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Abstract: In professional phagocytes, early receptor recognition is crucial to 

determine the fate of engulfed microorganisms. Among the many pattern 

recognition receptors (PRRs) expressed by dendritic cells (DCs), the C-type 

lectin DC-SIGN is of particular interest as it has been associated with 

immunosuppression by infecting pathogens. While autophagy has emerged 

as a major immune mechanism against microbes, very little is presently 

understood about its role in elimination of intracellular pathogens; especially 

in the context of the PRR diversity expressed by DCs. Hence, the study 

aimed to investigate the role of DC-S IGN targeting by the anaerobic 

pathogen Porphyromonas gingiva/is in its intracellular survival within 

myeloid DCs and how intracellular routing through early and late 

endosomes. autophagosomes and lysosomes relate to this survival. 

Employed in this investigation were human monocyte derived DCs and a 

panel of isogenic fimbriae deficient mutant strains of P. gingivabs that 

express the DC-SIGN ligand (Mfa-1 fimbriae) and/or the TLR2 ligand 

(FimA fimbriae). The results show that uptake of P. gingiva/is by the non

DC-SJGN dependent route resulted in intracellular killing and elimination of 

intracellular content of P. gingiva/is. This route was associated with early 

endosomal routing through Rab5, increased LC3-ll and LAMP-l, as well as 

the formation of double membrane intracellular phagophores. In contrast, 

DC -SIGN dependent uptake did not induce significant levels of Rab5, LC3-

IL and LAMP 1. Moreover, P. gingiva/is was mostly contained within single 

membrane vesicles where it survived intracellularly. Survival was 

ameliorated by forced autophagy. These results suggest that myeloid DCs 

are fully capable of eliminating intracellular pathogens by autophagy but 

that selective engagement of DC-SIGN is a microbial tactic for evasion of 

antibacterial autophagy leading to intracellular survival. 
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A. tatement of the problem 

Periodontitis is a chronic inflammatory disease of the periodontium in 

which the composition and integrity of periodontal structures are affected. 

Porphyromonas gingiva/is (P. gingiva/is). part of the red complex of oral 

pathogens, has a major role in periodontitis pathogenesis and has been 

associated with systemic diseases such as cardiovascular disease and 

diabetes mellitus. Dendritic cells (DCs) are the immune ''executives" that 

capture microbes m the peripheral tissues and marshal an appropriate 

response. Central to DC function is the microbial clearance as a key 

mechanism for resolving infection, whereby the pathogen is internalized and 

degraded for subsequent antigen presentation to T- and 8- cells. Specific 

pattern recognition receptors (PRRs) on DCs play essential roles in pathogen 

uptake and activation of signaling pathways for DC maturation process and 

secretion of approptiate cytokine milieu. P. gingiva/is is uniquely able to 

bind to specific PRRs on DCs and survive within. However, the 

mechanisms of intracellular survival of P. gingiva/is within DCs are not 

fu lly understood. 

The major and mmor fimbria! adhesins of P. gingiva/is have been 

rep01ted to play a major role in DC maturation and T cell effector responses. 

The interaction of P. gingiva/is (Mfa-1) minor fimbria with DC-SIGN 

receptor on DCs y ields weak DC maturation and an immunosuppressive 

cytokine profile. Alternatively, non-DC -SIGN targeting by major fimbria 

fimA yields a very different DC response with high levels of IL-23 and IL-6 

as well as induction of a Th 1 ffh 17 type response. Furthermore, P. gingiva/is 

seems to be able to survive within DCs, while it dies rapidly in the absence 

of DCs. The present thesis exam ined the role of major and minor fimbria! 
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expressiOn in survival of P. gingiva/is in DCs and the endocytic and 

autophagic pathv. ays involved in this survi\ al. Although DCs are 

professional phagocytes, the lysosomal machinery is tightly regulated 

toward proficient antigen presentation rather than total degradation. 

Nevertheless, DCs sti ll need to efficiently control and inhibit the growth of 

intracellular pathogens. Despite this tightly regulated intracellular machinery 

within DCs, some pathogens are able to exploit OCs in order to disseminate 

through the blood to distant organs, as reported for P. gingiva/is. Hence, 

studying the endocytic and autophagic pathways involved in survival of P. 

gingil'Ct!is within OCs, especially in the context of recognition by PRRs on 

DCs could reveal an important tactic for bacterial survival and potential 

therapeutic approach to periodontal disease. 



Review of Literature 4 

B. Revie'" of Literature 

Dendritic cells (DCs) are group of potent antigen-presenting cells that 

infiltrate the mucosa. skin. and most organs of the body. These cells reside 

in and patrol the peripheral tissues where they recognize and capture 

pathogens and then migrate to secondary lymphoid organs where they 

initiate the adaptive immune responses (Cutler & Jotwani, 2006; Steinman, 

200 I). DCs are very versatile cells as they assume different morphology, 

phenotype and functions (Banchereau & Steinman, 1998~ Cutler & Jotwani, 

2004, 2006; fl art, 1997; Troy & Hart, 1997). In the circulation, DCs exhibit 

typical monocytic morphology, but they assume the 'characteristic' stellate 

shape in the peripheral tissues (skin and mucosa). The family of DCs 

includes myeloid DC (mDC) and plasmacytoid DC (pDC) subsets that 

differentiate from precursors found in the bone marrow and inhabit the 

periphety as immature cells (Colonna, Trinchieri, & Liu, 2004; Shortman & 

Liu, 2002). 

In humans, DCs are defined by: 1) the absence ofT, Band monocytic cell 

lineage markers, 2) the presence of major histocompatabi lity complex class-

11 (Ml IC-II) and 3) high expression ofCDllc on mDC and CD123 on pDC 

(Colonna, et al., 2004; Shortman & Liu, 2002). DCs differ in the tissue 

distribution and surface marker expression, signals they transmit and 

directing T-cells to different types of immune responses. These various 

phenotypes and functions drive the question; are these cells develop from 

autonomous precursor or share common ancestry. Early understanding 

supported the presence of developmentally distinct line of progenitor cells 

that can differentiate into specific DC subsets (Makala & Nagasawa, 2002). 

