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ABSTRACT
Sing-Wai Wong: The role of non-canonical autophagy in periodontal disease pathogenesis
(Under the direction of Jennifer Martinez and Patricia Miguez)

Periodontal disease is a multifactorial disease that is associated with local infection and
chronic inflammation in the tooth supporting tissues. In addition to the local etiologic factor, oral
biofilm, host susceptibility also contributes to the disease pathogenesis and severity. Susceptible
individuals may present with exaggerated inflammatory reactions in the periodontium, leading to
alveolar bone resorption and eventually to loss of teeth. My dissertation research focuses on
investigating the molecular mechanisms that underlie host susceptibility to periodontal disease.

Originated from the Greek for “self-eating”, autophagy is a lysosome-mediated catabolic
system that facilities the digestion of intracellular components to generate nutrients, which
substantiate cell survival in the adverse environment. Emerging evidence has indicated that
autophagy proteins can function beyond bulk degradation called non-canonical autophagy, which
could regulate inflammation both in vivo and in vitro. Recent genome-wide association studies
(GWAS) have identified genetic variations in multiple non-canonical autophagy genes that may
be linked to periodontal disease. However, the role of non-canonical autophagy in periodontal
disease pathogenesis remains unknown.

In Chapter 1, we introduce the background of non-canonical autophagy (LC3-associated
phagocytosis, LAP) and periodontal disease. In Chapter 2, we investigate the role of Rubicon, a
key LAP protein in the pathogenesis of periodontal disease. Our results demonstrate that LAP

could be activated by different periodontal pathogens in vitro. The absence of Rubicon results in
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accelerated periodontal disease progression and bone loss in vivo, suggesting that LAP may have
a protective role in periodontal inflammation. Intrinsically, young Rubicon deficient mice
exhibited normal skeletal phenotype and this deficiency does not interfere with osteoclast
differentiation. In the last chapter, we discuss the significance of our findings and future research
directions.

Taken together, my research results add knowledge to our current understanding of the
etiologies of periodontal diseases —non-canonical autophagy may be involved in the pathogenesis
of periodontal disease, and the alterations of its function might contribute to periodontal disease

susceptibility and severity.
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CHAPTER 1: INTRODUCTION!

L C3 associated phagocytosis

During environmental challenges, the immune system of the body must mount an
appropriate response that can eliminate the stimulus, but finally resolve inflammation and return
to homeostasis. Dysregulation of homeostasis of the immune system can lead to destructive
inflammatory effects at the local tissue and systemic levels, resulting in sustained chronic
inflammation (Kotas and Medzhitov 2015). As the prevalence of chronic inflammatory diseases is
increasing worldwide (Kotas and Medzhitov 2015), understanding the molecular mechanisms that
govern the induction and resolution of inflammation is required for developing more efficacious
treatment. Macrophages and dendritic cells are a group of phagocytes serving as frontline sentinels
in the local environment, as they could recognize and eliminate pathogenic components. The
ability of these phagocytes to degrade dangerous cargos in an immunologically appropriate way is
the key for both elimination of the threat and the final return to its basal state. Largely controlled
by the ATG family members, autophagy is an evolutionarily-conserved, catabolic, cell survival

mechanism activated during nutrient deprivation status that involves the degradation and recycling

1 This chapter is partially adapted from the author’s book chapter and publication.

The original citations are as follows:

Giulia Petroni and Lorenzo Galluzzi. “Non-Canonical Autophagy: Mechanisms and Pathophysiological
Implications”, United States, Elsevier, In press (Wong SW, Upadhyay S, and Martinez J. Chapter 4. LC3-
associated phagocytosis (LAP)

Wong SW, Sil P, Martinez J. "Rubicon: LC3-associated phagocytosis and beyond." FEBS J 285(8) (April
2018): 1379-1388.

Extracted content reproduced here has received the permission of the copyright holders.



of cytosolic components (Levine 2005). While canonical autophagy is considered a non-specific
bulk degradation system for cell survival during starvation, we now appreciate that the function of
autophagy protein extends far beyond nutrient deprivation, notably including host defense against
internalized pathogens (i.e., xenophagy) and cellular quality control (e.g., mitophagy) (Sil, Muse,
and Martinez 2018).

