ gene expression assay ID 

Arg1 - liver arginase Mm00475988_m1 

Il1rn - interleukin 1 receptor antagonist Mm00446187_m1 

Nos2 - inducible nitric oxide synthase 2 Mm00440502_m1 

Il6 – interleukin 6 Mm00446190_m1 

Tnfsf11 - Tumor necrosis factor superfamily member 11 Mm00441906_m1 

Tnfrsf11b - Tumor necrosis factor superfamily member 11b Mm00435454_m1 

 

2.1.3.7 Statistical analysis 

 

Statistical analysis was performed in GraphPad Prism version 8.  One-way ANOVA was 

used to compare between experimental groups followed by Tukey post-hoc test.  Sample size was 

calculated using G*Power 3.1 software.  A power level of 0.8 and an alpha of 0.05 were used in 

estimating sample size.  Results were presented as mean ±SD and statistical significance was 

considered at p <0.05. 
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2.1.4  Results 

2.1.4.1 Characterization of sustained release CCL2 MP 

 

SEM scanning of the CCL2 MP showed uniformly spherical MP with varying degrees of 

surface porosity (Fig. 2A).  The volume impedance measurement showed that the average particle 

size was 21.49-±10.02 μm (Fig. 2B).  The 30 days cumulative ELISA release profile (Fig. 2C) of 

rmCCL2 protein from the PLGA MP started with a burst release of about 28% of encapsulated 

protein, followed by a gradual release of another 23% over the first week.  Steady release of about 

6-15% of encapsulated CCL2 was observed at 5-7 days increments up to day 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  CCL2 PLGA MP characterization, size distribution and release profile assessment 
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2.1.4.2  Sustained release CCL2 MP inhibit murine PD initiation 

To evaluate whether CCL2 local delivery inhibits bone loss initiation in murine PD, we 

analyzed periodontal bone levels in maxillae samples from mice that underwent ligature PD 

induction with or without simultaneous CCL2 MP local therapy (Preventive therapeutic approach).  

Our µCT analysis indicated that preventive CCL2 MP therapy inhibited interdental bone loss by 

~32-37% compared to untreated or blank control mice (Fig. 3B).  There was no statistically 

significant difference in buccal and palatal bone loss between groups (Fig. 3C and D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Micro-computed tomography analysis of alveolar bone loss following preventive local sustained 

release CCL2 MP therapy.  CCL2 MP were locally delivered simultaneously with ligature placement in a 7 

days ligature induced periodontitis model. Healthy control mice, mice with ligature placement only (untreated) 

or mice with ligature placement and blank MP (Blank MP) delivery were used as controls. One-way ANOVA 

with a post hoc Tukey test was performed to determine statistical significance, where *: p < 0.05, **: p < 0.005, 

***: p < 0.0005 and ****: p < 0.0001 and #: significantly different from “Healthy control group”.  N = 6 mice.     
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2.1.4.3   Preventive CCL2 therapy induces a pro-resolving macrophages phenotype and 

inhibits uncoupled bone remodeling 

Using qPCR, we assessed the expression of gingival inflammatory and bone remodeling 

markers following local delivery of CCL2 MP at the start of the induction of murine ligature PD 

for 4 days (Preventive therapeutic approach).  Compared to ligature only mice or mice that received 

blank MP, mice treated with CCL2 MP showed an up-regulated mRNA expression of the pro-

resolving M2-like macrophages marker Arg1, and downregulated expression of the M1 

macrophages marker Nos2 (Fig. 4A, B and C).  Furthermore, preventive CCL2 MP therapy 

decreased the expression of the pro-inflammatory/pro-osteoclastic markers Il6 and Tnfsf11, while 

Tnfrsf11b exhibited no change (Fig. 4 D, E and F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Quantitative polymerase reaction (qPCR) analysis of macrophages, inflammatory and bone remodeling 

markers at day 4 following ligature placement with or without simultaneous PLGA MP delivery (Preventive 

therapeutic approach).  The mRNA expression of the M2-like macrophages markers Arg1 and Il1rn (A and B), the 

M1 macrophages marker Nos2 (C), the proinflammatory marker Il6 (D) and the ratio of bone remodeling markers 

Tnfsf11 (encoding RANKL) and Tnfrsf11b (encoding OPG) (E and F) was assessed. One-way ANOVA with a post hoc 

Tukey test was performed to determine statistical significance, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and 

****: p < 0.0001 with n= 5 mice. 
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2.1.4.4   Sustained release CCL2 MP restrain murine PD progression 

We next sought to investigate whether the activity of PD at the time of CCL2 MP 

administration influence their protective effect against bone loss.  To that end, CCL2 MP were 

delivered after 4 days from the start of ligature PD induction for 10 days (Interventional therapeutic 

approach).  Our µCT analysis revealed that CCL2 MP suppress further interdental bone loss by ~ 

26-29% when delivered in the presence of an active PD in mice (day 4) compared to untreated and 

blank control mice (Fig. 5B).  No difference between groups was observed on the buccal and 

palatal aspects with interventional CCL2 therapy (Fig. 5C and D).  

 

In line with the bone loss inhibitory effect of local interventional CCL2, TRAP staining of 

tissue sections from the same experiment revealed a reduction in osteoclast counts in CCL2 MP 

treated mice compared to untreated and blank MP treated controls (Fig. 6A-K).  Additionally, there 

was a strong positive correlation between interdental bone loss and osteoclast counts as determined 

by Pearson correlation coefficient (r = 0.737, p <0.0001) (Fig. 6L).  Collectively, those results 

indicate that the protective effect of CCL2 local sustained release against bone loss is effective in 

the presence of an active disease. 
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Figure 5.  Sustained Release CCL2 MP restrain bone loss in established Murine PD.  (A) Representative 3D 

images of the reconstructed micro-CT scans from each experimental group in the interventional therapeutic 

approach experiment.  Alveolar bone loss was quantified by measuring the CEJ-ABC distance on the 

interdental (B), buccal (C) and palatal (D) aspects of the ligated maxillary second molar.  Age-matched healthy 

control mice, mice with ligature PD induction only (untreated) or mice with ligature PD induction and blank 

MP local delivery were used as control. One-way ANOVA with a post hoc Tukey test was performed to 

determine statistical significance, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and ****: p < 0.0001, #: 

significantly different from “Healthy control group” and +: significantly different from the “4 days ligature 

group”. N=6 mice. 
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Figure 6. Sustained Release CCL2 MP inhibit osteoclastic activity in established Murine PD.  (A-J) 

Representative images of the TRAP staining of tissues sections from different experimental groups in the 

interventional therapeutic approach experiment.  (A-E) are the 40x magnified bright field images (scale bar = 

200 µm), whereas (F-J) are the 100x magnified images (scale bar = 100 µm).  (K) Analysis of TRAP positive 

osteoclast counts on the interdental aspect of the ligated maxillary second molar.   One-way ANOVA with a 

post hoc Tukey test was performed to determine statistical significance, where *: p < 0.05, **: p < 0.005, ***: p 

< 0.0005 and ****: p < 0.0001, #: significantly different from “Healthy control group” and +: significantly 

different from the “4 days ligature group”. N=6 mice.  (L) Correlation analysis of osteoclasts number with the 

severity of bone loss.  There was a strong positive correlation between the 2 parameters as determined by 

Pearson correlation coefficient (r = 0.737, p < 0.0001). N = 6 mice per group. 
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2.1.4.5   Interventional CCL2 therapy induces a pro-resolving macrophages phenotype and 

inhibits uncoupled bone remodeling 

Similar to the preventive model, we also assessed the expression of gingival inflammatory 

and bone remodeling markers by qPCR.  Local delivery of CCL2 MP was performed 4 days after 

the start of murine ligature PD induction for 10 days (Interventional therapeutic approach).    

Interventional CCL2 MP treatment resulted in an up-regulated mRNA expression of the pro-

resolving M2-like macrophages markers Arg1 and Il1rn, and downregulated expression of   the 

M1 macrophages marker Nos2 compared to the no MP or blank MP delivery (Fig. 7A, B and C).  

Moreover, interventional CCL2 MP therapy inhibited the expression of the pro-inflammatory/pro-

osteoclastic markers Il6 and Tnfsf11, while Tnfrsf11b showed no change between all groups where 

ligature PD was induced (Fig. 7D, E and F). 
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Figure 7.  QPCR analysis for the expression of macrophages polarization, inflammatory and bone remodeling 

markers. Sustained release CCL2 MP were delivered 4 days after ligature placement during the course of a 10 

days ligature PD induction (Interventional therapeutic approach). The mRNA expression of the M2 

macrophages markers Arg1 and Il1rn (A and B), as well as the M1 macrophages marker Nos2 (C) was assessed.  

Additionally, the expression of the pro-inflammatory marker Il6 and the ratio of bone remodeling markers 

Tnfsf11 (encoding RANKL) and Tnfrsf11b (encoding OPG) were also evaluated (D-F). One-way ANOVA with 

a post hoc Tukey test was performed to determine statistical significance, where *: p < 0.05, **: p < 0.005, ***: 

p < 0.0005 and ****: p < 0.0001 with n = 5 mice.  
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2.1.4.6   Sustained release CCL2 MP accelerate periodontal repair during murine PD 

resolution 

After confirming the effectiveness of our CCL2 local therapeutic strategy during murine 

PD initiation and progression, we sought to evaluate the potential positive effect of this strategy 

on periodontal healing during the resolution of murine PD.  To that end, CCL2 MP were delivered 

concurrently with removal of ligatures at the start of a 4 days recovery period after murine PD 

induction for 10 days (Reparative therapeutic approach).    

 

Analysis of alveolar bone levels revealed that CCL2 MP treated mice exhibited an 

accelerated interdental bone gain that reached 56% of healthy levels, as opposed to a 17-30% gain 

observed in untreated and Blank MP treated mice, where no difference in bone gain was observed 

on the buccal and palatal aspects (Fig. 8B).   

 

Furthermore, picrosirius red staining of periodontal collagen fibers revealed more 

coronally positioned periodontal fibers in CCL2 treated mice, compared to the untreated of blank 

control groups (Fig. 9A-J).  Additionally, the periodontal fibers in the CCL2 group appeared more 

organized, uniformly distributed and with even thickness as they insert into the alveolar bone and 

root cementum.  On the other hand, collagen fibers in untreated or blank control groups exhibited 

a disorganized pattern and uneven distribution with some fibers completely detached from alveolar 

bone and cementum. 
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Figure 8.  Sustained Release CCL2 MP accelerate periodontal repair during murine PD resolution.  (A)  

Representative 3D images of the reconstructed micro-CT scans from each experimental group in the reparative 

therapeutic approach experiment.  Bone gain was calculated by subtracting the ABC-CEJ measurements in 

mice that had undergone 4 days recovery from the corresponding average measurements of the 10 days ligature 

only mice on each aspect.  (B-D) Alveolar bone gain quantification on the interdental (B), buccal (C) and palatal 

aspect of the previously ligated maxillary second molar following the 4 days recovery period. One-way ANOVA 

with a post hoc Tukey test was performed to determine statistical significance, where *: p < 0.05, **: p < 0.005, 

***: p < 0.0005 and ****: p < 0.0001, #: significantly different from “Healthy control group” and +: significantly 

different from the “10 days ligature group”. N=6-7 mice. 
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Figure 9.  Representative images of the picrosirius red staining of tissue sections from the reparative approach 

experiment.  The structure and organization of periodontal ligament fibers was visually inspected and 

compared between different experimental groups.  (A-E) are representative bright field images at 40x 

magnification (scale bar= 200 µm).  (F-J) are representative bright field images at 100x magnification (scale 

bar= 100 µm).  
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2.1.5  Discussion 

PD is a chronic inflammatory disease that is associated with progressive destruction of 

tooth supporting structures and microbial dysbiosis.  A number of inflammatory cells belonging 

to the innate and adaptive immune systems are involved in the periodontal inflammatory response 

and drive both its destructive and constructive phases.  Among those cells, macrophages stand out 

as crucial members of the innate host response orchestrating PD pathogenesis and determining its 

fate.  These cells comprise 6% of all immune cells in periodontal soft tissue biopsies (Carcuac and 

Berglundh 2014), and are present in higher numbers in the gingival tissues obtained from 

periodontitis lesions compared to healthy tissues (Gemmell et al. 2001; Yu et al. 2016).  Thus, 

macrophages represent an attractive therapeutic target for immunomodulatory therapies aiming at 

controlling the detrimental host response underlying PD. 