1 Iowever, later the functional plasticity model has been more accurate and 
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accepted concept (Shortman & Liu, 2002). Three major subset of DCs have 

been described in human peripheral tissues: Langcrhans cells and interstitial 

DCs of myeloid lineage as \\ell as plasmacytoid dendritic cells of the 

lymphoid lineage (Cutler & Jotwani, 2004: Katz ct al, 1979: Naik et al., 

2007). Langerhans cells reside in the basal layer of skin and mucous 

membranes epithelium alerting immune system to microbial assault. 

Interstitial DCs are present in the dermis and most organs, including kidney, 

lung and heart. 

After pathogen capturing, mDCs migrate through lymph stream to 

secondary lymphoid organs ~here they drive different T-cell responses. 

These cells represent a very small proportion of circulating leukocytes, 

usually below I%. Despite thei r short life span in the activated form, mDCs 

rapidly response to migratory factors and seem critical in maintaining the 

homeostatic immune balance (Jefford et al., 2003 ). In addition, mDCs are 

widely distributed in the body and to a great extend drive the adaptive 

immune stimulation or suppression (Miles et a!, 20 14). However the 

influence of fluctuation of blood mDC number on host immune responses 

and homeostasis is unclear. 

Mucosal immunity and dendritic cell plasticity. 

The oral cavity is a pat1icular immune-privileged site in the human body 

because of its complex mucosal (and secretory) innate immunity systems. 

The mouth is rich in mucosa-associated lymphoid tissues (MALT) that cover 

the periodontium, as well as the complete respiratory (nose, tonsils, adenoids 

and lungs) and digestive (stomach or Peyer's intestine patches) tracts. MALT 

constantly deals with continuous bacterial colonization of oral surfaces, with 

the number of colonizing bacteria far exceeding the number of host cells per 
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surface area. Because bacterial cells largely outnumber host cells, oral 

tissues are equipped with different biological mechanisms to tolerate the 

colonization of commensal bacterial but still resist the invasion of more 

pathogenic bacteria. However. in some instances human immunity is still 

unable to maintain such delicate balance between tolerance and protection. 

Consequently. the host can become more susceptible to prolonged local 

pathogenic effects as seen in several autoimmune and chronic inflammatory 

disorders, including periodontal disease (Tiaskalova-Hogenova ct a l. , 2004). 

Dendritic cells (OCs) are essential peripheral sentinels of the human 

mucosal immune system and key regulators of tolerance and protection 

functions. DCs in MALT periphery capture and process antigens, express 

lymphocyte co-stimulatmy molecules, migrate to lymphoid organs and 

secrete cytokines to ultimately control the downstream immuno-regulatory 

roles of B and T lymphocytes. OCs also play an essential role in "tolerizing" 

T cells to self-antigens, thereby minimizing autoimmune reactions. As such, 

DCs play a seminal role in deciding whether a vigorous immune response 

needs to be mounted against pathogenic bacteria or rather to modulate 

exacerbated responses toward commensal microbes or self-antigens 

(Banchereau & Steinman, 1998). 

Dendritic cells arc commonly contrasted by their location as tissue DCs or 

circulating DCs. Tissue "resident" DCs. namely Langerhans cells or 

interstitial DCs (intDC), have relatively long lifespans and play an active 

role in immune surveillance to promote host tolerance or induce immunity. 

However, nearly 50% of the DCs found in these tissues are not typical 

resident DCs, rather migratory DC subsets. Circulating blood DCs primarily 

differentiate from tissue DCs in that they neither show dendrite formation 
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nor express maturation features (such as CD83 expression) (Ziegler

] leitbrock et al.. 20 I 0). Because blood DCs lack of specific maturation 

markers such as CD3. CD 14. CD 19. CDS6. and glycophorin A. they are 

generally considered as '·immature·· DCs. Furthermore, blood DCs can be 

divided into three general dendritic cell types base on function and 

phenotype: plasmacytoid DCs (pDCs) and two types of myeloid DCs (mDCs 

CD I c+ or CD 141 +)(Dzionek et at., 2000; I lemont, Neel, Heslan, Braudeau, 

& Josien, 20 13; Ziegler-Heitbrock, et al., 20 l 0). pDCs are derived from 

lymphoid progenitors and look like plasma cells, however pDCs share more 

commonalities to mDCs. pDCS are commonly identified by CD 123, CD303, 

and CD304 expression. and they also strongly express Toll-like receptor 

(TLR) 7 and 9 and can produce high amounts of interferon-alpha 

( 12953097) in response to CpGs (but not bacterial lipopolysaccharide-LPS). 

Therefore, pDCs are thought to predominantly recognize viral antigens 

(Colonna, 2004: Gilliet, Cao, & Liu, 2008). mDCs on the other hand are 

highly phagocytic, antigen-processing DCs that recognize both bacterial and 

viral antigens (MacDonald et at., 2002; Steinman & Jnaba, 1999). mDCs can 

be characterized by CD 1 c+ (BDCA-1 +) expression or CD 14 1 + expression. 

COle+ mDCs express all TLRs (except TLR-9), whereas CD141+ mDCs 

express a more TLR-3 and -10 restricted pattern, suggesting a more specific 

role in antiviral immunity (Hemont. et al., 20 13). 

Chronic periodontitis and Porphyromonas gingivalis: 

Periodontal disease is a group of chronic inflammatory diseases of the 

gingiva and periodontium. Chronic periodontitis typically presents as 

gingivitis, a plaque-induced inflammation of the marginal and attached 

g ingiva that is characterized by edema and bleeding. Gingivitis is usually a 



Review of Literature 8 ----------------------------------------------
transient disease that can be treated through the removal of bacterial 

biomass. A small proportion of persistent gingivitis lesions progresses to 

periodontitis, defined as a destruction of the supporting connective tissue of 

the tooth (Presha\\, Seymour. & lleasman, 2004). In periodontal diseases the 

composition and integrity of periodontal structures is affected, causing the 

destruction of the connective tissue matrix and cells, the loss of fibrous 

attachment and the resorption of alveolar bone. These changes often lead to 

tooth loss. The pathogenesis of periodontal disease, as currently understood, 

involves the foliO\\ ing principles: 