LC3-associated phagocytosis (LAP) is a type of newly discovered non-canonical
autophagy pathway. It can be triggered by the engagement of different extracellular receptors
(Toll-like receptors for pathogens (Sanjuan, Milasta, and Green 2009), Fc receptors immune
complexes (Henault et al. 2012), or the phosphatidylserine receptor for dying cells (Martinez et al.
2011)) from a hazardous particle, leading to the engulfment of the cargo and partially recruitment
of autophagy proteins to the single membraned, cargo-containing vesicle, termed the LAPosome
(Martinez et al. 2015; S. W. Wong, Sil, and Martinez 2018). Though the autophagy conjugation
system, cytosolic LC3-1 is processed and converted to lipidated LC3-11, which is bounded to the
outer surface of the LAPosome membrane, in which cargo degradation and immunomodulatory
response is initiated (Martinez 2018). While LAP shares many molecular commonalities with the
canonical autophagy pathway, it has unique functions and exhibits molecular distinction. For
example, canonical autophagy requires the formation of the pre-initiation complex (FIP200,
ATG13 and ULK1/2) to induce autophagy, but LAP does not (Martinez et al. 2015; Sanjuan,
Milasta, and Green 2009; Henault et al. 2012). LAP, however, exclusively employs the Rubicon
containing class 11l PI3K complex for the localized production of PI(3)P at the LAPosome
formation site, depending on the LC3-PE and ATG5-12 ubiquitin-like conjugation systems
(Martinez et al. 2015). The conjugation of ATG5 to ATG12 further forms a large multimeric

complex with ATG16 (S. W. Wong, Sil, and Martinez 2018). On the other hand, ATG4 mediates



the conversion of cytosolic LC3-1 into lipidated LC3-11, which subsequently is conjugated to the
phosphatidylethanolamine (PE) at the LAPosome membrane surface, through the activity of ATG7
and ATG3 (Martinez et al. 2015). In addition, the above-mentioned ATG5-12/16L1 protein
complex also participates in the transformation of LC3. From a global view, Rubicon acts as the a
hub protein since it is involved in the two important processes of LAP (S. W. Wong, Sil, and
Martinez 2018): First, Rubicon serves as a bridging molecule that engages with Beclin 1 and
UVRAG (through its CCD domain) (Zhong et al. 2009), and VPS34 (through it RUN domain)
(Sun et al. 2011) to form type 3 class 1l PI3K complex, which is essential for the production of
PI(3)P signal in response to LAP stimuli. Second, after its translocation to the LAPosome, Rubicon
interacts with and stabilizes the membraned form p22phox via its S-R domain (Yang et al. 2012);
with the concomitant TLR or FcR stimulation, cytosolic components Racl, p67phox, p40phox and
p47phox move to the phagosome to form the active form of NOX2 protein complex - this active
NOX2 complex in turn generates reactive oxygen species (ROS) in the phagosomal cavity
(Ueyama et al. 2011; Yang et al. 2012; S. W. Wong, Sil, and Martinez 2018). Therefore, Rubicon
is also required for the generation of an optimal level of ROS for the effective killing of the
pathogens (S. W. Wong, Sil, and Martinez 2018). The Rubicon-NOX2 dependent ROS production
could further facilitate the translocation of downstream LAP components, like ATG16L1, LC3-II
and ATG7 to the LAPosome (Martinez et al. 2015). The lipidated LC3-I1 is required for the
maturation of the LAPosome, and the LC3-11 decorated LAPosome fuse to the lysosome for final

digestion (S. W. Wong, Sil, and Martinez 2018).



LAP in infectious diseases

Many studies have shown the association between LAP defects and disease. Because
canonical autophagy and LAP share some overlapping components, it is unclear whether these
associations are due to autophagic alterations per se or are caused by an impaired LAP function.
As LAP exclusively utilizes Rubicon to induce its activities, the Rubicon knockout mouse
represents an important tool to study LAP-associated pathologies and disorders without
confounding deficiency in canonical autophagy(Martinez et al. 2016a; 2015). Furthermore,
multiple lines of evidence from clinical studies have shown that LAP is involved in the
pathogenesis of several human diseases that are independent of canonical autophagy (Assoum et
al. 2013; Y. Wan et al. 2017).

LAP has been intensively investigated for its broad anti-microbial functions, as LAP is an
effective pathway for the phagocytosis and degradation of microbial pathogens. LAP deficient
mice (Rubcn-/- mice), could not sufficiently eliminate invaded bacteria or fungi, thus resulting in
an overgrowth of pathogens, as well as high mortality and lethality after microbial infection
(Martinez et al. 2015). Due to failed microbial control, the LAP deficient mice also elicited a
heightened and exaggerated inflammatory response characterized by an increased concentration
of pro-inflammatory cytokines (IL-6 and IL-1B) and a decreased level of anti-inflammatory
cytokine (IL-10) upon challenges (Martinez et al. 2015), suggesting that LAP has an
immunomodulatory role for the resolution of inflammation during the clearance of pathogens.
Therefore, LAP is involved in the host innate immune response and serves as the first line of
defense against microbial invasion.

Chronic granulomatous disease (CGD) is an inherited immunodeficiency disorder that

affects phagocytes of the innate immune system and increases the risk of fungal (A. fumigatus)



infections. Etiologically, CGD patients harbor a genetic mutation in a subunit gene of the NOX2
complex (Debeurme et al. 2010), which is a key component in the LAP pathway. Similarly, the
absence of LAP disinhibits the control of A. fumigatus proliferation both in vivo and in vitro.
Furthermore, Rubicon deficient mice exhibit pulmonary granulomatous formation (Martinez et al.
2015), which is a hallmark pathology seen in CGD patients. In addition to A. fumigatus, LAP is
also involved the clearance of Candida albicans, which depends on the receptor engagement of
Dectin-1(Ma et al. 2012; Tam et al. 2014).