 

Our group has previously shown that local sustained delivery of the chemokine CCL2 in 

diseased murine periodontium at the start of PD induction inhibited periodontal bone loss and up-

regulated the expression of M2-like macrophages markers (Zhuang et al. 2019).  In this study, we 

sought to validate and build on our previous findings by investigating the beneficial effects of 

CCL2 local therapy during different stages of murine ligature PD.  To that end, local sustained 

release of CCL2 was used as a preventive, interventional or reparative periodontal therapy 

depending on whether CCL2 PLGA MP were delivered at the initiation, progression or resolution 

stage of murine PD, respectively.   This experimental design allowed us to assess the extent of 

disease protection/amelioration in response to CCL2 local therapy in situations that mimic 

different clinical scenarios of human PD. 
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In the preventive therapeutic approach, CCL2 MP were locally delivered at the start of 

murine ligature PD induction with the intent to dampen the early pro-inflammatory response 

driving disease initiation and subsequent bone loss.  Indeed, preventive CCL2 therapy inhibited 

interdental bone loss and down-regulated the mRNA expression of the M1 macrophages marker 

Nos2 and the pro-inflammatory/pro-osteoclastic markers Il6 and Tnfsf11.  Moreover, the M2 

macrophages marker Arg1 was up-regulated in CCL2 MP treated mice.  Taken together, those 

results corroborate our previous findings (Zhuang et al. 2019) and indicate that the suppression of 

inflammatory bone loss as a result of local preventive CCL2 therapy is associated with changes in 

both the M1 and M2 macrophages response in favor of an M2-skewed environment. 

 

We next sought to test whether locally delivered CCL2 can halt the progression of an 

established disease with an ongoing destructive inflammatory process.  We have observed an 

enhanced expression of inflammatory and osteoclastic markers along with alveolar bone loss as 

early as day 4 post-ligature placement.  Thus, delivering CCL2 MP at this time-point can be 

considered as an interventional administration of treatment during the course of a 10 days ligature 

induced PD.   In this study, interventional CCL2 therapy suppressed interdental bone loss, reduced 

osteoclasts numbers and down-regulated the mRNA expression of Il6 and Tnfsf11.  Moreover, 

there was an up-regulated expression of the M2 macrophages markers Arg1 and Il1rn in CCL2 

MP treated mice.  Collectively, those results suggest that CCL2 local therapy maintains its ability 

to induce an M2-like macrophages response and hinder inflammatory bone loss even in the 

presence of an active inflammation and ongoing tissue destruction.   
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The results from the 2 therapeutic approaches outlined above support previous reports 

pointing to an inverse correlation between osteoclastic activity and the M2 macrophages response 

during the course of chronic bone destructive diseases (Hannemann et al. 2019; Viniegra et al. 

2018).  This correlation is further supported by earlier mechanistic studies showing that M2 

macrophage secreted cytokines (e.g., IL-1ra and IL-10) inhibit osteoclast formation (Kitazawa et 

al. 1994; Xu et al. 1995), while M1 macrophages derived cytokines (e.g., IL-6 and TNF- 𝛼) 

promote osteoclastogenesis (Kobayashi et al. 2000; Udagawa et al. 1995).  Furthermore, similar 

to what was observed with local delivery of CCL2 in the present study, another group showed that 

local delivery of the pro-resolving lipid mediator RevE1 reduced bone loss in both initial and 

established ligature induced PD in rats (Lee et al. 2016b).  RevE1 has been reported to repolarize 

M1 macrophages towards an IL-10 producing pro-resolving phenotype (Herová et al. 2015), and 

to inhibit osteoclast differentiation (Herrera et al. 2008).  Altogether, the collective results 

emphasize the dynamic relationship between macrophages polarization and bone remodeling 

during early and established inflammatory responses. 

  

We also explored the ability of CCL2 local therapy to ameliorate periodontal repair 

following stimulus removal in murine ligature induced PD.  Indeed, several studies have reported 

spontaneous healing with either an arrest of bone loss or complete bone regeneration within  days 

to weeks from ligatures removal in mice undergoing ligature-induced periodontitis (Kourtzelis et 

al. 2019; Viniegra et al. 2018; Wong et al. 2017) .  To that end, we employed a reparative 

therapeutic approach where CCL2 MP were locally delivered concurrently with removal of 

ligatures at the start of a brief 4 days recovery period following 10 days of ligature PD induction. 

The mice treated with CCL2 MP exhibited an acceleration of interdental bone gain compared to 
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no treatment or treatment with blank MP.  Additionally, the accelerated bone gain in CCL2 MP 

treated mice was associated with more coronally positioned and organized periodontal ligament 

fibers, as opposed to the more apical and disorganized periodontal fibers in the untreated and blank 

MP treated mice.  The ability of locally delivered CCL2 to induce an M2-like macrophages 

response in inflamed periodontium (as we showed in this study) can explain the robust healing 

effects produced by CCL2 reparative therapy.  The CCL2 induced M2-like macrophages can in 

turn secrete anabolic cytokines (IL-10, IL-1ra and TGF-) (Mantovani et al. 2004), or factors that 

support cell proliferation and collagen synthesis (polyamines and L-proline) (Caldwell et al. 2018).  

Moreover, CCL2 has been reported to enhance apoptotic cell removal (efferocytosis) by 

macrophages (Tanaka et al. 2010), which is an essential process for inflammation resolution and 

tissue repair (Poon et al. 2014).  The induction of murine periodontal healing by local CCL2 

therapy reported here highlights the pivotal role of constructive inflammation in tissue repair 

following inflammatory damage.    Further studies are needed to elucidate the mechanism driving 

enhanced periodontal healing in response to CCL2 local therapy. 

 

In conclusion, the current study suggests that local sustained delivery of CCL2 favors an 

M2-like macrophages response and suppresses inflammatory bone loss during the course of early 

and established murine PD.  Local therapy with CCL2 also accelerates periodontal healing during 

murine PD resolution.  The results of the present study provide evidence for the clinical translation 

potential of immunomodulatory strategies aiming at restoring macrophages homeostasis for 

treating PD.  
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2.2 Specific Aim 2 

2.2.1 Introduction and Rationale 

We have previously shown that local sustained delivery of the chemokine CCL2 inhibited 

inflammatory bone loss in initial and progressing murine ligature PD (specific aim 1B and 1C).  

Furthermore, we demonstrated that CCL2 local sustained therapy accelerates bone gain during 

murine PD resolution (specific aim 1D).  Our qPCR analysis revealed that the disease 

protective/amelioration effects of CCL2 correlated with a macrophage markers expression (Arg1, 

IL1rn, Nos2, Il6) indicative of a pro-resolving/anti-inflammatory macrophage response.  

Accordingly, we have speculated that CCL2 mediates its therapeutic effect in murine PD, at least 

in part, by influencing macrophages polarization in the mouse periodontium.  However, our 

speculation was not supported by additional experiments that aim at characterizing murine 

periodontal macrophages based on their cell surface and intracellular markers expression.  

Additionally, we have not conducted an in-depth investigation of the pathways involved in the 

macrophages dependent local therapeutic effect of CCL2 in murine PD.  Finally, we have not yet 

investigated whether murine PD treatment with CCL2 local delivery influences the disease 

associated changes in periodontal microbial load and composition. 

 

Mouse macrophages have been extensively characterized in almost every tissue during 

health and disease (lung, heart, kidney, skin, central nervous system, joints) (Gangwar et al. 2020; 

Lee et al. 2018; Pinto et al. 2012; Wang et al. 2013; Zhang et al. 2008).  This characterization has 

been routinely performed using well-documented macrophages markers assessed via fluorescent 

activated cell sorting (FACS). Using those markers, the contribution of M1/pro-inflammatory and 
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M2/anti-inflammatory macrophages has been correlated to disease development or recovery.  For 

instance, during murine acute lung injury (ALI) induction, resident alveolar macrophages 

(CD45high CD11blow) exhibited an M1-like phenotype (expressing ICAM-1), whereas infiltrating 

alveolar macrophages (CD45high CD11bhigh) showed a mixed M1/M2 like macrophages expression 

profile (Johnston et al. 2012).  During ALI resolution, the recruited macrophages were 

predominantly M2-like (expressing TfR), while resident macrophages exhibited a mixed M1/M2 

expression profile (Johnston et al. 2012).  Similarly,  in a mouse model of myocardial infarction 

(MI), M1-like macrophages (LY6G-CD45+CD11b+F4/80+CD206-) were dominant in the 1-3 days 

post-MI induction, while M2 like macrophages (LY6G-CD45+CD11b+F4/80+CD206+) made the 

majority of macrophages after day 5 (Yan et al. 2013).  In the same context, the chemokine receptor 

CCR2 has been previously shown to efficiently distinguish between resident (CCR2-) and 

infiltrating (CCR2+) cardiac macrophages (Lavine et al. 2014).  Along the same lines, induction 

of periodontitis by a porphyromonas gingivalis (Pg-PD) oral gavage was associated with an 

increase in M1-like macrophages (LY6G-TCR-B220-CD11b+CD86+) and a decrease in M2-like 

macrophages (LY6G-TCR-B220-CD11b+CD206+), with no description of the contribution of 

resident and infiltrating macrophages in those shifts.  Apart from the specific markers used to 

designate M1 versus M2-like macrophages, the results from those animal models indicate that M1-

like macrophages contribute to pathological changes associated with disease induction, while M2-

like macrophages are associated with disease protection and resolution. 

 

The mouse ALI, MI and Pg-PD models described above are examples of disease models 

in which different arrays of markers were used to designate the same macrophage polarization 

state (M1 or M2).  This highlights the heterogeneity of macrophages populations and polarization 

states across different tissue types.  This heterogeneity limits the ability of FACS analysis in 
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uncovering the full range of macrophages phenotypic switches during the transition from a health 

to disease state or in response to therapeutic intervention.  FACS analysis is also limited by the 

commercial availability of specific fluorescent macrophages markers and its labor-intensive and 

technique sensitive cell staining protocols. 

 

Single cell RNA sequencing (Sc-RNA seq) is a revolutionary technology that has gained 

significant popularity in recent years.  Since its introduction in 2009 (Tang et al. 2009), Sc-RNA 

seq has helped to overcome the shortcomings of other transcriptomic analysis techniques such as 

qPCR analysis and bulk/total RNA sequencing.  Those techniques are limited by the fact that gene 

expression data obtained from total RNA samples represent only the average transcriptional 

activity of a large population of heterogeneous cells that may differ in functional contribution.  By 

assessing transcriptional similarities and differences at single cell level, Sc-RNA seq allows for 

uncovering previously overlooked cellular heterogeneity and the identification of rare and hyper-

responsive cellular entities (Jaitin et al. 2014; Nguyen et al. 2018; Shalek et al. 2014).  In addition, 

the cell specific differential expression data sets obtained from Sc-RNA seq can be used to identify 

signaling pathways, upstream regulators and diseases and functions that are associated with the 

observed phenotypic changes.  This can be achieved by inputting the Sc-RNA seq differential 

expression data into a commercially available pathway analysis platform such as QIAGEN 

Ingenuity Pathway Analysis (QIAGEN Inc, IPA).   

 

In PD, the disease associated changes in the periodontal microbial communities have been 

implicated as a triggering factor of destructive inflammation driven by macrophages and other 

immune cells (Darveau et al. 2012).  During the course of PD, the increase in microbial biomass 

and diversity, as well as the upregulated virulence of individual microbial entities contribute to 
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breakdown of host microbe homeostasis (Curtis et al. 2020).  The shifts in the microbial ecology 

are further exacerbated by the inflammation-induced changes in the subgingival environment.  For 

instance, the periodontitis associated increase in the flow of the gingival crevicular fluid rich in 

proteins has been proposed to drive the growth of pathogenic asaccharolytic proteinase producing 

bacteria (ter Steeg et al. 1987).  Similarly, the low redox potential of periodontitis associated plaque 

and the presence of blood cells in the subgingival pocket could be responsible for the growth of 

black pigmented anaerobic bacteria that thrive on the hemin derived from hemoglobin (Lewis 

2010; Loesche 1991).  In addition to the changes in the subgingival ecology, some low abundance 

disease-associated keystone pathogens such as porphyromonas gingivalis (Pg) can participate in 

remodeling the periodontal microbiota by targeting the innate and adaptive host defense 

mechanisms (Hajishengallis 2011).  In doing so, Pg impairs immune surveillance and enables low 

abundance members of microbial community to grow (Hajishengallis and Lamont 2014) .  