1) Bacterial plaque is essential for the initiation of chronic periodontitis 

(Bartold, 2006~ Kremer et al., 2000~ Lai, Listgarten, Shirakawa, & Slots, 

1987; Loesche, 1968; Moore, Spitzer, Metcalf, & Penington, 1 974; Slots, 

1979). 2) Although, the pathogenesis of periodontal les ions is initiated by 

bacteria. the principal clinical signs of the disease are the results of activated 

immuno-inflammatory mechanisms rather than direct effects of bacteria 

(Dep011er & Brown, 1980; Kantarci, Hasturk, & Van Dyke, 2006; Preshaw, 

et al., 2004; chenkein, 2006). 3) The susceptibility of the host is a 

significant factor in the disease process. The quantity of p laque and types of 

bacteria do not by themselves appear to explain the severity of clinical 

disease. Substantial evidence from different studies suggests that 

periodontitis develops with prolonged plaque accumulation in a susceptible 

host (Bartold & Narayanan, 2006; Gera, 2004; Loe, Anerud, Boysen, & 

Morrison, 1986). 4) Periodontal diseases now are recognized as eco-genetic 

diseases (Bartold, 2006) where gene polyomorphisms, and local and 

systemic environmental factors directly impact the gingival and periodontal 

structures and functions in healthy and diseased conditions (Kornman & di 
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Giovine, 1998~ Takashiba & Naruishi, 2006~ Van Dyke & Sheilesh, 2005). 

5) The response to therapies focusing on reduction of the bacterial challenge 

may produce different results in different individuals, because different host 

responses may translate the bacterial challenge in different ways (Seymour. 

2006). 

Dental plaque is a host-associated biofilm which starts as soft deposits of 

biofilm adhering to the tooth surface or other hard surfaces in the oral cavity, 

including removable and fixed restoration (Bowen, 1976). Periodontal health 

can be considered in a state of balance when the bacterial population 

coexists \\ith the host and no significance damage occurs to either the 

bacteria or the host tissues. D isruption of this balance causes alteration in 

both the host and the biofilm bacteria, and can result in the destruction of 

connective tissues of the periodontium (Preshaw, et al. , 2004). 

Porphyromonas gingiva/is (P. gingil•alis) has been called a 'keystone' 

species in the oral microbial community due to its abili ty to serve an 

essential function for the entire biofilm and its role in periodontitis 

pathogenesis (R. P. Darveau, 2009). P. gingiva/is has been associated with 

several important systemic diseases such as cardiovascular disease, 

rheumatoid arthritis and diabetes mellitus (Gibson et al.. 2004; Reddy, 

2007). In chronic periodontitis, P. gingiva/is has showed several virulence 

factors. which include endotoxin, cysteine proteinases (gingipains ). 

hemagglutinins, and its adhesive fi mbriae (Ilaj ishengal lis, 2009; 

Hajishengallis et al., 2006). The two adhesins of P. gingiva/is, termed the 

mfa-1 (minor) and fimA (major) fimbriae have been shown to play ro les in 

the pathogenesis of periodontal disease in the rat model (Umemoto, 2003). 

Several evidences showed that P. gingiva/is fimbriae are essential in the 
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communication ~ith adaptive immune cells through TLR2/4, as well as 

integrins and complement receptor 3 and CD14 (Amano, Sharma, Sojar, 

Kuramitsu. & Genco. 1994~ Hajishengallis & I larokopakis, 2007; 

I Iajishengallis. Wang, Harokopakis, Triantafilou, & Triantafilou, 2006; 

Nakagawa ct al., 2002; Wang et al., 2007). On the other hand, the molecular 

mechanisms involved in the P. gingiva/is interactions with dendritic cells 

(DCs) arc not fully understood. 

C hronic Periodontitis a nd expa nsion of DCs: potentia l implications to 

other systemic infla mma tory diseases. 

DCs have been detected in peripheral lymphoid aggregates as in oral 

mucosa of periodontiti s lesions ~here the aggregates contain DCs, T-and B

cells (Jotwani et a!., 2001 ). In chronic periodontitis, these foci showed an 

important characteristic by the presence of an intense infiltrate of DC-SIGN 

DCs in the lamina propria of oral mucosa (Jotwani & Cutler, 2003). Similar 

findings in gut lamina propria suggest that specific bacteria may direct the 

differentiation ofT-helper cells in the mucosa of small intestine (Ivanov et 

al., 2008). Interestingly, oral mucosal DCs in periodontitis lesions showed 

evidence of mobilization towards the capillaries (Jotwani & Cutler, 2003), 

which suggest the possibility of reverse transmigration from periodontitis 

lesions to the bloodstream. In chronic periodontitis sites P. gingiva/is 

express several virulent factors to perform its complex nutritional 

requirements and enable it to survive, evade and even modulate the immune 

responses (R. P. Darveau, 20 l 0; Pathirana, O'Brien-Simpson, & Reynolds, 

20 l 0). Of particular relevance are the two adhesions of Pg, termed the mfa-l 

(minor) and fimA (major) fimbriae. 
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A recent clinical study by Carrion et a/ showed that CD 1 c DC-SIGN 

mDCs could be expanded from the peripheral blood of subjects with chronic 

periodontitis (Carrion, 20 12). Such rise in mDC numbers was expanded 

further when the periodontitis subjects also had acute coronary syndrome, a 

form of cardiovascular diseases (CVD). This was not due to an overall 

increase in total peripheral blood mononuclear cells (PBMCs). The 

circulating mDCs were demonstrated to carry the oral pathogen P. 

gingiva/is, along with a diverse microbiome. Moreover, DC-SIGN+ mDCs 

shown to contain P. gingiva/is were identified within the coronary artery 

plaques in situ. 

As P. gingiva/is targets DC-S lGN for entry into mDCs v1a its 

glycoprotein fimbriae, mfa-1 (Zeituni et al, 2009), this phenomenon was 

proposed to have particular significance to the pathophysiology of both 

chronic periodontitis and CVD. Both diseases have been linked 

epidemiologically, but the mechanisms involved in this association are 

unclear (Dietrich, Sharma, Walter, Weston, & Beck, 20 13). The results of 

that clinical study and two follow-up studies indicate that the microbial 

carriage state of mDCs and their progenitors monocytes activates DC 

differentiation and promotes trafficking of these infected mDCs to sites of 

neovascularization such as diseased coronary arteries, thereby increasing the 

CVD risk associated with chronic periodontitis (Miles et at., 2014 ). 