Besides preventing fungal infections, the innate immune system also recognizes and
eliminates invading bacteria through LAP. Listeriosis is caused by the infection of Listeria
monocytogenes, a type of gram-positive bacterium discovered by Dr. Lister. Upon L.
monocytogenes infection, bacteria are recognized by the receptor B2 integrin Mac-1 in
macrophages, triggering LAP activation via the recruitment of the LAPosome assembly, which
enhances the clearance of bacterium and anti-listeral immunity of phagocytes (Gluschko et al.
2018; Herb, Gluschko, and Schramm 2018). Legionella dumoffii is a type of a gram-negative
bacterium that can cause fatal pneumonia. L. dumoffii induces LAP through the Dot/lcmT4SS
dependent manner to attract LAP proteins RUBCN and NOX2, and its cytosolic degradation
exclusively depends on LAP rather than canonical autophagy or endocytic pathway (Hubber et al.
2017). Infection of Burkholderia pseudomallei, a gram-negative, aerobic, motile bacterium can
cause melioidosis, a disease characterized by local and disseminated infections. During
phagocytes’ fighting against B. pseudomallei, the LC3-11 positive, single-membraned phagosomes
are formed at the engulfed cytosolic B. pseudomallei (Gong et al. 2011; Mulye et al. 2014),
indicating of LAPosome formation and ongoing LAP activities. Phagocytes’ defense against

Salmonella enterica, a flagellate, gram-negative bacterium that can cause salmonellosis also



heavily depends on LAP. The phagocytosis of S. enterica triggers the recruitment of many LAP
compartments including Rubicon and NADPH oxidase to the bacterium-containing vacuole in vivo
(Masud et al. 2019). The absence of Rubicon, however, abolished this effect, suggesting LAP is
an important defensive pathway in macrophages for restricting Salmonella infection (Masud et al.
2019). Mycobacterium Tuberculosis is causative agent of tuberculosis, a highly contagious disease
that primarily affects the lungs (K&ster et al. 2017). The absence of LRRK2, a negative regulator
of the LAP pathway, results in an increased innate immunity and an effective clearance of M.

Tuberculosis in vivo (Hatlova et al. 2018).

Genetics of periodontitis

Periodontitis is a polymicrobial disruption of host homeostasis, wherein an aberrant
response to periodontal pathogens can lead to periodontal tissue destruction, alveolar bone loss
and eventually loss of teeth (Divaris et al. 2013). It represents one of the most prevalent dysbiotic
and inflammatory diseases in the world — about half of the adults in the United States have
periodontitis (Eke et al. 2015) and approximately 9% are affected by its severe form (Kassebaum
et al. 2014; Richards et al. 2014). Multiple lines of evidence have demonstrated that the microbial
burden and the associated inflammation in periodontitis are associated with other systemic
inflammatory diseases, including rheumatoid arthritis, stroke, cardiovascular disease, diabetes and
preterm birth (J. D. Beck et al. 2019).

The current understanding of the etiology of periodontitis is that of a multifactorial disorder
orchestrated by environmental and genetic factors (Morelli, Agler, and Divaris 2020). Local
pathogenic factors such as specific pathogenic microorganisms in the subgingival dental plaque

biofilm have been thought to initiate the periodontal infection and inflammation (Socransky et al.



1998). On the other hand, individuals could mount different degrees of innate and adaptive
immune reactions in response to the periodontal microflora, leading to inconsistent disease severity
and periodontitis phenotypes (Dutzan et al. 2018). Recent studies have shown that genetic
variations that affect the function or the expression of the encoded protein in the genes of
inflammatory pathways may contribute to the dissimilar host immune responses (Morelli, Agler,
and Divaris 2020; Loos and Van Dyke 2020). Interestingly, the interactions between host
responses and local microflora are reciprocal. For example, an increased, exacerbated
inflammatory response caused by the genetic variation in inflammatory genes induces a shift to
the dysbiotic microbiome in the gingival pockets, thus leading to the progression of periodontal
disease (Morelli, Agler, and Divaris 2020; Loos and Van Dyke 2020).