Collectively, all those factors contribute to the dysbiotic changes in the periodontal microbial 

community and highlight the role of uncontrolled/impaired inflammation in driving periodontal 

immunopathology.  Therefore, interventions that aim at actively controlling local inflammation in 

the periodontium are expected to also hinder the inflammation-induced shifts in the periodontal 

microbiota. 

 

In this work, we investigated the effects of locally delivered CCL2 on the transcriptomic 

changes of murine periodontal macrophages at single cell level during murine PD.  We also 

evaluated the shifts in periodontal microbial communities in response to CCL2 treatment. We 

hypothesized that CCL2 local delivery would modulate macrophages inflammatory response and 

reverse the shifts in the periodontal microbiota as a result of murine PD induction. 
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2.2.2 Hypothesis 

We hypothesized that local sustained delivery of CCL2 in diseased murine periodontium 

would abrogate pro-inflammatory responses by resident and non-resident periodontal 

macrophages, and reverse inflammation-induced microbial dysbiosis. 

2.2.3  Materials and Methods 

2.2.3.1  Isolation and purification of murine gingival immune cells 

Murine ligature PD was induced for 7 days in 8-10 weeks old male Balb/C mice as 

described previously (Abe and Hajishengallis 2013).  Following ligature placement, mice were 

split into 3 groups 2 of which received local delivery of either Blank or CCL2 MP around ligated 

teeth on the same day of ligature placement (Preventive therapeutic approach), while the third 

group underwent ligature PD induction only (untreated).  A 4th group of age matched mice without 

ligatures placement or MP delivery was used as a healthy control.  Table 2 summarizes the 

experimental groups for the ScRNA-Seq experiment. 

 

Table 2. Description of the experimental groups used in the Sc-RNA sequencing experiment 

Experimental 

Groups 

 (n = 7-8 mice) 

Healthy control 

(HCtrl) 

Untreated 

(UT) 

Blank 

(BLK) 

CCL2 

(CCL2) 

Description 

No ligature 

placement 

No PLGA MP 

Ligature placement 

only 

Ligature placement 

+ Blank MP local 

delivery 

Ligature placement 

+ CCL2 MP local 

delivery 
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At the end of the 7 days disease induction period, mice were sacrificed, and the maxillae 

were harvested for isolation of gingival immune cells on the ligated side as described previously 

(Dutzan et al. 2016).  In brief, alveolar gingival tissues surrounding the ligated tooth in each mouse 

were dissected and minced in small pieces then digested in 5 ml RPMI with 3.2 mg/ml Collagenase 

Type IV (Gibco) and 1 mg/ml DNAse for 1 hour (Sigma).  Five minutes before the end of 

digestion, 50 ul of EDTA were added to the digest.  Next, 5 ml of RPMI with 1 mg/ml DNAse 

were added to the collagenase DNAse medium containing digested gingival tissue, and then the 

mixture was passed through a 70-μm cell strainer to obtain a single cell suspension.  The cell 

suspension was then centrifuged at 1500 xg for 6 minutes in a pre-cooled centrifuge, then the cell 

pellet was resuspended in PBS with 2% FBS. 

 

Single cell suspensions obtained from each mouse were then incubated with cell hashing 

antibodies in a known sequence (barcoded oligo-tagged antibodies against cell surface proteins).  

Following incubation with cell hashing antibodies, cell suspensions from each experimental group 

were washed three times in PBS with 2%FBS then pooled into one suspension.  Next, the pooled 

cell suspensions were magnetically labelled with a CD45 microbeads kit (Miltenyi Biotec).  The 

CD45-positive cells were then positively selected by passing the magnetically labelled cell 

suspension through a MACS column placed in the magnetic field of a MACS separator.  The 

unlabeled (CD45-negative) cells passed through the column, while the labelled (CD45-positive) 

cells were retained in the column.  Next, the column was removed from the magnetic field and the 

retained CD45-positive cells were eluted into a collection tube by flushing appropriate amount of 

PBS through the column.  The flushed CD45 enriched cell suspensions were counted, and their 
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viability was assessed using an automated cell viability counter (Nexcelom Bioscience) to estimate 

the number of cells to be for Sc-RNA Seq workflow. 

2.2.3.2  Sc-RNA seq workflow 

The CD45-enriched live cells were analyzed by ScRNA.   In brief, cells pooled from each 

group were separated into mini-reaction "partitions" or GEMs formed by oil micro-droplets, each 

containing a gel bead and a cell, by the Chromium instrument (10X  Genomics, (Zheng et al. 

2017)).  Approximately 1000-fold excess of partitions compared to cells assures that most 

partitions/GEMs will have only one cell/GEM.  Gel beads in the GEMs contain a gel bead, scaffold 

for an oligonucleotide that is composed of an oligodT section for priming reverse transcription, 

and barcodes for each cell (10X) and each transcript (unique molecular identifier, UMI).  2100 

cells were loaded into the instrument to obtain data on ~1200 cells with a rate of ~1.2% of partitions 

showing more than one cell/partition.  The following steps were all be performed using reagents 

and protocol developed by 10X Genomics. The reaction mixture/emulsion was removed from the 

Chromium instrument, reverse transcription was performed by incubation of the emulsion at 55 

C for 2 hours.  The emulsion was then broken using a recovery agent and following Dynabead 

and SPRI clean up cDNAs were amplified by PCR (C1000, Bio-Rad). cDNAs was sheared 

enzymatically.  DNA fragments ends were repaired, A-tailed and adaptors ligated.  The library 

was quantified using KAPA Library Quantification Kit (Illumina), and further characterized for 

cDNA length on a bioanalyzer.  RNA-seq was performed on each sample through the University 

of Pittsburgh Genomics Core.  Genes detected (1,000-5,000 genes/cell) plateau at about 200,000 

reads/cell (10X Genomics, white paper). Thus, we will typically obtain 200 million reads 

(NextSeq, Illumina).  
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2.2.3.3  Sc-RNA seq data analysis 

ScRNA-seq raw bcl files were processed to generate library-specific fastq files.  Processed 

reads were examined by quality metrics and mapped to a reference genome using the RNA-seq 

aligner STAR, implemented through 10X Genomics' Cell Ranger.  Cell-gene counting matrices 

were generated for detailed downstream analyses such as, t-SNE, UMAP, and clustering.  This 

pipeline was previously tested using Cell Ranger and Seurat packages (Satija et al. 2015).   T-

distributed stochastic neighbor embedding (t-SNE) developed as a machine-learning algorithm has 

been previously applied very successfully for analyzing single cell transcriptome data (Bushati et 

al. 2011). Seurat constructs a K-nearest neighbors graph based on Euclidean distance in PCA 

space.  Edge weights were refined by overlap in local neighborhoods (Jacard distance).  Finally, 

cells were clustered using a smart local moving algorithm (SLM) to iteratively group cells 

(Emmons et al. 2016).   Differential gene expression between specific groups and clusters was 

assessed by implementing the non-parameteric Wilcoxon rank sum test with a bonferroni 

correction using all features in the dataset.  Output includes an unadjusted p value, the log fold-

change of a gene's average expression value between the two groups, and the percentage of cells 

per group expressing the gene of interest. 

2.2.3.4  Ingenuity pathway analysis “IPA” 

The differentially expressed genes (DEGs) in the two binary comparisons: untreated versus 

healthy control (UT vs. HCtrl) and CCL2 versus untreated (CCL2 vs. UT) were used for ingenuity 

pathway analysis “IPA” in the macrophages (Macs) clusters.  DEGs used for analysis were filtered 

so that only those with a fold change greater than 1.1 (upregulation) or less than 0.9 

(downregulation) and an expression p value less than 0.05 were included in the analysis.    The top 

canonical pathways and upstream regulators were assessed within the individual groups and 
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compared between the 2 binary comparisons.  As a rule, canonical pathways and upstream 

regulators were designated as upregulated or downregulated (statistically significant increase of 

decrease in activity) only when they have an absolute z-score value of two or higher. 

2.2.3.5  DNA extraction for evaluation of periodontal microbial load and composition 

Murine ligature PD was induced for 7 days in 8-10 weeks old male Balb/C mice, 

concurrently with preventive CCL2 MP treatment as described in specific aim 1.  The experimental 

groups used in this experiment are described in table 3 below.  At the end of disease induction, 

mice were sacrificed and the half maxillae tissue blocks (molar teeth with ligature in place, gingiva 

and alveolar bone) on the ligated side was harvested, placed into an Eppendorf tube with Tris-

EDTA (TE) buffer then stored at -80 C until the day of DNA extraction.  For DNA extraction, 

samples were be first thawed on a heated shaking block at 37 C for 10 minutes.  Next, 1 l of 

Ready-Lyse lysozyme solution (Epicenter) was added to each sample, followed by incubation at 

37 C for 60 minutes on a heated shaking block.  After the lysis step, total DNA was purified from 

each sample using DNeasy Blood and Tissue Kit (Qiagen) following manufacturer’s instructions.  

A TE buffer control was used in each DNA extraction assay. 

Table 3.  Experimental groups description for the microbial load and composition analysis experiment 

Experimental 

Groups 

(n = 7-8 mice) 

Healthy/ Healthy 

2hr ligature 
Untreated Blank CCL2 

Description 

- No ligature 

placement or 

ligature 

placement for 2 

hours  

- No PLGA MP 

Ligature placement 

only 

Ligature placement 

+ Blank MP local 

delivery 

Ligature placement 

+ CCL2 MP local 

delivery 
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2.2.3.6 Analysis of total periodontal microbial load 

The total bacterial load per sample was evaluated via qPCR using 16S rRNA gene primers 

and a TaqMan probe (Nadkarni et al. 2002). A standard curve with a known number of 16S rRNA 

gene copies was used as a reference. 16S rRNA gene copies were normalized to the sample weight.  

The detection threshold for the copy number was based on the standard curve and the negative 

controls (TE buffer only). 

2.2.3.7  Evaluation of periodontal microbial composition 

The composition of the murine periodontal microbiome was evaluated in different 

experimental groups using previously described procedures (Abusleme et al. 2017; Dutzan et al. 

2018c).  

Amplification and sequencing of 16S rRNA gene libraries 

Amplicon libraries were prepared using fusion primers, including adaptors, indices, spacers 

and 16S rRNA gene primers for the V1-V2 region or for the V3-V4 region. Our sequencing 

strategy is based on the method of Fadrosh et al. (Fadrosh et al. 2014), modified for V1-V2 

universal primers 8F 5’- agagtttgatcmtggctcag-3’ and 361R 5’-cyiactgctgcctcccgtag-3’ or for the 

V3-V4 universal primers 341F 5’-CCTACGGGNGGCWGCAG-3′ and 785R 

5’GACTACHVGGGTATCTAATCC-3’. These two regions were sequenced to minimize the 

possibility of taxa underrepresentation due to primer recognition bias.  PCR reaction set up and 

amplification conditions have been previously described (Abusleme et al. 2017).  PCR products 

and negative controls (for DNA extraction and PCR) were purified using Agencourt AMPure XP 

reagents, quantified, pooled and sequenced using the MiSeq Reagent Kit v3 (2 x 300 cycle) 

(Illumina).  

 



 56 

Processing of sequences and taxonomic classification 

16S rRNA gene reads were processed in mothur (Schloss et al. 2009).  Forward and reverse 

reads were assembled into contigs followed by removal of primers, barcodes, trimming and 

removal of chimeric sequences. Individual sequences were classified using The Ribosomal 

Database Project (RDP) classifier. Reads were clustered at 97% similarity into Operational 

Taxonomic Units (OTUs). OTUs were classified up to genus and species levels when possible, 

according to the consensus taxonomy. To enhance the taxonomical resolution of each OTU, the 

representative sequence was compared using BLAST to the NCBI 16S rRNA sequence database 

and the best match (with at least 97% similarity and coverage) was also used to identify OTUs. 