The evidence showed that P. gingiva/is has the ability to survive within 

the DCs and potentially promote an immature state with high migratory 

profile of these cells. P. gingiva/is showed these abilities through engaging 

with DCs using unconventional manner by minor fimbriae that interact with 

DC-SIGN+ DCs. However DCs retain highly controlled phagosomal 
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machinery which capture, process and present antigen. l Ience, studying the 

phagocytic machinery is a pre-request to address how periodontal pathogen, 

P. gingiva/is, can survive with DCs. 
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Antigen uptake and different mechanisms of internalization. 

There are at least four pathways for lysosmal degradation in mammalian 

cells (Mizushima, 2004)~ 1) the endocytic/phagocytic pathway (Underhill & 

Ozinsky, 2002), 2) macroautophagy involving isolation in an enclosed 

membrane in the cytoplasm, the autophagosome, and ends '" ith fusion with 

lysosome for degradation (Biommaart, Luiken, & Meijer, 1997~ Dunn, 1994~ 

Seglen & Bohlcy, 1992), 3) microautophagy in which a small portion of 

cytoplasm is engulfed by lysosome membrane itself (Mizushima, 2004) and 

4) chaperone-mediated autophagy (Dice, 1990). These different mechanisms 

depend on: the size and the nature of the target, early receptor recognition 

and the type of the phagocytic cell involved. 

Central of DCs function is pathogen phagocytosis and processing. The 

process is a key mechanism in innate immune response and significantly 

affecting the DCs plasticity, maturation and antigen presentation (Miles, et 

al., 2014). As suggested by Undirhill and Goodridge, "the process of 

phagocytosis itself provides information to myeloid phagocytes about the 

nature of the targets they are engu(fing and that this helps to tailor 

injlammat01y responses" (Underhi II & Goodridge, 20 12). mDCs are among 

the professional phagocytes along with neutrophils, macrophages. However, 

DCs are not only involved in the immediate pathogen clearance but incline 

more toward preserving and presenting useful information about the 

pathogen to the adaptive immune elements (Savina & Amigorena, 2007). 

Hence, DCs arc equipped with: 1) wide spectrum of pattern recognition 

receptors (PRRs) for pathogen recognition and uptake (den Dunnen, 

Gringhuis, & Geijtenbeek, 2009~ Janeway & Medzhitov, 2002~ Savina & 

Amigorena, 2007), 2) unique phagocytic machinery for controlled antigen 
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processing and efficient presentation (Bevan, 2006; Heath & Carbone, 2001 ~ 

Rodriguez et al, 1999), 3) Antigen presenting apparatus which cooperate 

with co-stimulatory system that prime and initiate the suitable adaptive 

immune response/s (Bevan. 2006~ Cressv. elL Androlewicz, & Ortmann. 

1994; Heath & Carbone, 2001 ~ I Ising & Rudensky, 2005: Regnault et a!._ 

1999; Savina & Amigorena, 2007). 

Autophagy as lysosomal mechanism in DCs 

Macroautophagy (Autophagy) is an intracellular bulk degradation system 

by which cytoplasmic components arc directed to the lysosome in a 

membrane-mediated process (Seglcn & Bohley, 1992: Yoshimori, 2004). 

The autophagic pathway proceeds through several phases, including 

initiation and formation of a pre-autophagosomal structure. The structure 

develops into isolation membrane (phagophore) followed by vesicle 

elongation and maturation (lysosomal fusion). In the final stage, 

autophagosomal contents are degraded by lysosomal acid hydrolases (Choi, 

Ryter, & Levine, 2013). 

Autophagy initiation starts with signaling the autophagic machinery, 

which consists of homologues of products of the autophagy-related genes 

(Atg) originally identified in yeast (Mizushima, Levine, Cuervo, & 

Klionsky, 2008; Ravikumar et al., 201 0). Starvation is a potent 

environmental inducer of autophagy through inhibition of the mammalian 

target of rapamycin (mTOR) (Kuma et al., 2004). Alternatively, growth 

factors, along with other nutrient, signals activate mTOR pathway that 

subsequently inhibit a complex consisting of UNC-51- Iike kinase 1 (ULKl ), 

A TG 13, A TG 10 l, and FIP200. Another important pathway for autophagy is 

Beclin !- interacting complex, which consists of: l) Beclin-1, BCL-2 family 
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proteins that inhibit autophagy and 2) class 111 phosphatidylinositol 3-kinase 

(PI3K), and ATG 14L which is required for autophagy (He & Levine, 201 0). 

Autophagosomal elongation requ1res two ubiquitin-like conjugation 

systems: the ATG5-A TG 12 conjugation system and the microtubule

associated protein light chain 3 (LC3- A TG8) conjugation system. LC3-Il is 

the active form of cytosolic LC3 that associates with the autophagosome 

formation until cargo degradation (Mizushima, Yoshimori, & Levine, 201 0). 

LC3-Il discrete puncta on immunofluorescence analysis indicates 

autophagosome formation. Impaired autophagosome-lysosome fusion may 

result in increases in the number of autophagosomes, as observed in several 

diseases (Choi, eta!., 20 13~ Ravikumar, eta!., 20 I 0). 

Autophagy was initially recognized as a mechanism for cellular 

homeostasis and protein turnover especially in starvation responses. 

I lowever, autophagy plays an important role in protein quality control (Hara 

et a l. , 2006; Komatsu et al., 2006), degradation of toxic proteins 

(Ravikumar, Duden, & Rubinsztein, 2002) and defense against bacterial 

pathogens (Levine, Mizushima, & Virgin, 20 II; Nakagawa et al., 2004; 

Ogawa et al., 2005). For metabolic and antibacterial mechanisms, autophagy 

involves formation of membrane vesicle autophagosome, which then fuses 

with lysosomes to degrade its content in a process similar to phagosomal 

maturation. Recently, autophagy has been shown to function in the defense 

mechanisms against microbes. For instance, Shigella, an invasive bacterium, 

was reported to evade autophagy in hamster kidney cells by secreting IscB 

(flexneri virulent factor) (Ogawa, et al., 2005). This study also reported that 

the mutant bacteria that lacks IscB gene showed lower intracellular growth 

rate, which have been restored to normal growth level in fibroblast cells with 
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defective autophagy (atgY ·knockout) (Oga\\a, et aL 2005). Another study 

reported that autophagy eliminated Streptococcus after escaping the 

endosomes in non-phagocytic cells (Nakaga\\a, et al., 2002). 