Early genetic research from cohort studies showed that candidate genes or loci in Fc
receptor, pattern recognition receptor, Interleukin (IL)-1 and TNF-alpha were associated with
periodontitis (Ozer Y (tel et al. 2015; Song, Kim, and Lee 2013; Trevilatto et al. 2011; Han, Ding,
and Kyung 2015). However, due to a small number of tested loci, and limited sizes of patient and
control samples, these results have not been widely replicated and should be treated with caution.
Recent large-scale genome wide association studies (GWAS) have tested thousands of participants
and millions of genetic markers, and have reported many novel candidate susceptibility genes and
loci possibly associated with human periodontitis (Divaris et al. 2013; Offenbacher et al. 2016;
Morelli, Agler, and Divaris 2020). Dr. Offenbacher’s group at the University of North Carolina
stratified the study population (Dental Atherosclerosis Risk in Communities - DARIC) (James D.
Beck et al. 2001) based on participants’ phenotypical and molecular profiles to create different
periodontal complex traits (PCT), which were then carried forward to a GWAS aiming to identify

new risk gene (Offenbacher et al. 2016). Based on that study’s results, many genes in the LAP



pathways were found to be statistically associated with distinct PCTs. For example, the ATG16L
genes, which encode a downstream conjugation protein of the LAP pathway, are strongly
associated with PCT2, which resembles severe forms of periodontitis but has a reduced loading of
P. gingivalis and IL-1p in gingival crevicular fluid (GCF) (Offenbacher et al. 2016). Similar
associations were reported for PCT3, which has an increased loading of A. actinomycetemcomitans
and a higher concentration of the GCF IL-1p (Offenbacher et al. 2016). The DHX57 gene encodes
the MORNZ2 protein, which is essential for the recruitment of LC3-11 to LAPosome during LAP
activation, and is associated with PCT5 (P.g trait) featured by the highest loading of P. gingivalis,
and PCT1 (Socransky trait), featured by a uniformly high load of periodontal pathogens
(Offenbacher et al. 2016).

These candidate susceptibility loci reported by Dr. Offenbacher’s research group are also
linked to other human systemic inflammatory diseases and defective bacterial clearance. The
single-nucleotide polymorphism in ATG16L1 gene (rs2241880) is strongly associated with the risk
of developing Crohn’s disease, an inflammatory disease featured by chronic inflammation and
auto-inflammation in the gastrointestinal (Gl) tract (Salem et al. 2015). Similarly, in vivo studies
from ATG16L1 conditional knockout mice with gene deficiency in the myeloid cells compartment
showed that these mice are more susceptible to dextran sulfate sodium-induced colitis(Saitoh et
al. 2008). Mechanistically, ATG16L1 deficiency resulted in a heightened production of pro-
inflammatory cytokines (IL-1beta and 1L18) after bacterial stimulations (Saitoh et al. 2008), and
in defects of the clearance of an intestinal pathogen, C. rodentium (Salem et al. 2015). Similarly,
the absence the MORNZ2, an adaptor protein for LC3-II’s recruitment during LAP activation, also
results in a defective clearance of bacteria (M. tuberculosis, L. pneumophila and S. Aureus) in vivo

(Abnave et al. 2014). Therefore, we believe that LAP is required for the phagocytic clearance of



periodontal pathogens, influences the dysbiotic shift of the oral microbiome, and restrains the local
immune responses from the bacterial stimulation. Therefore, the objective of this project is to

further investigate the role of LAP in periodontal disease pathogenesis.
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Chapter 2: THE ROLE OF NON-CAONONICAL AUTOPHAGY IN THE
PATHOGENESIS OF PERIODOTNAL DISEASE
Introduction

Periodontitis is a common chronic inflammatory disease of the tooth-supporting tissues in
response to periodontal microbial pathogens. It affects over 60 million adults in the US (Eke et
al. 2015), and its severe form affects 743 million people worldwide (Kassebaum et al. 2014).
Susceptible individuals mount an exaggerated inflammatory response to biofilms, leading to
immunopathology and alveolar bone resorption (Dutzan et al. 2018). However, the pathogenesis
that underlies periodontal hyperinflammation in susceptible patients is not completely
understood. Results from the genome wide association study (GWAS) from the Dental
Atherosclerosis Risk in Communities (Dental ARIC — Offenbacher group) (Offenbacher et al.
2016) indicate that genetic variation in the genes of the LC3-associated pathway are implicated
in chronic periodontitis and increased load of periodontal pathogens.

LC3-associated phagocytosis (LAP), a newly identified form of non-canonical
autophagy, is critical for the clearance of microbial pathogens, as well as shaping the appropriate
immune response to phagocytosed cargos . The molecular pathway that governs LAP has been
well-described in a recent study. Studies demonstrated that Rubicon, in concert with other
classical autophagic proteins, is required for the LAP (S. W. Wong, Sil, and Martinez 2018;
Martinez et al. 2015). Thus, the Rubcn-deficient (Rubcn-/-) mouse could be used as a valuable
tool to study LAP-dependent disease, without impairing the function of canonical autophagy

(Martinez et al. 2016b).
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LAP-deficient animals have been shown to exhibit increased inflammation and defective
clearance of A. fumigatus in vivo (Martinez et al. 2015). We hypothesize that a dysregulation in
LAP results in hyperinflammation in periodontal tissues during bacterial infection and
contributes to increased periodontal disease severity. We aim to investigate the functionality of
LAP in periodontal disease pathogenesis though complementary studies using the cell infection
model and an experimental periodontitis rodent model. We anticipate that our study will
demonstrate the relevance of LAP, illuminate its role in periodontitis, and improve the
understanding of the factors driving increased disease severity and progression of periodontal

disease.