Microbiome diversity (Beta diversity) was determined via the non-parametric Shannon Index and 

the Jaccard and ThetaYC indices, respectively. Clustering of microbiome communities according 

to experimental groups was evaluated via principal component analysis (PCA). Differences in taxa 

across experimental groups were evaluated via LEfSe (Segata et al. 2011). 
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2.2.4 Results 

2.2.4.1   Dimensionality reduction and clustering of the dataset 

To visualize and define the different cell clusters in the dataset, we used Uniform Manifold 

Approximation and Projection (UMAP), which is a novel manifold learning technique for 

dimension reduction. 2D projection of the UMAP revealed 37 cell clusters, 4 of which were 

macrophages clusters.  The identified macrophages (Macs) clusters were designated as follows: 

cluster 0: classically activated/M1 macrophages, cluster 7: infiltrating macrophages, cluster 

15: M2 macrophages and cluster 16: resident macrophages.  The M1/classical Macs cluster was 

characterized by high expression of Il1b and Cxcl2, infiltrating Macs expressed high levels of Lyz2, 

Plac8 and Ccr2, M1 Macs expressed Cd80, Ccl3 and Ccl4, M2 Macs expressed Mgl2, Ccl22 and 

Ccl17 and resident Macs expressed C1qa and Cd68.  Since clusters 0 and 7 (M1/classical and 

infiltrating macrophages) represented the majority of macrophages populations in all experimental 

groups (~70-90%), we focused our canonical pathways and upstream regulators analysis on these 

2 clusters.   
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Table 4.  Total counts of CD45 enriched gingival cells in each experimental group 

Experimental group Cell count 

Healthy Control (Hctrl) 1506 

Untreated (UT) 671 

Blank 652 

CCL2 3594 

 

 

 

Table 5.  Cell counts in each macrophages cluster per experimental group 

 Hctrl UT Blank CCL2 

Cluster 0 - M1/Classically activated Macs 71 103 81 946 

Cluster 7 – Infiltrating Macs 89 27 13 189 

Cluster 15 – Cxcl16, CCL17, CCL22, 

Retnla, Mgl2 M2 Macs 

36 16 8 71 

Cluster 16 – C1qa/Cd68 Resident Macs 23 10 9 44 
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 Figure 10.  A) UMAP clustering of the total CD45 enriched gingival cells from all 

experimental groups.  B) UMAP clustering of CD45 enriched gingival cells in each 

experimental group. 
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2.2.4.2  Canonical pathway analysis 

We first sought to determine the signaling pathways that are activated or inhibited as a 

result of murine PD induction (UT vs. HCtrl) and following preventive treatment of murine PD 

with CCL2 MP (CCL2 vs. UT).  To that end, the filtered DEGs sets were used to assess the top 

canonical pathways in the two binary comparisons designating each condition.    Using Wilcoxon 

rank sum test, we identified 221 and 198 DEGs in the classical/M1 Macs cluster, and 351 and 180 

DEGs in the infiltrating Macs cluster from the binary comparisons between UT vs. Hctrl and 

between CCL2 vs. UT, respectively. 

 

Cluster 0 – Classical/M1 macrophages 

In the classical/ Macs cluster (Cluster 0), the binary comparison between UT and Hctrl 

(murine PD induction) revealed 21 canonical pathways that had an absolute z-score of 2 or higher 

(Fig. 12).  Among those 21 canonical pathways, 16 pathways had a positive z-score ≥ 2 and were 

considered activated (orange bars) and 5 pathways had a negative z-score ≤ -2 denoting inhibition 

(blue bars).  The activated pathways included those related to induction of inflammation (IL-6, 

TREM1, HMGB1 and Inflammasome pathways), calcified tissue damage (Osteoarthritis 

pathway), and host defense against pathogens (Acute phase response, LPS/IL-1 mediated 

inhibition of RXR function and role of pattern recognition receptor in the recognition of bacteria 

and viruses).  Additionally, macrophages specific pro-inflammatory and host defense signaling 

pathways were activated (MIF mediated glucocorticoid regulation, MIF regulation of innate 

immunity and iNOS signaling).  In the same context, macrophages specific anti-inflammatory 

pathways were inhibited (PPAR and MSP-RON signaling).  EiF2 signaling pathway was also 
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downregulated in response to murine PD induction.  This pathway is part of the host defense 

system against intracellular pathogen invasion (Shrestha et al. 2012) . 

In the comparison between CCL2 and untreated (treatment of murine PD with CCL2 MP), 

all statistically significant canonical pathways had a z-score ≤ -2, denoting inhibition (Fig. 13).  

The inhibited pathways in response to CCL2 treatment included TREM1 signaling, which was 

activated by murine PD induction.  The remaining inhibited pathways included those involved in 

the innate and adaptive immune responses (Crosstalk between Dendritic Cells and Natural killer 

Cells, fMLP signaling in neutrophils, dendritic cell maturation and IL-17 signaling) and cellular 

motility and adhesion (Remodeling of epithelial adherens junctions, signaling by Rho family 

GTPases, integrin, regulation of actin-based motility by Rho and Rac signaling). 
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Figure 12.  Activated (orange) and inhibited (blue) canonical pathways in classical/M1 macrophages in response 

to murine ligature PD induction.  Those pathways were based on the DEGs between the untreated group when 

compared to the healthy control group.  
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Figure 13. Inhibited (blue) canonical pathways in classical/M1 macrophages in response to preventive CCL2 

treatment of murine ligature PD induction.  Those pathways were based on the DEGs between the CCL2 group 

when compared to the untreated control group.   
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To better visualize the overall trend of canonical pathways activation or inhibition in 

classical/M1 Macs during murine PD induction and following CCL2 treatment, we performed a 

comparison analysis of the significant canonical pathways between the two binary comparisons 

(UT vs. Hctrl and CCL2 vs. UT).  Regardless of the z-score significance cutoff of ± 2, our analysis 

showed that CCL2 treatment reversed the activity of a significant number of the pathways that 

were upregulated by murine PD induction only (Fig. 14).  In addition, we generated gene heatmaps 

for select pathways that have been reported to contribute to murine PD induction (TREM1, IL-6 

and IL-17).  Our gene heatmaps showed that murine PD induction upregulated pro-inflammatory 

M1 macrophages markers in the classical/M1 macrophages cluster (Il1b, Cd14, Ptgs2 and Cxcl3), 

whereas CCL2 treatment downregulates some of those genes (Il1b and Cxcl3), and other pro-

inflammatory genes (Mmp9 and Ltb) (Fig. 12).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.  Comparison analysis for the top canonical pathways that are activated or inhibited by murine PD 

induction or its treatment with CCL2 MP (left panel), and heatmaps for representative DEGs in the IL-6, TREM1, 

IL-6 and IL-17 signaling pathways (right panel). 
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Cluster 7 – Infiltrating macrophages 

In the infiltrating macrophages cluster (Cluster 7), the binary comparison between UT and 

Hctrl (murine PD induction) revealed 30 canonical pathways that had an absolute z-score of 2 or 

higher (Fig. 15).  Among those 30 canonical pathways, 29 pathways had a positive z-score ≥ 2 and 

were considered activated (orange bars) and one pathway had a negative z-score ≤ -2 indicating 

its inhibition (blue bar).   The activated pathways in the infiltrating macrophages included those 

involved in the induction of inflammation (Acute Phase Response, HMG1 and IL-6 signaling), 

classical activation of macrophages (GM-CSF signaling) and migration of immune cells 

(Leukocyte extravasation, IL-8 signaling and fMLP signaling in neutrophils).  Other pathways 

associated with B and T cells activation (CD28 Signaling in T helper cells and B cell receptor 

signaling), and cellular growth and proliferation (mTOR and FGF signaling) were activated in 

infiltrating macrophages.  Protein Kinase A (PKA) signaling was the only pathway that was 

downregulated in infiltrating macrophages.  PKA mediated signaling has been reported to be 

essential for inflammation resolution processes driven by macrophages (Kong et al. 2016; 

Negreiros-Lima et al. 2020). 

 

In the comparison between CCL2 and UT, all pathways had a positive z-score ≥ 2 and were 

considered activated (orange bars).  CCL2 treatment of murine PD activated pathways associated 

with neutrophils chemotaxis, nervous system signaling and iron dependent cell death (IL-8, Ephrin 

receptor and Ferroptosis signaling pathways).  Furthermore, the PKA signaling pathway involved 

in inflammation resolution was activated by CCL2 treatment.  Thus, CCL2 reversed the effect of 

murine PD induction (UT vs Hctrl) on PKA signaling in infiltrating macrophages. 
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 Figure 15.  Activated (orange) and inhibited canonical pathways in response to murine ligature PD induction.  

Those pathways are based on the DEGs between the UT group when compared to the healthy control group. 
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Figure 16.  (A) Activated (orange) and inhibited canonical pathways in response to preventive CCL2 treatment 

of murine ligature PD induction in infiltrating macrophages.  Those pathways are based on the DEGs between 

the CCL2 group when compared to the untreated control group.  (B) Comparison analysis for the top canonical 

pathways that are activated or inhibited by murine PD induction or its treatment with CCL2 MP, and heatmaps 

for representative DEGs in the Protein Kinase A. 
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2.2.4.3 Upstream regulator analysis 

Our next goal was to identify the upstream regulators that can explain the changes in gene 

expression observed in our data sets but were not listed among the upregulated or downregulated 

targets.  IPA can predict the activation or inhibition of those upstream regulators by linking 

information about those regulators from the IPA Knowledge Base to the expression results in our 

data sets.  Next, IPA generates an activation z-score for each of the upstream regulators, where a 

z-score ≥ 2 indicates predicted activation and a z-score ≤ -2 indicates predicted inhibition.  We 

focused our analysis on upstream regulators that belong to the cytokine, transmembrane receptor 

and transmembrane receptor categories.   

 

Cluster 0 – Classical/M1 macrophages 

In classical/M1 Macs, we identified 113 upstream regulators that have an absolute 

activation z-score ≥ 2 in either of the two binary comparisons representing murine PD induction 

(UT vs. Hctrl) and its treatment with CCL2 MP (CCL2 vs. UT).  Out of those 113 regulators, we 

selected 25 that are associated with macrophages polarization, induction of inflammation and 

pathogen recognition (Fig. 17).  We observed that murine PD induction (UT vs. Hctrl) resulted in 

a predicted activation of upstream regulators designated as pro-inflammatory cytokines or 

receptors (Ifng, Tnf, Osm, Il12, Il6, Il6r and Il17a) and transmembrane pathogen recognition 

receptors (Tlr3, Tlr4 and Tlr9).  In addition, the genes for the M1 macrophages associated 

transcription factor Stat1 and the osteoclasts differentiation factor Tnfsf11 (encoding RANKL) 

exhibited predicted activation with murine PD induction.  In contrast, CCL2 treatment of murine 

PD yielded a predicted inhibition of the cytokines, transmembrane pathogen recognition receptors 

that were upregulated by murine PD induction only.  Moreover, Stat1 and Tnfsf11 exhibited 
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predicted inhibition by CCL2 treatment of murine PD (CCL2 vs. UT).  Finally, CCL2 treatment 

resulted in predicted activation of the anti-inflammatory marker genes Il1rn and Il10ra, which are 

associated with a pro-resolving M2 macrophages response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17.  (Left) Heatmap showing selected upstream regulators that are predicted to be activated (blue) 

or inihibited (orange) by murine PD induction (UT vs. Hctrl) or its treatment with CCL2 (CCL2 vs. UT).  

(Hueber et al.) Heatmaps showing representative upregulated (red) and downregulated (green) DEGs 

contributing to a prediction of activation or inhibition of Stat1, Il1rn, Tlr4 and Il17a. 
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Cluster 7 – Infiltrating macrophages 

In infiltrating macrophages, we identified 65 upstream regulators that exhibited predicted 

activation or inhibition (absolute z-score ≥ 2) in the binary comparison between UT and Hctrl 

(murine PD induction) (Fig. 18).   In the comparison between CCL2 and UT (preventive treatment 

of murine PD with CCL2 MP), none of the identified upstream regulators showed a difference in 

the predicted activation (absolute z-score < 2). However, we observed a trend of predicted 

inhibition (negative z-score) with CCL2 treatment in some pro-inflammatory and osteoclastic 

activity regulators (Tnsfsf11, Il1a and Osm).  