Autophagy is reported as a microbial defense mechanism m the 

phagocytic cells especially macrophages and dendritic cells (Andrade, 

Wessendarp, Gubbels, Striepen, & Subauste, 2006; Lee et al., 201 0; Levine, 

et al., 20 I I; Sanjuan et al., 2007). Sanjuan et a! showed that autophagy 

proteins, in murine macrophages, are required for the fusion of phagosomes 

(contain TLR enveloped pat1icles) with lysosomes (Sanjuan, et al., 2007). 

They showed that TLR engagement during phagocytosis rapidly stimulates 

recruitment of LC3 and beeline I (autophag) factors) to the phagosomes. 

This rapid translocation of LC3 and beeline l and their association with 

phagosome/lysosome fusion promoted rapid acidification and enhanced 

intracellular microbial killing in these macrophages (Sanjuan, et al., 2007). 

Another study using human and murine macrophagcs suggested TLR4 as 

sensor for autophagy (Xu et al., 2007). They also showed that the signaling 

was TRIF-TLR4 dependent and did not affect the cell viability indicating 

that it is distinct from the autophagy cell death pathway. l n addition, that 

TLR dependent autophagy overcome the phagosomal arrest and induced co

localization of mycobacterium with autophagosomal structures (Xu, et al., 

2007). The role of autophagic machinery in these cells is not only for 

optimal phagosome or autophagosome fusion with the lysosome, but it is 

also involved in the antigen presentation through MI IC. Lee et a/ showed 

that autophagy proteins in DCs, are critical for the fusion of lysosomes with 

TLR apoptotic cell antigens during MHC-11 presentation (Lee, et al., 201 0). 
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Unique aspects of DC function rela tive to other phagocytcs. 

Although DCs are considered phagocytic cells such as macrophages and 

neutrophils, DCs are not mainly involved in the immediate pathogen 

clearance. Contrary to other phagocytes, DCs are potent antigen-presenting 

cells that are capable of activating T-cells and adaptive immune response 

(Cresswell, et al., 1994~ Hsing & Rudensky, 2005~ Regnault, et al., 1999). 

The initiation of adaptive immune response requires T-cell recognition of 

short pathogen peptides associated with MriC class II or 1 on the cell surface 

of DCs. Therefore, it is very crucial that these immunogenic peptides are not 

destroyed in DC phagosomes before association with MHC receptors. 

The phagocytic system in macrophages is mostly designed to destroy the 

engulfed patticles through high concentration of proteolytic enzymes in the 

lysosomes (Gagnon et al., 2002; Touret et al., 2005). Neutrophils also show 

potent arsenal of antimicrobial compounds such as proteases and bioactive 

peptides and their response to microbes is often referred as ''oxidative burst" 

(Segal. Dorling, & Coade, 1980). The functiona l organization of DC 

phagocytic pathway is different in several aspects such as: I) DCs' abi lity to 

export proteins from phagosome to the cytosol (Rodriguez et al, 1999), 2) 

DCs characteristic cross-presentation and subsequent cross-priming to defeat 

viral immune evasion strategies and promote self antigen tolerance (Bevan, 

2006; Heath & Carbone, 2001), 3) evidence of a phagosomal active system 

of alkal inization in DCs which suppress acidification within the phagosomes 

specially for the fi rst few hours after pathogen engulfment (Savina & 

Amigorena, 2007~ Savina et al.. 2006). 

It seems that DCs aim to contain the microorganism in a condition that 

combines limited proteolytic activity and low oxidative stress in nearly 
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neutral PH level. This environment should be sufficient to limit the 

proliferation of the microorganism and cause their partial degradation for 

optimal presentation. The major adaptation of DC phagosomes in the 

initiation of adaptive immune response is through dela) in phagosomal 

maturation (Savina & Amigorena. 2007). While the initial phase of 

phagosome maturation (neutral or alkaline PH) last for minutes m 

macrophages and neutrophils, it lasts for hours in DCs (Savina, ct al., 2006). 

In addition, repot1s showed that DC phagosome acidification and proteolysis 

is limited in certain intracellular compartments in DCs resulting in impaired 

cross-presentation (Jancic et al.. 2007). Furthermore. the microbial initial 

adhesion with DCs seems to be significant factor in the subsequent 

intracellular compartment and the phagosome maturation (Blander & 

Medzhitov, 2006). As immune "executives" that capture microbes and 

marshal an appropriate response, DCs arc equipped with a wide spectrum of 

pattern recognition receptors (PRRs). 

Pattern recognition receptors 

The recognition of microbes occurs through the pattern recognition 

receptors (PRRs) (den Dunnen et al, 2009; Janeway & Medzhitov, 2002). 

fhese PRRs recognize so-called pathogen associated molecular patterns 

(P AMPs), which are conserved groups of molecules from pathogens that are 

essential for microbial survival, such as bacterial or fungal cell wall 

components (e.g. LPS) and viral or bacterial nucleic acids. The classes of 

PRRs in DCs include; Toll- like receptors (TLRs), NOD-like family 

receptors, CARD helicases and C-type lectin receptors (e.g. DC-specific 

ICAM grabbing non-integrin, DC-SIGN). Activation of these receptors 

stimulates receptor-specific intracellular signaling pathways that regulate the 
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expression of response genes. such as those encoding co-stimulatory 

molecules and cytokines through transcription factors such as FKB (den 

Dlllmen et aL 2009). 

Although, endocytic and signaling receptors had been ah\ ays considered 

as separate mechanisms, emerging evidences showed the tight links between 

these two mechanisms (Sumpter & Levine, 20 I 0~ Underhill & Goodridge, 

20 12~ Underhill & Ozinsky, 2002). These connections have been detected 

clearly in the receptor evolved in autophagy especially in antigen presenting 

cells. 