Material and Methods
Animals

The mice used for this study were housed and bred in a specific pathogen-free animal
facility at the National Institute of Environmental Health Sciences. Rubicon global knockout mice
(Rubcn-/-) in C57BL/6 background were previously described (Martinez et al. 2015). For the in
vivo ligature induced periodontitis experiment, 8- to 10-week-old female and male mice were used.
For bone phenotyping experiments, 8-week-old female mice were used. For osteoclast primary
culture in vitro experiments, 8- to 12-week-old female and male mice were used. For the wild-type
control mice, age-matched littermates were used. This study was approved by the Animal Care
and Use Committees at the National Institute of Environmental Health Sciences (ACUC #2015-

0021; amendment approved on 12/16/2019).

Ligature-induced periodontitis model

13



The ligature-induced periodontitis model was used as previous described (Abe and
Hajishengallis 2013). Briefly, a sterile 5-0 silk suture was tied around the maxillary second molar
of the mice under anesthesia, and the control contralateral unligated tooth served as the baseline
control (Ref). Eight days after ligature placement, the mice were euthanized by CO2, and the
maxillae were dissected, fixed in 10% formalin. The fixed samples were sent to University of
North Carolina Small Animal Imaging for scanning by Scanco 40 micro-CT machine (Scanco
Medical, Bassersdorf, Switzerland) in 20 um resolution (E = 70kVa; I = 145 pA). The levels of
alveolar bone loss were measured from 3-dimensional rendering pictures (distance from the

cementoenamel junction (CEJ) to the alveolar bone crest (ABC)).

Long bone phenotyping

The entire femurs and tibiae were dissected from age-matched 8-week old female wild type
and Rubcn-/- mice. The bones were fixed in 4% paraformaldehyde or 10% formalin for at least 48
hours. After fixation, bones were scanned by Scanco 40 micro computed tomography (CT)
machine in 10 um resolution under E = 70kVa and I = 145 pA. We selected the regions of interest
of the trabecular and cortical bones 0.7 mm (70 slices) distal to metaphysis of tibia, and 0.7 mm
proximal to the distal tibiofibular junction.The bone morphometric and microarchitecture analyses
were performed with the usage from reconstructed solid 3D pictures. The following trabecular and
cortical bone parameters were measured: BV/TV (bone volume fraction), Th.Th (trabecular
thickness), Ct.Th (average cortical thickness), Th.Sp (trabecular separation), Tt.Ar (total cross-
sectional area inside the periosteal envelope), Ct. Ar. (cortical bone area), Ct.Ar/Tt.Ar (cortical

area fraction) and Th.N (trabecular number).
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Macrophage primary culture

Bone-marrow-derived macrophages were isolated from mouse bone marrow progenitor
cells. These bone marrow cells were cultured in DMEM cell culture medium supplemented with
10% heat-inactivated FBS (Cytiva, Marlborough, MA), 15-20% L929 supernatant, non-essential
amino acid, 2mM L-alanyl-L-glutamine, penicillin/streptomycin, and non-essential amino acids
for 6 days. Nonadherent cells were discarded on day 6, and adherent macrophages were detached
by cell scraping and re-plated with cell culture medium that contains 5% L929 supernatant for

experimental usage.

Osteoclast primary culture

The method employed for the osteoclast primary culture was previously described (S.-W.
Wong et al. 2020). Briefly, tibiae and femurs were harvested from the COz-euthanatized mice
Osteoclast basic culture medium made by free a-MEM medium with 10% FBS,
penicillin/streptomycin, L-Glutamine and non-essential amino acids was used to flush bone
marrow cells from collected bones. After culturing the bone marrow cells with the osteoclast basic
culture medium, the floating, non-adherent cells were collected and re-seeded at a density of 1.5 x
10° cells/cm? with the supplement of 30 ng/mL M-CSF (R&D Systems, Minneapolis, MN USA).
After the stimulation of M-CSF for two days, osteoclast precursors were formed and osteoclast
differentiation medium was changed to osteoclast basic culture medium with 10 ng/mL RANKL
(R&D Systems Minneapolis, MN USA) and 30 ng/mL M-CSF. Three days after the application
of osteoclast differentiation medium, multinucleated osteoclasts were formed and were fixed with
10% formalin. Fixed cells were stained with tartrate-resistant acid phosphatase (TRAP) to detect

osteoclasts according to a published method (S.-W. Wong et al. 2020).
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Antibodies and Western Blot

The following antibodies were from Cell Signaling (Beverly, MA USA): a-Tubulin (Cat.
#2144), Rubicon (D9F7) (Cat. #8465), #p62 (Cat. #5114), LC3B (Cat. #2775), c-Fos (9F6)
(#2250). NFATc1 (Cat. #sc-7294) and Actin (Cat. #sc-1616) antibodies were from Santa Cruz
Biotechnology Inc. (Dallas, TX USA). Customized polyclonal anti-MORNZ2 antibody against
mouse MORN2 peptide (CNFNENRVEGEGEYT) was produced from GenScript (Piscataway,
NJ, USA). The secondary antibodies were purchased from Jackson Immuno-Research (West
Grove, PA, USA).