 

Figure 18. Heatmap depicting representative upstream regulators that are predicted to be activated (orange) 

or inhibited (blue) in response to murine ligature PD induction (UT vs. Hctrl) or its treatment with CCL2 MP 

(CCL2 vs. UT). 
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2.2.4.4  CCL2 sustained delivery does not affect the total microbial load in murine PD 

We first evaluated the changes in the total periodontal microbial load (microbial biomass) 

following murine PD induction or its treatment with IL-4 or CCL2.  Except for the healthy 2hr 

ligature group, all experimental groups (untreated, Blank, IL-4 and CCL2) had an average copy 

number that was higher than the detection threshold based on the standard curve and the negative 

control.  Our 16SrRNA qPCR data indicated that there was no significant difference in the 

microbial biomass between all experimental groups that exhibited a copy number above the 

detection threshold (Fig. 19).  Those results suggest that neither murine ligature PD induction nor 

its treatment with CCL2 MP had an effect on the total microbial load. 

 

 

Figure 19.  Graph depicts the quantifcation of the total bacterial load in the 5 experimental groups: healthy 

control with 2 hours ligature (Healthy CTRL 2hr Lig.), healthy control side without ligature (Healthy CTRL), 

mice with 7 days ligature induced PD only (Untreated), or concurrently with blank or CCL2 MP delivery at 

day 0 (Blank or CCL2).  The bacterial load is presented in term of 16S rRNA copy number as determined by a 

qPCR assay.   
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2.2.4.5  CCL2 sustained delivery affects the shifts in microbial composition associated with 

murine PD 

We next sought to determine whether CCL2 local delivery has an effect on the microbial 

composition shifts associated with murine PD induction.  We analyzed the changes in the 

periodontal microbial communities by evaluating the relative abundance of the top phyla, genera 

and species in each of the experimental groups.  We also assessed the differences in relative 

abundance for enriched genera and species between experimental groups using LEfSe (linear 

discriminant analysis of effect size) analysis.   

 

Phylum level analysis revealed that Firmicutes was the most abundant phylum in the 

healthy murine periodontium, whereas murine PD induction is associated with a dramatic increase 

in the abundance Proteobacteria and a decrease in Firmicutes (Fig. 20A).  Local delivery of CCL2 

MP did not have an effect on the disease-associated changes of Firmicutes and Proteobacteria.   At 

the genus level, Lactobacillus was the most abundant health associated genus, while 

Enterobacteriaceae unclassified dominated following PD induction, which also caused a 

remarkable decrease in Lactobacillus abundance (Fig. 20B).  Local delivery of CCL2 caused a 

trend of reversal in the disease-associated rise in Enterobacteriaceae unclassified.  Similarly, 

species level analysis showed that murine PD induction resulted in a surge in Enterobacteriaceae 

unclassified with abrogation of this surge with CCL2 treatment (Fig. 20C).   
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Figure 20.  Analysis of the relative abundance of the top phyla (A), genera (B) and 

species (C) following murine PD induction alone (Untreated), or concurrently with 

local delivery of blank or CCL2 MP (Blank and CCL2). 
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Figure 21.  Euclidean beta diversity plots at genus (top panel) and 

species (bottom panel) levels. 
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Using LEfSe analysis, we assessed the differences in enriched taxa between healthy control 

and untreated groups, and between CCL2 and untreated groups at both the genus and species 

levels.  In the comparison between untreated and healthy control groups, we identified 16 genera 

that were enriched in the untreated group and 11 genera that were enriched in the healthy control 

group (Fig. 22A).  Compared to the untreated group, CCL2 treatment showed a trend similar to 

the healthy control group by preventing the enrichment in 4 out of the 16 genera associated with 

murine PD induction (Enterobacteriaceae unclassified, Gluconacetobacter, Anaerococcus and 

S24_7_unclassified).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22.  Bar graphs depicting the enriched genera in the 

comparison between untreated (green bars – positive LDA 

score) and healthy control (red bars – negative LDA score) 

groups (A),  and in the comparison between untreated 

(green bars - positive LDA score) and CCL2 (red bars - 

negative LDA score) groups (B), as determined by LEfSe 

analysis.  The red arrows point to the common genera 

between the 2 comparisons. 

A B 
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At the species level, LEfSe analysis revealed 33 enriched species in the untreated group 

and 12 enriched species in the healthy control group when they were compared to each other.  

CCL2 treatment abrogated the enrichment in 6 out of the 33 species identified in the comparison 

between healthy control and untreated groups (Enterobacteriaceae_unclassified, 

S24_7_unclassified, Gluconacetobacter_unclassified, Clostridium_unclassified, 

Anaerococcus_unclassified and Enterobacter_aerogenes) (Fig. 23). 
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Figure 23.  Bar graphs depicting the enriched species in the 

comparison between untreated (green bars – positive LDA 

score) and healthy control (red bars – negative LDA score) 

groups (A),  and in the comparison between untreated 

(green bars - positive LDA score) and CCL2 (red bars - 

negative LDA score) groups (B), as determined by LEfSe 

analysis.  The red arrows point to the common species 

between the 2 comparisons. 
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2.2.5 Discussion 

Macrophages are the major phagocytes of the innate immune system.  These cells perform 

a wide range of functions in tissue during health and disease.  In human periodontitis, macrophages 

make 6% of all immune cells in periodontal tissue biopsies (Carcuac and Berglundh 2014).  

Furthermore, gingival macrophages increase in numbers during the transition from a healthy to 

diseased periodontium in both humans and mice (Gemmell et al. 2001; Yu et al. 2016).  In this 

work, we aimed to characterize murine gingival macrophages populations and microbial 

communities in health and following the induction of ligature periodontitis with or without local 

sustained delivery of the chemokine CCL2.  We hypothesized that murine ligature PD induction 

would induce a pro-inflammatory response by gingival macrophages and its treatment with CCL2 

would reverse this response.  We also hypothesized that the immune-regulatory effects of CCL2 

would abrogate the disease-associated shifts in the periodontal microbial communities.  

 

Macrophages comprise a wide range of subsets that differ in origin and activation states 

(Italiani and Boraschi 2014).  From an origin standpoint, macrophages can be classified as either 

yolk sac derived or monocyte-derived macrophages.  The yolk sac derived macrophages develop 

during embryogenesis without going through a monocytic stage.  These macrophages contribute 

to a fraction of tissue resident macrophages that are replenished by self-renewal.  On the other 

hand, monocyte-derived macrophages arise from the hematopoietic stem cells in the bone marrow 

and give rise to infiltrating macrophages and the remaining fraction of tissue resident 

macrophages.  From an activation state standpoint, the classically activated/M1 pro-inflammatory 

and the alternatively activated/M2 anti-inflammatory macrophages represent the 2 extremes of a 
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wide continuum of phenotypic subsets that can overlap in functions and marker/cytokine 

expression (Martinez and Gordon 2014). 

 

Using UMAP clustering, we identified 4 groups/clusters of macrophages in the BALB/C 

murine gingiva: M1/classically activated (cluster 0), infiltrating (cluster 7), M2 (cluster 15) and 

resident macrophages (Macs) (cluster 16).  Combined, the classical/M1 and infiltrating clusters 

constituted the majority of macrophages (~70-90%) in the murine gingiva.  For this reason, we 

focused our pathway analysis on these two major clusters since they exhibited significant shifts in 

their proportions during the transition from a healthy to diseased periodontium and following local 

delivery of CCL2 MP.  Our clustering analysis revealed that murine PD induction is associated 

with a sharp rise in M1/classical Macs and a decline in infiltrating Macs numbers.   Relative to the 

total macrophages pool, the proportion of M1 Macs in the groups with murine PD (UT, BLK and 

CCL2) was almost double that of the healthy control. On the other hand, the proportion of 

infiltrating Macs was reduced by more than 50% following murine ligature PD induction.  Studies 

in many mouse models of inflammation indicated that the majority of M1 Macs in tissue originate 

from the recruited Ly6C+ monocyte derived macrophages that infiltrate the tissue in a CCL2/CCR2 

dependent mechanism (Auffray et al. 2007; Li et al. 2018; Tacke et al. 2007).  In our study, we 

speculate that the observed shifts in murine periodontal infiltrating and M1 Macs proportions arise 

from the polarization of the cells in the infiltrating Macs cluster towards an M1/classical phenotype 

in response to periodontal microbial challenge.  This could explain the expansion of the 

M1/classical Macs at the expense of the infiltrating Macs in mice with murine PD induction.  
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M1/classically activated Macs are the prototypical pro-inflammatory Macs subset that 

secretes a myriad of pro-inflammatory cytokines that are also pro-osteoclastic in nature (IL-6, IL-

23 and TNF-a) (Mantovani et al. 2004).  Thus, it is expected that an increase in periodontal M1 

Macs would correlate with enhanced inflammatory bone loss in PD.  In this regard, one study 

showed that immunofluorescent staining of tissue sections from mice with induced periodontitis 

revealed a mixed Macs population dominated by cells exhibiting dual expression of M1 and M2 

Macs markers (Yu et al. 2016).  The authors of this study suggested a switch from an anti-

inflammatory M2 to a pro-inflammatory M1 Macs as a potential mechanism driving bone loss in 

murine PD.  In contrast, another study reported that mice with ligature induced PD exhibited less 

alveolar bone loss following adoptive transfer of M1, rather than M2, Macs with localization of 

adoptively transferred cells in the murine gingiva (Yamaguchi et al. 2016).  The aforementioned 

studies relied on similar markers to designate M1 Macs in vivo, yet no definitive conclusion about 

a protective or destructive role for M1 Macs in murine PD can be drawn.   Those conflicting reports 

suggest a more complex role of cells designated as “M1/classically activated macrophages” in the 

context of inflammatory bone remodeling in the murine periodontium. 

 

Our IPA pathway analysis revealed that murine PD induction upregulates pathways 

denoting pro-inflammatory response in M1/classical Macs.  In particular, TREM1 (Triggering 

Receptor Expressed on Myeloid Cells 1) was the only murine PD associated pro-inflammatory 

signaling pathway that was inhibited by CCL2 MP treatment in our study.  TREM1 is an 

immunoglobulin like activating receptor that acts as a potent amplifier of innate immune response 

induced by pathogen recognition receptors such as Toll-like receptors (Tammaro et al. 2017).  

TREM1 has been reported as a pivotal inducer of immunopathology in animal models of colitis, 
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atherosclerosis and autoimmune arthritis (Murakami et al. 2009; Schenk et al. 2007; Zysset et al. 

2016).  More recently, TREM1 signaling has been implicated as a key driver of periodontal 

inflammation in humans and mice. In this respect, periodontitis patients exhibited enhanced 

expression of TREM1 in the gingiva, gingival crevicular fluid and serum (Bisson et al. 2012; 

Bostanci et al. 2013; Willi et al. 2014).  In the same context, a recent study showed that local 

injection of a TREM1 antagonist in mice with ligature induced PD inhibited alveolar bone loss 

and gingival IL-17A expression (Bostanci et al. 2019).  IL-17A is a signature cytokine of 

pathogenic Th17 cells that have been suggested to play a crucial role in driving destructive 

inflammation in human and murine periodontitis (Dutzan et al. 2018a). Consistent with those 

findings, the observed TREM1 signaling pathway inhibition by CCL2 local delivery in our study 

correlated with downregulation of IL-17 signaling pathway and IL-17A predicted activity in our 

canonical pathways and upstream regulators analyses, respectively.  Collectively, our Sc-RNA seq 

data implicate TREM1/IL-17 signaling pathways as potential targets for CCL2 

immunomodulatory effects on periodontal M1/classical Macs. 

 

M1/classical Macs secrete a number of pro-inflammatory cytokines that are crucial for 

homeostatic and pathogenic Th17 cells differentiation and expansion.  Notably, both IL-6 and IL-

23 were shown to be essential for pathogenic Th17 cells expansion in murine ligature periodontitis 

(Dutzan et al. 2018a).  In murine collagen induced arthritis, targeted depletion of pro-inflammatory 

M1 Macs (DR5+ with high expression of IL-23) was associated with a reduction in lymph node 

and synovial Th17 cells, an inhibition in joints osteoclastic activity and a decrease in arthritis 

severity (Li et al. 2012).  Similarly, pathogenic Th17 cells can potentiate M1 Macs response by 

their secretion of high levels of GM-CSF and IL-17A.  GM-CSF has been reported as a potent 
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inducer of human M1 Macs differentiation (Fleetwood et al. 2007; Verreck et al. 2004), whereas 

IL-17A was shown to favor M1 Macs polarization in human and murine with bisphosphonate 

related osteonecrosis of the jaw (Zhang et al. 2013).  Altogether, the collective data point to a 

bidirectional positive feedback loop between M1/classical Macs and Th17 cells (Li et al. 2013).  