The role of TLR receptors in autophagy is not far from its role in 

phagosomal maturation. Actually, TLR engagement is the characteristic 

difference between immune responses in apoptotic and phagocytic cellular 

machineries in phagocytes (Blander & Medzhitov, 2004: Underhill & 

Olinsky, 2002). Blander and Medzhitoz reported that activation of TLR by 

bacteria regulated phagosomal maturation and lysosomal activities in 

macrophages (Blander & Medzhitov, 2004). They compared phagocytosis in 

wild type and TLR2-/-, TLR4_1
_ knock out murine macrophages. Although 

the TLR2·'·, 4-/- macrophages were able to internalize E.coli, more than 50% 

of engulfed microbes did not co-localize with lysosomal markers within the 

cytoplasm. On the other hand, 100% of engulfed E. coli within wild type 

ma'--rophages were co-localized with these lysosomal markers (Blander & 

Medzhitov, 2004). 

These studies showed that the receptor recognition by the phagocytic cells 

to bacterial component is a decisive factor for the intracellular bacterial 

routing and intracellular degradative systems. The evidence showed that 

activation of Toll-like receptors (TLRs) facilitates phagosomal maturation 
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(Blander & Medzhitov, 2004) and efficient antimicrobial autophagy (Huang 

et al., 2009: Lee. et al., 20 l 0: Xu. et al.. 2007). A recent study of DCs from 

Crohn 's disease patients showed defective autophagy in these cells. The 

study showed that LPS (a TLR4 ligand) and PAM3CYS4 (a TLRI/2) 

ligand) induce autophagy in health) DCs. In addition, the induction of 

NOD2-mediated autophagy in these cells was required for bacterial handling 

and generation of MHC-II specific CD4 Tcclls in DCs (Cooney et al., 201 0). 

J\ mechanism by which TLR induce autophagy have been suggested as 

TRIF and MyD88 interact with autophagy protein. Bcclin I, resulting in 

disruption of its interaction with Bcl-2 (Shi & Kehrl. 2008). 

T~o members of NLR (Nod-like receptor) family. Nod I and 2. have 

reported to induce autophagy upon bacterial sensing. An investigation 

showed that Nod 1 agonists induced autophagy in epithelial cells. while 

Nod2 agonists induce autophagy in myeloid cells (Travassos et al., 201 0). 

Cooney et a/. (Cooney, et al. , 2010) repmted that PGN (Nod2 ligand) 

induces autophagy in human dendritic cells. PGN-induccd autophagy in DCs 

was abrogated by siRNA against NOD2 but not by siRNA against MyD88. 

Interestingly, PGN-induced autophagy enhances surface MHC class II 

antigen expression. In addition, NOD2 or autophagy factor (ATG 16Ll) 

knockdown reduced antigen-specific CD4 T cell proliferative responses to 

dendritic cells infected with a Salmonella vector. Moreover. dendritic cells 

from Crohn 's disease patients with NOD2 or A TG 16L l risk alleles have 

impaired induction of autophagy in response to Nod2 ligand, but not to the 

TLR2 ligand PAM3CYS4. These DCs (Crohn 's disease-associated NOD2 

mutations) have decreased co-localization of S. typhimurium and adherent 

invasive Escherichia coli with lysosomes, and increased survival of 
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intracellular adherent invasive £. coli. r Icnce, they suggested that NOD2 

stimulation induces autophagy in dendritic cells that subsequently augments 

MHC class JJ antigen presentation and bacterial targeting for lysosomal 

degradation (Cooney. eta!.. 201 0). 

DC-SIGN (DC specific ICAM-3 grabbing non-integrin) is a C-type 

lectin receptor involved in pathogen uptake, signaling and antigen 

presentation in DCs (Geijtenbeek et al, 2009; Svajger, Obermajcr, Anderluh, 

Kos, & Jeras, 20 ll; Zeituni et al, 2009). For uptake DC-SIGN contains 

internalizing motifs in its cytoplasmic tail (Zhou e al. 2006). Interestingly, 

DC-SIGN has been implicated in immune suppression and regulation in 

certain contexts (Engering et al, 2002a. 2002b~ Zhou e al, 2006). Most 

notably DC-SIGN is targeted for immune escape by several pathogens such 

as HIV, hepatitis C virus, herpesvirus 8 (HHV-8), Mycobacterium 

tuberculosis, Helicobacter pylori and Streptococcus pneumonia (Halary et 

al, 2002~ Koppel et al, 2005; Rappocciolo et al. 2006; Zhou e al. 2006). 

Recently studies reported that DC-SIGN engagement by the minor 

fimbriae (Mfa-1) of Porphyromonas gingiva/is yields weak DC maturation 

and an immunosuppressive cytokine profile. In the absence of DC-SIGN 

targeting motif Mfa l, the same pathogen yields a very different DC response 

with high levels of IL-23 and IL-6 as well as induction of a Th I ffh 17 type 

response (Zeituni et al. 2009, 2010a). Furthermore, the study showed that the 

anaerobe P. gingiva/is survives within DCs in an aerobic atmosphere, while 

it dies rapidly in the absence of DCs (Zeituni et al, 2009). 

The engagement of DC-SIGN and TLRs activates distinct signaling 

pathways (den Dunnen et al. 2009; Gringhuis et al, 2009) but seems also to 

result in differential intracellular routing and processing of the microbe 
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within DCs. TLRs are essential for phagosomal maturation and subsequent 

bacterial clearance (Blander & MedLhitov, 2004: Underhill & Ozinsky, 

2002). fLR signaling is also involved in the maturation of autophagosomes 

(Xu, et al., 2007). However, DC-SJGN engagement seems to alter such 

homeostatic balance as well as hindering the intracellular resistance to such 

infection. 

Phagosomcs heterogeneity and mattu·ation in OCs. 

Phagocytosis relies on a network of cndocytic vesicles to deliver load 

from early phagosomes to lysosomcs for degradation. The bilayer 

phagosomes formed at the plasma membrane and composition of these 

membranes gains a unique character determined primarily through the types 

of receptors engaged during phagocytosis (Blander & Medzhitov, 2006). 

The phagosomal maturation will not necessarily proceed through similar 

steps in different phagocytic cells. Actually, the different phagosomal 

maturation pathways have been reported in the same cell type. These 

different pathways are dictated primarily by the cargo contained in 

phagosomes, as well as by external signals and activation and/or 

differentiation state of phagocytes (Griffiths, 2004). In other words, " all 

phagosomes are not created equal and there is a significant degree of 

phagosome heterogeneity and individuality" (Blander & Medzhitov, 2006). 