Macrophages infected with periodontal pathogens (P.g. and F.n.) were lysed in RIPA lysis
buffer with protease and phosphatase inhibitor cocktails (Thermo Fisher, Waltham, MA, USA).
Protein concentration was determined by the BCA Protein Assay. 5-20 g of total protein lysate
was subjected to Criterion TGX precast gel (Biorad, Hercules, CA, USA) and Western blotting.
Proteins in the nitrocellulose membranes were visualized by enhanced chemiluminescence (ECL,
Amersham Bioscience, Little Chalfont, UK). Protein band intensities were quantified using ImageJ

(National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

All data this study are presented as mean £SD. We used student’s t test determine statistical

differences between groups. P values less than 0.05 were considered statistically significant.

Results

Periodontal pathogen may induce the activation of LC3-associated phagocytosis in
macrophages
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To explore the relevance of LC3-assciated phagocytosis in periodontal infection and
periodontal disease development, we first examined if key periodontal pathogens activate LAP in
phagocytes. We used an in vitro infection model by treating a macrophage cell line and primary
macrophages with P.g. or F.n. During LAP activation, there is a conversion of the cytosolic form
of LC3 (LC3-I) to the membrane-associated form of LC3 (LC3-I1), which is recruited to the
engulfed cargo to form the single-membraned LAPosome with orchestration by the autophagy
conjugation system. Co-incubation of the macrophage cell line, RAW 264.7 cells with live and
heat-killed (HK) P.g. both induced the conversion of LC3-I to LC3-1lI (Figure 2.1 A). The
expression level of Rubicon, a key upstream protein in the LAP pathway was not apparently
changed during the bacterial challenge. However, we noticed that the expression of MORNZ, a
downstream LAP was upregulated at all time points with P.g. treatment. To validate this result,
we infected bone marrow derived macrophages with live and H.K P.g. in vitro. Similarly, the
primary macrophages produced a drastic conversion of LC3-I to LC3-Il, with the peak at 15
minutes post-infection. Moreover, infection with another periodontal pathogen, F.n. also induced
the transformation of LC3-11 (Figure 2.2). These data show that infection with pathogenic
periodontal bacteria could induce LAP in macrophages, suggesting that the clearance of these

pathogens might be dependent on LAP.

LAP deficient mice exhibited an increased inflammatory bone loss

To investigate the role of LAP in periodontitis pathogenesis in vivo, we used a ligature-
induced periodontitis model using Rubicon global deficient mice (Rubcn-/-) and controlled
littermates. 8 days after the ligature placement, we noticed that the alveolar bone resorption in the

Rubcn-/- mice was significantly higher than that in control mice (Figure 2.2 A). The ligature
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induced bone loss was similar between male and female mice within the same genotype (Figure
2.1 B). Therefore, these in vivo data suggest that LAP deficiency resulted in an increased disease

severity (alveolar bone loss) and that LAP may protect against periodontal disease.

Rubicon deficient mice exhibited normal skeletal phenotype

Recent studies have implicated the functions of autophagy proteins in osteoblasts and
osteoclasts (Ref). To investigate the role of Rubicon in bone biology in vivo, we performed bone
phenotyping of 2-month-old Rubicon global knockout (Rubcn-/-) mice. The Rubcn-/- mice did not
have any developmental defects and were phenotypically normal at the skeletally mature age of 2
months. Phenotypic analysis of the long bones using UCT scanning revealed that Rubcn-/- mice
had identical trabecular (Figure 2.3D) and cortical bone (Figure 2.3D) morphometric parameters,
compared to Rubcn+/+ littermates. Furthermore, no overt bony pathologies were found in Rubcn-
/- mice. Therefore, these results suggest that Rubicon might not directly impact on bone

remodeling in vivo.