Along with the predicted inhibition IL-17A, our upstream regulators analysis showed predicted 

inhibition of M1 Macs associated markers (Stat1, Cxcl3, Il1b, Tnf, Tlr4 and Il6) in the M1/classical 

Macs cluster.  Those results further corroborate the anti-inflammatory influence of locally 

delivered CCL2 on murine periodontal Macs and highlight the dynamic relationship between Macs 

and Th17 cells in murine PD. 

 

The infiltrating macrophages cluster exhibited minimal differences between PD induction 

and following treatment with CCL2 local delivery in our canonical and upstream regulator 

analyses.  Expectedly, murine PD induction alone (UT group) upregulated pathways related to 

immune cells migration, induction of inflammation and M1 Macs differentiation in infiltrating 

Macs cluster.  Protein Kinase A signaling was the only pathway that was inhibited in the untreated 

group while activated in the CCL2 treated group.  Several studies indicated that PKA mediated 

signaling could play a role in the inflammation resolution processes mediated by Macs.  In this 

respect, binding of a PKA subunit to the transmembrane domain of IFN-γ receptor hindered STAT-

1 dependent M1 Macs polarization (Kong et al. 2016).  Additionally, PKA was shown to mediate 

cyclic AMP mediated reprogramming of M1 Macs to the M2 phenotype, and its inhibition 

abrogated the resolution of LPS induced pleurisy (Negreiros-Lima et al. 2020).  Those results 

suggest that infiltrating Macs in the CCL2 MP treated group are less prone to adopt a pro-

inflammatory M1 phenotype as they contribute to the classical/M1 macrophages pool in the murine 
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periodontium.  This could explain, at least in part, the suppressed expression of pro-inflammatory 

markers in the periodontal M1/classical Macs cluster.  

 

Previous reports suggested a bidirectional interaction between the host response and the 

microbial communities in the periodontium.  In this respect, periodontal microbial challenge 

triggers a dysregulated host inflammatory response that fuels periodontal microbial dysbiosis, 

which further subverts the host response (Hajishengallis 2014).  The sequence of events leading to 

periodontal immune subversion and microbial dysbiosis is only starting to be described, and there 

is little evidence supporting the notion that inflammation precedes dysbiosis (Sima et al. 2016; 

Tanner et al. 2007) .  Nevertheless, the current consensus is that both processes positively reinforce 

each other during the pathogenesis of periodontitis (Curtis et al. 2020; Hajishengallis 2015).   

 

After we showed that CCL2 sustained delivery dampened Macs pro-inflammatory response 

and bone loss in murine PD, we sought to assess whether CCL2 immuno-modulatory effects would 

abrogate the disease-associated shifts in the murine periodontal microbiome.  Our microbial 

composition analysis revealed that CCL2 local sustained delivery abrogated the enrichment of 

some of the genera and species associated with murine ligature PD induction 

(Enterobacteriaceae_Unclassified, Anaerococcus, Gluconacetobacter and S24_7_Unclassified).  

Furthermore, additional taxa exhibited negative enrichment by CCL2 compared to the untreated 

group at the species level (clostridium unclassified and Enterobacter Aerogenes).  To the best of 

our knowledge, there are no studies to date describing the involvement of those specific 

genera/species in murine inflammatory bone loss.  Therefore, those results can only, at best, 

support the notion that Macs modulation by CCL2 sustained delivery overturns some of the 
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disease-associated changes in the murine periodontal microbiota.  Two potential mechanisms can 

explain the observed effects of CCL2 on the murine periodontal microbiota.  The first mechanism 

relies on the reported role of CCL2 in driving immune cells bacterial killing and phagocytic 

activity in animal infection models (DePaolo et al. 2005; Gomes et al. 2013).  The second 

mechanism suggests an indirect effect of CCL2 where it reverses the inflammation induced 

changes in the murine periodontal microbiome by suppressing macrophages pro-inflammatory 

responses as described in our Sc-RNA sequencing analysis earlier.  In our study, we observed no 

difference in the periodontal microbial load between the untreated and CCL2 treated groups.  

Therefore, it is likely that the trend of reversal observed in periodontal microbial composition is 

the result of the local immunomodulatory effects of CCL2, rather than an antibacterial activity.  

Our data are in line with a previous report showing that active inflammation regulation can reverse 

the disease associated shifts in the composition of rodents’ periodontal microbiota  (Lee et al. 

2016b). 

 

In conclusion, our Sc-RNA sequencing analysis suggested that CCL2 local sustained 

delivery reprogramed murine pro-inflammatory Macs to a hypo-inflammatory phenotype during 

the course of ligature-induced PD.  Those hypo-inflammatory Macs exhibited suppressed 

expression of pro-inflammatory and pro-osteoclastic cytokines, which could explain the inhibition 

of inflammatory bone loss observed in our previous studies.  Finally, our 16sRNA sequencing 

analysis indicated that CCL2 treatment reversed the PD associated shifts in the murine periodontal 

microbial composition by modulating local inflammation rather than activating immune defense 

mechanisms against pathogens. 
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2.3 Specific Aim 3 

2.3.1  Introduction and Rationale 

Periodontal disease (PD) is a chronic inflammatory condition that affects supporting tooth 

structures forming the periodontium.  Although PD is triggered by keystone pathogens and 

pathobionts that colonize the tooth surface (Hajishengallis 2014), it is the dysregulated host 

immune response against those pathogens that causes periodontal tissue destruction (Taubman et 

al. 2005).  This dysregulated host response is fueled by an array of mediators that induce 

inflammatory osteolysis in the periodontium (Kinane et al. 2011).  Among those mediators are 

pro-inflammatory cytokines such as IL-6 and TNF-. These cytokines and others are released by 

both immune and structural cells (e.g., lymphocytes, macrophages or fibroblasts and epithelial 

cells) in response to bacterial invasion in the periodontium. IL-6 and TNF  have been associated 

with enhanced osteoclastic activity and progressive alveolar bone loss in animal models of PD 

(Graves et al. 2011). 

 

IL-17A is a key driver of pathogenic host response in a number of chronic inflammatory 

conditions where bone loss is a characteristic feature, such as psoriatic arthritis (PsA) and PD 

(Dutzan et al. 2018b; Jandus et al. 2008; Leipe et al. 2010).  In both conditions, chronic expansion 

and activation of IL-17A-producing lymphocytes (broadly called “Type 17”, including CD4+ T 

cells, -T cells, ILC3s and NKT cells) is triggered by locally upregulated IL-23, IL-1 and IL-6 

and results in progressive bone destruction (Bunte and Beikler 2019; Dutzan et al. 2018a; Dutzan 

et al. 2018b).   
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A number of studies have indicated that IL-17A mediates bone loss through a combination 

of osteoblast, osteocyte and osteoclast functions.  In osteoblast cultures, IL-17A stimulates the 

expression of the major osteoclast-differentiating factor RANKL in a dose-dependent manner 

(Kotake et al. 1999).  Similarly, the ability of IL-17A to upregulate RANKL extends to osteocytes 

in an animal model of hyperparathyroidism-induced bone loss (Li et al. 2019).  In osteoclasts, IL-

17A can either promote the generation of osteoclasts from monocytes in the absence of RANKL 

(Yago et al. 2009) or enhance the sensitivity of osteoclasts precursors to RANKL by upregulating 

the expression of its receptor (Adamopoulos et al. 2010).  In addition to acting on cells directly 

involved in the bone remodeling process, IL-17A indirectly influences bone loss by acting on 

stromal and epithelial cells to upregulate pro-osteoclastogenic cytokines, particularly IL-6 (Fossiez 

et al. 1996; You et al. 2012).  IL-17A also synergizes potently with other cytokines, especially 

TNF, thus serving as a rheostat for local inflammation (Amatya et al. 2017; Shen and Gaffen 

2008).  Thus, on balance, the overall effect of IL-17A upregulation in chronic inflammatory 

conditions of bone is destructive, where it supports uncoupled bone remodeling by favoring 

osteoclastic activity through both direct and indirect mechanisms.   

 

Interestingly, numerous studies have pointed out a protective role for IL-17A mediated 

inflammation against pathogen-induced tissue damage, including in PD.  In the oral environment, 

IL-17 receptor signaling mediates host defense against P. gingivalis induced bone loss (Yu et al. 

2007), as well as oral Candida albicans infection in mice (Conti et al. 2009).  In both models of 

oral infection, IL-17A-mediated tissue protection is explained by its vital role in orchestrating 

neutrophil expansion and recruitment to the infection site (Roussel et al. 2010). This process 

contrasts with long-term PD or arthritic settings where the dominant effect of IL-17A seems to be 
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a key driver of hard tissue destruction.  Collectively, the aforementioned reports indicate that the 

end result of IL-17A driven inflammation depends on the nature of the inflammatory response 

produced in tissue and is dictated in part by the inflammatory setting.  

 

In light of the reported roles of IL-17A in inflammatory diseases, systemic anti-IL-17A 

therapies have been investigated and exhibited varying degrees of success.  In this respect, anti-

IL-17A therapy is highly effective at improving clinical outcomes and quality of life in PsA 

patients  (McInnes et al. 2014).  While the clinical efficacy of IL-17A neutralizing Abs was 

reported for RA patients in some clinical trials (Genovese et al. 2010; Hueber et al. 2010), other 

trials showed no clinical benefit of IL-17A blockade (Dokoupilová et al. 2018; Mease et al. 2018). 

Therefore, anti-IL-17A therapy is not equally effective in all bone-destructive disease settings. 

 

In this aim, we investigated local, sustained release of IL-17A Abs as a therapeutic strategy 

for murine ligature PD as a model for chronic bone destructive diseases driven by IL-17A.  We 

hypothesized that modulating the activity of IL-17A locally by antibody neutralization would halt 

periodontal bone loss.  To this end, poly (lactic-co-glycolic) acid (PLGA) microparticles (MP) 

were used to encapsulate and sustainably release IL-17A Abs in diseased murine periodontium.  

This study demonstrated proof of principle that local anti-IL-17A therapy is a viable strategy for 

preventing bone loss in conditions associated with IL-17A-mediated pathology.  
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2.3.2 Hypothesis 

We hypothesized that local sustained delivery of anti-IL-17A antibodies in inflamed 

murine periodontium would modulate IL-17A cytokine activity and inhibit bone loss caused by 

IL-17A mediated inflammation. 

 

2.3.3 Materials and Methods 

2.3.3.1 Anti-IL-17A microparticles (Anti-IL-17A MP) fabrication and characterization 

Poly lactic-co-glycolic acid (PLGA) microparticles loaded with the anti-IL-17A antibody 

(Anti-IL-17A MP), were formulated using a standard water-oil-water double emulsion procedure 

as described previously (Jhunjhunwala et al. 2012).  The aqueous phase contained 1 mg/ 

ml of anti-mouse IL-17A monoclonal antibody (eBioscience -16717385) in phosphate 

buffered saline (PBS), while the oil phase was made of PLGA dissolved in dichloromethane as an 

organic solvent.  Blank MP (Unloaded MP) were fabricated following the same procedure, except 

that the aqueous solution consisted only of PBS.  MP were surface characterized using a scanning 

electron microscope (SEM, JSM-6330F; JEOL) and the release profile of the anti-IL-17A antibody 

(anti-IL-17A) was determined over 2 weeks using an enzyme-linked immunosorbent assay 

(ELISA).  The surface characterization of MP surface morphology was carried out using a 

scanning electron microscope (JSM-6330F; JEOL).   The release profile of the antibody was 

determined by suspending the anti-IL-17A MP (~ 7mg) in 1 ml of PBS, the suspension was placed 

on a tube rotator at 37oC and the supernatants was collected and replaced daily for two weeks.  The 

amount (and structural integrity) of anti-IL-17A in the supernatant was quantified using a standard 
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enzyme-linked immunosorbent assay (ELISA).  In brief, a recombinant mouse IL-17A ELISA 

standard (Biolegend – 576009) was reconstituted in 1% BSA in PBS then coated on an ELISA 

microlplate (10 ng/100 µl/well), then the plate was incubated at room temperature overnight.  