In this regards DCs seem very equipped for such heterogeneity in 

phagosome pathway. The functional organiLation of DC phagocytic pathway 

is unique in several aspects such as: I) DCs' ability to export proteins from 

phagosome to the cytosol (Rodriguez et al, I 999), 2) DCs characteristic 

cross-presentation and subsequent cross-priming to defeat vi ral immune 

evasion strategies and promote self antigen tolerance (Bevan, 2006; Heath & 
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Carbone. 200 I). 3) evidence of a phagosomal active system of alkalinization 

in DCs which suppress acidification \\ ithin the phagosomes specially for the 

first few hours after pathogen engulfment ( avina & Amigorena. 2007: 

Savina. et al., 2006). DCs complex phagosomal system is designed to suite 

its crucial role as a link between innate and adaptive responses as well as 

link between systemic and peripheral immunity. 

DCs phagophores endure wide range of csterascs, reductases as wel l as 

endopeptidase. The majority of the prot eases in DCs belong to the group of 

cysteine proteases, such as cathepsins S. 8, II, and L~ the aspartate proteases 

cathepsins 0 and E~ and the asparagine endopeptidase ( lJoney & Rudensky, 

2003~ Lennon-Dumenil et al., 2002). Characteristically, DCs proteases have 

lower degradative potency than those within macrophages (Delamarre et al, 

2005). These low lysosomal activities in DCs could be due to reduced 

concentration of proteases (Delamarre et al. 2005) or the expression of 

protease inhibitors (cystatin family) within intracellular vesicles (Hall et al., 

1998; Shirahama-Noda et a l. , 2003). OCs express several members of the 

cystatin family of protease inhibitors that inhibit lysosomal protease activity 

by obstructing their active site. Some of them are present in lysosomes and 

most likely contribute to restricting proteolytic activity in DC lysosomes and 

phagosomes (Shirahama-Noda, et al., 2003). 

It seems that the phagosomal machinery within DCs is set to partially 

degrade rather than complete elimination of the target. The pH is a critical 

rate-regulating factor for proteases activity in phagocytes. Basically, the 

acidic pH enhances the accessibility of proteases to target proteins by 

denaturation. However. each class of enzymes require a specific range of pH 

for optimal activity (Savina & Amigorena, 2007). The optimal pH of 
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proteolytic enzymes provides the system v.ith a crucial adaptability function 

that suite the role of each phagocyte. For instance, studying the acidification 

in immature DCs showed no change in pi I at 3 hours after engulfment, 

contrary to the immediate drop of pH in macrophages. This was not only due 

to low V-A Tpase pump but also due to an active alkalinization of the 

phagosomes in DCs (Savina. et al., 2006 ). 

The active alkalinization process in DCs was assumed to resemble the 

NAOPI J oxidase process in Neutrophils. I !owever, the NADPH oxidase 

activity in DCs was negligible compared to Neutrophils (Elsen et al., 2004). 

The study proposed that this weak ROS generation in DCs due to the 

endogenous inhibitors which could be abolished by pro-inflammatory 

signals. RO production was also improved in DCs by TLR ligation and T

cell interactions (Matsue et al.. 2003~ Vulcano et al., 2004). Although DCs 

and Neutrophils (but not macrophages) showed the active alkalinization 

process, the kinetics and intensities are different. While neutrophil 

phagosomcs 'actively' nse pH to 8 for 15 minutes, DCs phagosomes 

maintained high pi I for several hours. As suggested, by Savina and 

Sebastian, this extended alklinaization process could be due to a NOX2+ve 

vesicles 'inhibitory lysosome-related organelles" within DCs that consumes 

02 and l I to produce ROS within phagosomal lumen (Savina, et al., 2006). 

This highly controlled machinery allows DCs to preserve the useful 

information of the antigen for ultimate presentation. However, it could also 

be exploited by certain pathogen to evade intracellular degradation and use 

DCs as a protective niche for microbial persistence as well as systemic 

dissemination. 
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A significant factor in regulation of phagosomes in DCs is the maturity 

state of these cells. For instance, V -ATPase cytosolic component is 

inefficiently assembled to the membrane subunits on lysosomes in immature 

DCs, which results in poor lysosomal acidification. Alternatively, V-ATPase 

was fully assembled and efficient acidification was restored in the mature 

DCs (Trombetta et al, 2003). Interestingly, we recently reported that DCs 

infected through DC-SIGN maintain the immature form and displayed 

reduced apoptotic rate (Miles et al., 20 13). Typically, immature DCs have a 

short live and active apoptosis is initiated shortly after maturation to avoid 

immune overstimulation (Chen et aL 2006~ Cremer et al., 2002). 

DC-SIGN engagement seems to alter such homeostatic balance as well as 

hindering the intracellular resistance to the infection. Antibacterial 

autophagy pathway aims to route the cargo to fuse with the lysosome for 

final degradation. Hence, several intracellular pathogens was suggested to 

block auophagosomal maturation by hindering the fusion with lysosome or 

inhibition of autophagy protein-dependent fusion with the lysosome. 

Actually, some reports suggested that certain pathogens use autophagosomes 

for replication by blocking autophagosomal maturation (Amcr & Swanson, 

2005; Baxt et a!, 20 13~ Dom et a!, 200 I). One of the earliest studies 

describing such a mechanism was with P. gingiva/is where it traffic to 

autophagosomes to evade conventional endocytic trafficking to lysosomes 

(Dorn et a!, 200 I). 

Another aspect of phagosomal maturation heterogeneity and individuality 

can be detected in the receptor-ligand interactions. When microbes (e.g. 

Staphylococcus au reus and Salmonella typhimurium) engage TLR receptor, 

they are delivered to lysosomes at an inducible rate manifested by increased 
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clearance and phagolysosomal fusion (West et al., 2004). However, slower 

phagolysosme maturation was detected in C-type lectin family and 

scavenger receptor-ligand interactions. P. gingiva/is have the capability to 

engage two different classes of PRRs in DCs the C-type lectin (DC-SIGN) 

and TLRs using the mfa-1 (minor) and fimA (major) fimbriae, respectively 

(Zcituni ct al, 2009). In addition, the expression of these fimbriae could be 

altered by environmental conditions (Xie et al, 1997). This suggests that 

major and minor fimbriae may control the intracellular routing of P. 

gingiva/is within the DCs and shift the phagosomal maturation of 

intracellular vesicles containing the microbe. Studying the phagosomal 

maturation in DCs after P. gingiva/is phagocytosis could reveal an important 

mechanism for P. gingiva/is survivaL DCs maturation and T-cell activation 

in chronic periodontitis sites. 