Rubicon deficiency does not affect in vitro osteoclastogenesis

Our previous unpublished data indicated that some autophagy proteins are involved in
osteoclast differentiation. To further confirm our in vivo results and to explore the function of
Rubicon in osteoclastogenesis, we performed in vitro osteoclast primary culture using bone
marrow cells as osteoclast precursors. TRAP staining revealed that the bone marrow osteoclast
precursor cells from Rubcn-/- mice generate similar number of osteoclasts compared to Rubcn+/+
osteoclast precursors (Figure 2.5A). In addition, Rubcn-/- osteoclast precursors expressed similar

levels of c-Fos and NFATcl, two important transcription factors related to osteoclast
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differentiation after RANKL stimulation, compared to Rubcn+/+ differentiating osteoclasts. In
addition to its pivotal role in LAP, Rubicon has been shown to negatively regulate canonical
autophagy pathway. We next asked if Rubicon deficiency alters autophagic induction during
osteoclastogenesis. We found that Rubcn-/- deficient osteoclast precursors exhibited similar
degradation of autophagy marker p62, and conversion from LC3-1 to LC3-I1 during osteoclast
differentiation, compared to Rubcn+/+ osteoclast precursors. These results suggest that canonical
autophagy is not affected in Rubcn-/- osteoclasts during cell differentiation (Figure 2.5D).

Therefore, these results indicate that osteoclastogenesis in vitro is independent of Rubicon.
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Figure 2.1 Periodontal bacteria P.g. induces conversion of LC3-l1 into LC3-I1l. (A)
Macrophage cell line RAW cells were infected with HK and live P.g. at an MOI of 0.1. Cell protein
lysates were collected for Western blot analysis of LC3, Rubicon, Morn2 and alpha tubulin to

access LAP induction. (B) Murine primary macrophages were infected with HK and live P.g. at

an MOI of 1. Transformation of LC3-I to LC3-11 was analyzed by western blotting.
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Fig 2.2. Periodontal pathogen F.n. induces conversion of LC3-1 into LC3-11. Wild type murine
bone marrow derived macrophages were infected with HK and live F.n. at an MOI of 1.

Conversion of LC3-I into LC3-1l was analyzed by immunoblotting.
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Fig 2.3. LAP deficient mice exhibited increased periodontal disease severity. Bone loss (mm)

after ligature induced periodontitis in Rubicon deficient mice and control littermates.

22



A Trabecular bone parameters

ns
ns
0.08: 5 ns 0.04 0.4 ns
T
- = 4 =~ =
~ 006 - [S - = 0.03 £ 03
é 1 g 5 = E é I I
E 0.04 < = 0.02 Q 0.2
> Z 2 = 2
o g0 2 £ o0 £ o4
0.00 : : (i T - 0.00 T - 0.0 : .
Rubcn+/+ Rubcn-/- Rubcn+/+ Ruben-/- Rubcn+/+ Ruben-/- Rubcn+/+ Ruben-/-
B Rubcn+/+
C Cortical bone parameters
ns ns
1.0 ns 0.6 0.8 0.2 i
« 08 - ‘\TE\ = % 06 — E 0.20 =
E 0.6 g W < £ o1s
< = £ o4 =
< 0.4 £ iy < g 0.10
F o2 o o 02 0.05
0.0 0.0 0.0 T : 0.00 - :
Rubcn+/+ Rubcen-/- Rubcn+/+ Rubcn-/- Rubcn+/+ Rubcn-/- Rubcn+/+ Rubcn-/-
D Rubcn+/+ Rubcn-/-

e

Figure 2.4. Rubicon” mice exhibited normal bone phenotype at 2 months of age. (A)
Trabecular morphometric analysis of 2-month-old female Rubcn** (n=6) and Rubcn™ (n=6) mice.
BV/TV, bone volume / total volume; Th. Th, trabecular thickness; Tb. N, trabecular number; Tb.

Sp, trabecular spacing. (B) Representative 3 dimensional rendering pictures of the trabecular bones
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in the proximal tibiae of Rubcn™* and Rubcn” mice. (C) Cortical bone morphometric analysis of
2-month-old female wild type (Rubcn**; n=6) and Rubicon deficient (Rubcn™"; n=6) mice. Tt. Ar,
total area; Ct. Ar, cortical area; Ct. Th, cortical thickness; Ct. Ar/Tt. Ar, cortical area / total area.
(D) Representative 3 dimensional reconstructed images of the cortical bones in the distal tibiae of

Rubcn** and Rubcn™ mice.
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Figure 2.5 Rubicon deficiency does not affect osteoclast differentiation in vitro. (A) A
schematic picture of in vitro osteoclast primary cell culture; after RANKL stimulation, osteoclast
precursors differentiate and fuse with each other to form the multinucleated osteoclasts. (B) 3 days
post-RANKL stimulations, representative images of TRAP positive, multinucleated osteoclasts
generated from wild type (Rubcn+/+) and LAP deficient (Rubcn-/-) mice. (C) Cell lysates were
collected from day 0 to 2 of in vitro osteoclastogenesis from Rubcn+/+ and Rubcn-/- osteoclast
precursors, and were subjected to immunoblotting of Rubicon, c-Fos, NFATc and beta-actin to
evaluate osteoclast differentiation capacity. (D) Cell lysates were collected from day 0 to 3 of in
vitro osteoclastogenesis from Rubcn+/+ and Rubcn-/- osteoclast precursors, and were subjected to

immunoblotting of Rubicon, p62, LC3 and beta-actin to access autophagic activities.
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CHAPTER 3: DISCUSSION AND FUTURE DIRECTIONS