Following overnight incubation, the plate was washed with PBS-Tween then blocked with 3% 

BSA in PBS and incubated with the supernatants collected daily from the anti-IL-17A MP 

suspension for 2 hours at room temperature.  Serial dilutions of the stock anti-mouse IL-17A 

solution used for MP fabrication were used as standards for the assay.  Next, the plate was washed 

then incubated with a secondary antibody that constituted of goat-anti-mouse IgG-AP conjugated 

(Santa Cruz - 2047) at room temperature for 1 hour.  Finally, 100 µl of 1 step PNPP (Thermo 

Scientific – 37621) was added to each well then incubated for 30 minutes at room temperature 

followed by the addition of 50 µl of 2N NaOH to stop the reaction.  The absorbance was detected 

in a micro-plate reader at 405 nm, then the concentration of anti-IL-17A released at each timepoint 

was calculated using standard curve. 

2.3.3.2  Murine ligature-induced periodontal disease 

Six to eight weeks old male BALB/c mice (Jackson Laboratory, Bar Harbor, ME) were 

used in this study.  Mice were maintained under a 12/12h light/dark cycle at 23–25°C with free 

access to water and commercial food.  The study was approved by Institutional Animal Care and 

Use Committee (IACUC) of the University of Pittsburgh (Protocol # 15053781).   

The murine ligature PD model employed in this study was previously described (Abe and 

Hajishengallis 2013).   Briefly, mice were anaesthetized with a mixture of Ketamine (80mg/kg) 

and Xylazine (8mg/kg), then a sterile 6-0 silk suture (Henry Schein®) was ligated around the 

maxillary second molar at the level of the gingival sulcus to induce plaque accumulation. The 

contralateral non-ligated maxillary molar served as an internal control. 
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2.3.3.3  Experimental design, Anti-IL17A MP local delivery and samples collection 

After ligature placement, the animals were divided into three experimental groups: (1) 

Untreated:  ligature placement with no MP injection, (2) anti-IL-17A MP – day 0: ligature 

placement with Anti-IL-17A MP injection on the same day and (Kitamoto et al.) IL-17A MP – 

day 2: ligature placement with Anti-IL-17A MP injection after 48 hours.  All mice were sacrificed 

on the 8th day after ligation (n=5 mice).  For the second and third groups, anti-IL-17A MP 

suspended in PBS with 2% carboxymethylcelulose (25 mg/ml) were locally delivered using a 28.5-

gauge insulin syringe into four different sites (10-15 ul/site) in the buccal and palatal gingiva 

surrounding the ligated tooth under a stereomicroscope. 

To rule out the possibility that PLGA may exert an effect on bone loss, we conducted an 

independent experiment where alveolar bone loss was compared between mice with ligature 

placement only (no MP injection) and mice with ligature and local injection of unloaded (Blank) 

MP (Supplementary figure1).  At the end of the experiment, mice were euthanized, and the 

maxillae were harvested and placed in either 10% Formaldehyde for fixation then alveolar bone 

loss and histological analysis, or in liquid nitrogen followed by storage at 80°C for RNA extraction 

and qPCR analysis.   

2.3.3.4  Alveolar bone loss quantification 

To quantify alveolar bone loss, the fixed mice maxillae, were transferred to 70% ethanol 

for micro-computed tomography (µCT) scanning using a viva CT 40 microCT system (SCANCO 

Medical, Brüttisellen, Switzerland) at a resolution of 10.5 µm and 55 µA kVp.  The scans were 

reoriented so that a horizontal line crossed the cementoenamel junction (CEJ) of the first and 

second molars in the sagittal plane, while a vertical line crossed the center of the pulp chamber of 

all molars in the transaxial plane.  After reorientation, linear bone resorption was assessed by 
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measuring the distance between the CEJ and the alveolar bone crest (ABC) using Image J software.  

On the buccal and palatal aspects, the ABC-CEJ distance was measured in 47 coronal sections 

spanning all molars, with 52.5 µm intervals in between successive sections.  On the interdental 

aspects, bone loss was assessed in 11 sagittal sections, with 52.5 µm intervals in between, on both 

the mesial and distal sides of the second molar.  The interdental bone loss was calculated as the 

average of mesial and distal measurements.   Measurements were performed on both the ligated 

(experimental) and non-ligated (healthy) sides of the maxillae.  For each aspect, data were 

presented as the differences between the average values on the ligated and non-ligated sides.  The 

investigator conducting the measurements was blinded from the treatment received in the 

experimental group being analyzed.  

2.3.3.5  Histological analysis 

The fixed maxillae were demineralized in 10% EDTA for 15 days at 4oC and processed for 

paraffin embedding histological analysis.  Paraffin embedded half-maxillae were sectioned in 

serial 4 µm thick sections in a buccal-palatal direction.  Sections were stained for tartrate resistant 

acid phosphatase (TRAP; Sigma– Aldrich, Saint Louis, MO, USA) and counterstained with 

hematoxylin for quantifcation of osteoclasts.  Only the sections in which the pulp chamber and the 

two roots of the 2nd molar could be visualized were selected for further analysis.  For each sample, 

four maxillae sections, at a distance of at least 16 m intervals, were utilized for identifying and 

counting of osteclasts at 400x magnification.  In selected sections, the coronal two thirds of the 

mesial and distal alveolar bone crest adjacent to the maxillary 2nd molar and furcation area was 

demarcated using Image J software as regions of interest (ROIs).  Osteoclasts were identified as 

TRAP-positive, multinucleated cells with purple cytoplasm situated on the marginal alveolar bone 
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of the demarcated areas. Results were presented as the average number of osteoclasts divided by 

the surface are of the ROIs in mm2 in each experimental group. 

2.3.3.6  Quantitative polymerase chain reaction (qPCR) 

The frozen maxillae samples were first crushed in liquid nitrogen then RNA extraction was 

performed using RNeasy Mini Kit (Qiagen, Valencia, CA). The gene expression of interleukin-

17A (IL-17A), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α) and receptor activator of 

nuclear factor kappa-B ligand (RANKL) was assessed by qPCR using TaqMan probes (Applied 

Biosystems, Foster City, CA).  Real-time PCR was performed using QuantStudioTM 6 Flex Real-

Time PCR system (Thermo Fisher Scientific). Data were analyzed using the delta-delta Ct method 

and presented as the mean fold change normalized to the healthy control group.  

2.3.3.7  Statistical Analysis 

Results were presented as means ± SD of 5-6 mice per group. Differences between means 

were evaluated using one-way ANOVA followed by Tukey (bone loss and osteoclastic activity) 

or Holm-Sidak (gene expression) post-hoc multiple comparison tests.  P-value of less than 5% 

(p<0.05) was considered statistically significant. Statistics were performed using GraphPad Prism. 
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2.3.4  Results 

2.3.4.1  Sustained release profile of functionally active anti-IL-17A Abs from PLGA MP 

 

Release of anti-IL-17A from PLGA MP included an initial burst release of 0.7 ng/ml, 

followed by a relatively steady release of additional 0.1 ng/ml per day, continuing until day 11.  

An increase in the anti-IL-17A release rate took place starting day 12 with 0.2ng/ml being released 

until day 14 (Fig. 19A).  Total loading of anti-IL-17A in PLGA was 20% of the amount initially 

used in the fabrication.  SEM images revealed spherically shaped non-porous anti-IL-17A MP with 

an average diameter of 17.8µm, which is within the known effective size range for PLGA MP 

intended for drug delivery (Fig. 19B, C).   Although PLGA MP smaller than 10 µm are more 

susceptible to phagocytosis by immune cells, MP larger than 10 µm will remain in the extracellular 

matrix tissue releasing encapsulated proteins locally at the site of depot. 

 

It should be noted that these ELISA results confirm not only the quantity of IL-17A Abs 

released from the PLGA MP, but also that the structural integrity of the Abs was maintained, given 

that this assay is based on the binding of functionally active IL-17A antibody to its epitope on IL-

17A. Thus, it is likely that the released IL-17A Abs will exert neutralizing activity upon local 

delivery. 
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Figure 24.  Characterization of PLGA microparticles encapsulating IL-17ª antibody. Cumulative fraction of 

IL-17Ab released from PLGA MP for 14 days, determined by ELISA (a). Scanning Eletron Microscopy image 

of IL-17AbMP, x2000 (b) and x5500 (c). 

2.3.4.2    Anti-IL-17A MP inhibited alveolar bone loss and reduced osteoclasts counts in 

murine PD 

To determine the impact of local sustained delivery of anti-IL17A on periodontal bone loss, 

we employed a standard ligature-induced mouse model of PD (Abe and Hajishengallis 2013).  

Anti-IL-17A MP were administered contemporaneously with or 2 days after the start of PD 

induction (Anti-IL-17A D0 or D2).  Compared to untreated controls, the anti-IL-17A MP D2 group 

showed inhibition of alveolar bone loss on the buccal and interdental aspects of the ligated molar 

as determined by µCT analysis (Figure 20).  Additionally, the osteoclast count in the anti-IL-17A 

MP D2 group was lower than the untreated group, particularly evident on the mesial aspect of the 

ligated molar as determined by TRAP staining (Fig. 21). Administration of unloaded PLGA MP 

did not alter the extent of bone loss or osteoclastic activity compared to the untreated/ ligature 
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control group (Fig. 22), confirming that the PLGA delivery system does not impact alveolar bone 

loss in ligature PD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25.  Microtomographic (microCT) evaluation of alveolar bone loss in mice. Microparticles (MP) were injected 

into gingival tissue surrounding the ligated tooth on either day 0 or day 2, after ligature placement. Representative 

2D microCT images from sagittal and transaxial slices of mice hemi-maxilla: healthy group, untreated group, and 

groups treated with anti-IL-17ª MP at day 0 and day 2. Quantification of alveolar bone loss represented by the linear 

bone loss between the CEJ and ABC (dashed red lines) along the interdental (A), buccal (B) and palatal (C) sides. 

Values (mean ± SD) obtained from 5-6 animals per group.  P values were determined by one-way ANOVA followed 

by Tukey’s multiple-comparisons test, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and ****: p < 0.0001. 
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Figure 26.  Effect of Anti-IL-17A MP on the number of alveolar bone-associated osteoclasts. (A) Histological 

representation of healthy, untreated, and IL-17AMP – day 0 and day 2 groups.  Hemi-maxilla samples were stained 

for TRAP, as described in Material and Methods section. The arrows show TRAP-positive multinucleated osteoclasts 

associated to alveolar bone (Magnification: 400 ×, scale bar: 100 μm).  (E) Quantification of the total TRAP-positive 

multinucleated alveolar bone-associated osteoclasts and on the mesial aspect separately (F). Anti-IL-17A MP at day 

2 significantly decreased the number of osteoclasts per mm2 in the alveolar bone in comparison to untreated group. 

Values (mean ± SD) obtained from 5-6 animals per group. P values were determined by one-way ANOVA followed 

by Tukey’s multiple-comparisons test, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and ****: p < 0.0001. 

 

Figure 27. (A) Quatification of total bone loss following ligature PD induction for 8 days only (untreated) or ligature 

PD induction with blank PLGA MP local delivery (Blank MP), compared to the healthy control group (Healthy). 

(B) Total osteoclasts analysis represents the sum of TRAP-positive cells on the mesial, distal and furcation areas in 

untreated and Blank MP treated mice compared to healthy control mice.. Values (mean ± SD) from 6 animals per 

group.  P values were determined by one-way ANOVA followed by Tukey’s multiple-comparisons test, where *: p 

< 0.05, **: p < 0.005, ***: p < 0.0005 and ****: p < 0.0001. 
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2.3.4.3  Cytokine expression profiles following Anti-IL-17A MP administration 

To determine the expression profile of Il17a and its dependent genes during ligature 

induced PD, we extracted RNA from periodontal tissues at different time points days following 

ligature placement (Fig. 23).  We observed upregulation of Il17a mRNA expression starting at day 

2 post-ligature placement, evident at day 4 and peaking at day 8.  The gradually increasing 

expression profile of Il17a during murine ligature induced PD prompted us to deliver the anti-IL-

17A MP 2 days after, instead of concurrent with, placing ligatures for all subsequent experiments. 