LAP has been implicated in many systemic inflammatory and auto-inflammatory diseases,
such as systemic lupus erythematosus (Martinez et al. 2016b), liver fibrosis/cirrhosis (J. H. Wan
et al. 2020), Alzheimer’s disease (Heckmann et al. 2019) and contact dermatitis (Sil et al. 2020).
Functionally, LAP has an anti-inflammatory and immunosuppressive role to restrict the
inflammatory responses by the effective limitation of hazardous components, thus reducing
disease activity and progression (S. W. Wong, Sil, and Martinez 2018). Although many LAP
related genes are associated with periodontal infection (Offenbacher et al. 2016), the knowledge
base regarding the function of LAP in periodontitis is scarce and remains unclear. Similar to the
previous findings, we demonstrated that LAP could protect against the development of periodontal
disease in vivo, which may be due its anti-inflammatory effect. To assess periodontal inflammation
in LAP deficient mice, future work should examine the production of cytokines in infected
periodontal tissues at the mRNA and protein levels. Since LAP primarily executes its function in
the phagocytes, targeting examination of the LAP activity and transcriptional profiles in different
types of immune cells can be achieved by single-cell sequencing from human periodontitis tissues.

LAP can be induced by the uptake of different microorganisms, including bacteria, fungi
and parasites, thus facilitating their intracellular degradation in the ROS dependent manner (S. W.
Wong, Sil, and Martinez 2018). In the present study, we demonstrated that two established
periodontal pathogens (P.g, and F.n) could also induce the transformation of the LC3 protein,

indicative of an ongoing LAP activation. These results suggest that the phagocytic function and
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bacterial degradation of periodontal pathogens in phagocytes may be dependent of LAP. To
validate the role of LAP in the degradation of periodontal pathogens, quantifying the abundance
of these pathogens will be needed.

While we have completed some fundamental experiments, we need to perform more in
vivo and in vitro experiments to explain the molecular mechanisms that underlie dysfunction of
LAP and associated defects in periodontal pathogen clearance, pathogenic microbial induced
dysbiosis, heightened inflammatory reaction and inflammatory bone loss in the periodontal tissues,
and crosstalk between LAP and adaptive immunity (Figure 3.1).

In addition to LAP, another form of selective autophagy, xenophagy is also a required
component of response to some bacterial species. For example, the autophagic clearance of
cytosolic Salmonella relies on the autophagy receptor, Optineurin (Formstone et al. 2011;
Slowicka et al. 2016). The molecular pathways of LAP and xenophagy also exhibit overlapping
autophagy machinery and distinct components. For instance, both LAP and xenophagy need for
the downstream conjugation proteins ATG16L for the development of LC3-l1I decorated
membranes (Sil, Muse, and Martinez 2018). Xenophagy exclusively requires one of the autophagy
receptors but not the class 11l PI3K complex, whereas LAP exclusively requires Rubicon
containing class 111 PI3K complex (Sil, Muse, and Martinez 2018). Therefore, the usage of LAP
deficient (Rubcn-/-), xenophagy deficient (Optn-/-) and LAP/xenophagy co-deficient mice will
help us understand and elucidate the which type(s) of non-canonical is specifically involved in the

periodontal infection and disease progression.

27



Periodontal infection Noncanonical autophagy  Pathogen replication

& inflammation of phagocytes and infection
Periodontal
' pathogenw - e
’ ¢ : 1
>’ N
e £ . N
’
A A
’
I
Lym'phc?cyte Inflammatory Pro-inflammatory
aelivaRons bone loss and IFN responses
T oo
-~
‘Q‘ Q .. ® [
°
~\ T cells B cells .. ° .
09, Osteoclast
® o

Figure 3.1 Possible role of LAP in periodontal disease pathogenesis
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conjugated by the ubiquitin chains. After that, autophagy receptors, such as Optineurin
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(highlighted in red) recognize the ubiquitinated cargo through the ubiquitin binding domain, and
link it to the LC3-containing autophagosome. Meanwhile, the autophagy conjugation proteins
such as ATG16L (highlighted in blue) are recruited to these pathogens to trigger the formation
and maturation of autophagy membranes around the ubiquitinated pathogen substrates. During
LAP, the engagement of a pattern recognition receptor by a pathogen leads to the recruitment
Rubicon (highlighted in green) containing Class 111 PI3K complex to from a single membraned
LAPosome. This Class 111 PI3K protein complex is required for the attraction of the downstream
LAP conjugation proteins, including ATG16L (highlighted in blue) for the maturation of LC3-11
decorated, cargo containing LAPosome. (Figure from Sil P et al. Curr Opin Immunol. 2018. (Sil,

Muse, and Martinez 2018) Used with permission)
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