 

Expression of Il6, Tnfa and Tnfsf11 (RANKL) mRNA in periodontium was evaluated at 

either day 4 or day 8 after ligature placement.  At day 4, the untreated/ligature-only group showed 

elevated Il6 and Tnfsf11 compared to controls.  Anti-IL-17A MP administration reversed 

upregulation of Il6 but not Tnfsf11 (Figure 24A and C).  Tnfa was not different among experimental 

groups (Figure 24B).   At day 8, Tnfsf11 showed sustained upregulation in the untreated group 

compared to controls.  Mice given anti-IL-17A MP exhibited no differences in the expression of 

Il-6, Tnfa and Tnfsf11 mRNA compared to the heathy controls or the untreated groups at day 8 

(Figure 24 D and F).   Collectively, these data show that local neutralization of IL-17A in diseased 

periodontium inhibits Il6 mRNA expression, recapitulating the previously reported effect of IL-

17A on Il6 expression.   
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Figure 28.  Expression of Il17a gene in the gingiva around the ligated maxillart second molar during the course 

of the 8 days ligature induced periodontitis model. Data represents the mean fold change analyzed by delta-

delta CT method from 4-5 mice. P values were determined by one-way ANOVA followed by Holm-Sidak’s 

multiple-comparisons test, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and ****: p < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29.   Expression of pro-inflammatory markers in periodontal tissues of mice. Il6 , Tnfa and  Tnfsf11 

(RANKL) expression in the periodontal tissues was compared by the value of 2(−ΔΔCt)  (n = 5 mice). 

Microparticles were injected into the maxillary gingiva on day 2 after ligation and the biochemical markers 

were assessed at 4th (A, B and C) and 8th (D, E and F) day after ligature placement. Periodontal tissues from 

untreated group showed an increase in Il6 and Tnfsf11 levels at 4 days. Anti-IL-17A MP injection decreased 

the levels of Il6 when evaluated in the 4th but not in the 8th day after ligature placement. Tnfsf11 expression did 

not change by IL-17A MP delivery at 4 or 8 days. Ligature placement and 17A MP injection did not affect Tnfa 

expression in the periodontal tissues at both timepoints.  P values were determined by one-way ANOVA 

followed by Holm-Sidak’s multiple-comparisons test, where *: p < 0.05, **: p < 0.005, ***: p < 0.0005 and ****: 

p < 0.0001. 
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2.3.5  Discussion 

A healthy periodontium depends on an intricate balance between the host response and the 

periodontal microbiota.  In PD, changes in the periodontal microbial load or composition 

(dysbiosis) provokes inflammation-driven tissue destruction (Hajishengallis 2014).  Because 

periodontal damage is primarily caused by an uncontrolled host inflammatory response to a 

dysbiotic microbiota (Lamont and Hajishengallis 2015), host modulation has become an attractive 

therapeutic approach for PD in recent years.  In this regard, our group previously demonstrated 

that recruitment of Tregs (Glowacki et al. 2013) or induction of pro-resolving M2 macrophages 

(Zhuang et al. 2019) in murine periodontium can protect against inflammatory bone loss. 

 

 IL-17A is the signature cytokine of Th17 cells, as well as innate lymphocytes such as γδ-

T cells, NKT and ILC3s (Sutton et al. 2012).  In the present study, we evaluated the therapeutic 

efficacy of modulating IL-17A in murine ligature PD as an exemplar for chronic osteolytic 

diseases.  Our goal was to provide a proof of concept for the application of this therapeutic strategy 

to ameliorate bone destructive diseases involving IL-17A.  To that end, we developed a 

formulation that sustainably releases functionally-active IL-17A Abs to suppress the destructive 

effects of IL-17A in murine periodontium.  This formulation was intended for local administration 

as a single-dose therapy over the course of murine PD.   This translational approach builds on an 

earlier report pointing to a protective effect of daily local administration of an IL-17A monoclonal 

antibody against inflammatory bone loss in mice undergoing experimental periodontitis (Eskan et 

al. 2012). 
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In the present study, we observed an inhibition in alveolar bone loss when anti-IL-17A MP 

were delivered 2 days after, but not simultaneously with, PD induction.  One possible explanation 

for this observation is the difference in timing between the secretion of IL-17A in the inflamed 

periodontium and the release of the IL-17A Abs from the MP (Figure 1A). Our qPCR data showed 

that Il17a mRNA expression in murine periodontal tissues following PD induction is modest at 

day 2 then sharply increases at day 4, remaining elevated up to day 8 (Supplementary figure 2).  

We speculate that the rise in Il17a from day 2 to day 4 marks the emergence of a pathogenic, rather 

than homeostatic, subset of IL-17A-producing cells in the inflamed periodontal environment, 

denoting a switch from a protective to a destructive IL-17A driven inflammation.  This switch to 

a destructive IL-17A driven inflammation could explain the previously reported acceleration in 

bone loss 3-5 days after ligature placement in the murine ligature-induced PD model (Abe and 

Hajishengallis 2013; Kourtzelis et al. 2019).    Thus, it is expected that a therapeutic strategy that 

targets IL-17A activity would be most effective as IL-17A is produced in the periodontium (2 days 

after ligature placement). To that end, we designed our experiment so that the anti-IL-17A burst 

release takes place just before the emergence of pathogenic IL-17A-producing cells.  This temporal 

synchrony between the anti-IL-17A burst release and the hypothesized window for IL-17A 

hyperactivity may explain the protective effect of delivering anti-IL-17A MP 2 days after ligature 

placement and not earlier. 

 

The magnitude of inflammatory bone loss inhibition achieved with delivery of anti-IL-17A 

MP ranged from ~25% on the interdental aspect to ~50% on the buccal aspect, compared to the 

untreated group.  A similar range of efficacy/bone loss protection is of clinical significance in 

terms of human disease, where a 20-30% difference in bone loss marks the transition from 
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mild/moderate to severe disease, based on the newly introduced classification (Tonetti et al. 2018).  

This further supports the clinical translation potential of anti-IL-17A therapeutics for periodontal 

disease.  Moreover, it is likely that a larger magnitude of bone loss inhibition can be achieved by 

delivering higher doses of anti-IL-17A using our delivery system.  This is because Il17a expression 

has been shown to correlate with the severity of bone loss in previous studies employing the murine 

ligature PD model (Eskan et al. 2012; Kourtzelis et al. 2019). 

 

The IL-17A targeted approach outlined here is of clinical significance since IL-17A-

producing cells present at periodontal sites are not always pathogenic in nature.  On one hand, one 

study suggested that a homeostatic subset of Th17 cells arise in the gingiva as a result of 

physiological forces of mastication, and this population is essential for immune surveillance and 

host defense at oral barrier sites (Dutzan et al. 2017).  On the other hand, a pathogenic Th17 cell 

subset expands locally in response to microbial dysbiosis and drives inflammatory damage in 

murine ligature PD (Dutzan et al. 2018a). The latter report suggested that the destructive 

inflammatory response in murine PD is induced by IL-17A-dependent signaling.  Thus, it is 

evident that the effects of IL-17A and its producing cells in tissue can be context dependent. 

Therefore, an understanding of IL-17A dynamic and divergent functions should form the basis for 

deploying IL-17A targeted therapies in a specific clinical setting. 

 

Osteoclastic bone resorption is a hallmark of PD and is regulated by diverse signals within 

the bone microenvironment (Bartold et al. 2010; Boyle et al. 2003; Kotake et al. 1999; Teitelbaum 

2000).  In line with the findings of alveolar bone loss suppression, we observed a reduction in the 

number of osteoclasts in the alveolar bone crest area in the group that received local anti-IL-17A 
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MP 2 days after ligature placement.  Indeed, IL-17A can upregulate the pro-osteoclastogenic 

cytokines IL-6 and IL-8, either alone or in synergy with other cytokines such as IL-1β and TNF-α 

(Noack et al. 2019).  The synergistic interaction between IL-17A and TNF-α was suggested as a 

predictor of early joint damage in RA patients (Kirkham et al. 2006).  Similarly, IL-1 β was shown 

to potentiate the IL-17A effect on bone bone destruction in explants from RA patients (Chabaud 

et al. 2001).  Therefore, blockade of IL-17A may indirectly inhibit the effects of other 

inflammatory cytokines by mitigating their synergistic interactions (McGeachy et al. 2019). 

 

 IL-6 has been shown to be indispensable for pathogenic Th17 cell expansion leading to 

IL-17A overproduction and bone loss in ligature-induced periodontitis (Dutzan et al. 2018b).  

Moreover, IL-6 is a signature gene induced by IL-17A signaling in many cell types, thus 

establishing a feed-forward amplification cycle of local inflammation (Onishi and Gaffen 2010). 

Consistent with this, we saw that the local delivery of anti-IL-17A MP downregulated Il6 mRNA 

expression in periodontal tissues, which may be central to its efficacy, interfering with this 

inflammatory loop in the periodontal tissues. 

 

In conclusion, the current work demonstrates that local and sustained release of IL-17A 

Abs can halt inflammatory bone loss in murine PD, which served as a model for chronic osteolytic 

diseases.  Accordingly, this approach may represent a promising therapeutic strategy for conditions 

in which inflammatory bone loss is driven by IL-17A mediated inflammation.  
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3.0 Conclusions 

In this dissertation, we provided proof of concept for the therapeutic efficacy of two local 

sustained delivery strategies aiming at modulating destructive inflammation in diseased murine 

periodontium.  We leveraged sustained drug release, single cell RNA sequencing and 16S rRNA 

sequencing technologies to shed the light on the mechanisms underlying the disease protective 

effects of our therapeutic strategies.  We also maximized the benefits of the highly versatile and 

predictable murine ligature induced periodontitis model throughout our experiments. 

 

The first strategy was geared toward modulating macrophages response in the murine 

periodontium by local sustained delivery of the chemokine CCL2.  Using murine ligature induced 

periodontitis model, we showed that locally delivered CCL2 inhibited murine alveolar bone loss 

in early and established periodontitis, and accelerated bone gain during periodontitis resolution.  

The bone loss protective effect of locally delivered CCL2 local correlated with a suppression of 

pro-inflammatory pathways in the periodontal M1/classically activated macrophages as 

determined by pathway analysis of single cell RNA sequencing data.  In particular, TREM1 and 

IL-17 signaling pathways were identified as potential targets for CCL2 mediated 

immunosuppression.  Furthermore, local sustained delivery of CCL2 reversed the microbial 

composition shifts associated with murine periodontitis induction by abrogating the increase in the 

relative abundance of specific microbial taxa. 

 

The second strategy focused on modulating the activity of the IL-17A cytokine derived 

from pathogenic Th17 cells by local sustained delivery of anti-IL-17A antibodies.  We proved the 
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efficacy of this approach in halting alveolar bone loss and osteoclastic activity during the course 

of murine ligature induced periodontitis.  Those effects correlated with downregulated mRNA 

expression of IL-6.  Those results provided proof of principle for the therapeutic potential of local 

anti-IL-17A therapies for chronic bone destructive diseases. 

 

Our collective results point to the classical/M1macrophages as crucial downstream 

effectors of locally delivered CCL2 and anti-IL-17A antibodies.  On the one hand, it is well 

established that classical/M1 macrophages are potent producers of IL-6 and IL-23.  Both cytokines 

haven been shown to be essential for pathogenic Th17 expansion in the murine gingiva (Dutzan et 

al. 2018a).  On the other hand, pathogenic Th17 cells secrete high levels of their signature cytokine 

IL-17A in the gingiva, which has been shown to potentiate pro-inflammatory responses by 

classical macrophages in the oral environment (Zhang et al. 2013).  This dynamic and mutually 

beneficial interaction between classical/M1 macrophages and Th17 cells has been also highlighted 

in the context of rheumatoid arthritis (Li et al. 2013).  Thus, it is likely that local suppression of 

classical/M1 macrophages pro-inflammatory responses would also hinder pathogenic Th17 cells 

activity and vice versa.  Our pathway analysis results supported the plausibility of this concept in 

the periodontal environment.  To that end, CCL2 local delivery resulted in simultaneous inhibition 

of IL-6 and IL-17 at the canonical pathways and upstream regulators levels in classical 

macrophages.  Similarly, local delivery of anti-IL-17A inhibited gingival mRNA expression of IL-

6, which could be derived from both Th17 cells and M1/classical macrophages.  The latter 

mechanism has not yet been supported by in vivo single cell RNA sequencing data.  Taken 

together, the data presented in this dissertation warrant further studies aiming at elucidating the 

relationship between CCL2 and IL-17A signaling in the context of chronic osteolytic diseases.  
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