Autophagy and inflammation 

Defective autophagy has not only associated with microbial survival, but 

also with chronic inflammatory conditions. Crohn 's disease is a chronic 

inflammatory condition of small intestine characterized by inflammatory 

alteration 111 the mucosal barrier combined with failure of microbial 

clearance. A genome-wide association study revealed the potential 

involvement of autophagy protein in the pathogenesis of Crohn 's disease. 

Genetic defect of NOD2, IRGM and ATG I 61 LJ were suggested to be 

involved in the pathogenesis of the Crohn 's disease. Although, IRGM was 

reported as autophagy inducer during elimination of mycobacterium, its role 

in microbial elimination in Crohn 's disease has been not tested yet (Ban·ett 

et al., 2008). I lowever DCs from Crohn 's disease patients with risk NOD2 
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mutation showed defect in autophagy induction as well as altered 

inflammator) signal expression (Cooney, et aL 201 0). 

In human DCs, N002 is required for induction of autophagy and 

subsequent efficient MHC-11 presentation of the bacteria to C04 T cells. In 

this context, the role of NOD2 in the regulation of pro-inflammatory 

mediators was crucial in the pathogenic process. lndeed, the recent 

established link between NOD2 and autophagy facilitate explaining the 

mechanism that correlate NOD2 defect with Crohn 's manifestations. Hence, 

it seems that dcfective-NOD2 DCs maintained the presence of opportunistic 

microbes and the pro-inflammatory signals that could act as a trigger for 

intestinal inflammation. 

Chronic periodontitis initiated by an interaction between bacterial 

components of tooth-associated biofilms and host response mechanisms 

(Taubman & Kawai , 2001 ). The pathogenicity of chronic periodontitis 

involves excessive activation of innate and adaptive immune response and/or 

failure of the resolution. This continuous immune activation is influenced by 

unique microbial complex (i.e. bioftlm) at the oral mucosal interface; 

however, certain microbes (e.g. P. gingiva/is) are able to infect the epithelial 

barrier. In addition, this persistent immune activation is accompanied by 

failure of microbial clearance; which can contribute to incessant stress to the 

entire body system. 

P. gingiva/is have ability to invade, survive and potential systemic 

dissemination have drawn a lot of attention to the pathogen in periodontitis 

pathogenesis as well as its role in systemic impact of chronic systemic 

diseases (e.g. cardiovascular disease and diabetes mellitus (Gibson, et al., 

2004; Reddy, 2007). Here the ability of P. gingiva/is to engage DCs through 
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distinct receptors (TLRs vs. DC-SIGN) seems to be crucial for its survival. 

I hat distinct engagement may facilitate routing of P. gingiva/is to specific 

subcellular compartment in which phagosomal maturation is inhibited. 

rf he minor fimbriae are comprised of a 67 kDa protein which encoded by 

mfa I gene (J lamada et al, 1996) and is glycosylated with DC-SIGN ligands 

fucose, mannose and N-acetyl galactosamine. Although little was known 

about the cellular receptors targeted by the minor (mfa I) fimbriae, but recent 

study showed that the minor fimbria specifically targets DC-SIGN on human 

monocyte-derived DCs for entry. In addition, major and minor fimbriae of 

P. gin~iwt!is v. ere critical in DC maturation and T cell responses (Zeituni et 

al, 2009). This study showed that DC- IGN targeted by minor fimbriae 

results in immature DCs with low pro-inflammatory response. On the other 

hand. targeting DCs with fimA Pg lacking minor mfa-1 fimbriae results in 

robust DCs maturation with strong pro-inflammatory cytokines profile. 

These effects of P. gingiva/is fimbriae on DCs condition have been extended 

to the T-cell effectors subtypes. In co-culture conditions, P. gingiva/is strains 

expressing only the minor fimbriae induced DCs to prime narve T cells into 

Th2 effectors. Alternatively, P. gingiva/is strains expressing only the major 

fimbriae induced DCs to prime narve T cells into Th 1 subtype (Zeituni et al, 

2009). 

This distinction in DCs responses could be understood within the context 

of a delicate equilibrium between phagosomal degradation/cytotoxicity and 

antigen presentation functions of DCs. In this milieu, P. gingiva/is with its 

virulent factors appears equipped to take advantage of this controlled 

proteolysis process in DCs. In addition, the initial binding of P. gingiva/is to 

the DCs either through major fimbriae/TLR or minor fimbriae/DC-SIGN 
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receptors may be crucial in the endosomal and phagosomal pathways and the 

subsequent P. gingiva/is survival and DCs activations. 

M icrobial tactics in evasion of Antibacteria l autophagy: Chronic 

pcd odontitis 

Bacterial pathogen exhibits several mechanisms by which it can avoid 

elimination by host-cell responses. Certain intracellular pathogens can evade 

antibacterial autophagy by several mechanisms that range from evading the 

early recognition to inhibition of protease activity within lysosomes. For 

instance, L monocytogenes mask itself from recognition of autophagic 

machinery by formation of propulsive actin tail (Dot1et et al., 2011 ). L. 

monoc)'togenes surface protein, ActA, recruits host actin polymerization 

apparatus (Arp2/3 and Ena!V ASP) to polymerase and elongate the actin tail 

on bacterial surface. In addition, L. monOCJ'logenes seems to harbor another 

'anti'-autophagic protein (InlK). Although, the mechanism of Inlk is yet 

unknown lacking of both In 1 k and Acta 1 caused more bacteria to be targeted 

by autophagy than Actal sole defect (Dortet, et al., 2011 ). 

Another mechanism by which microbes can resist autophagy is through 

inhibition of critical step/s of autophagosome formation or maturation. L. 

pnewnophila showed the ability to de-conjugate LC3-II and lapidated 

phosphatidylethanolamine (PE) (Choy et al., 20 12). LC3 conjugation with 

PE on the vacuole membrane is a crucial step in the elongation and 

development of autophagosome. L. pneumophila RavL protein irreversibly 

inhibited such a vesicle development~ hence it shielded the microbe within 

these vacuoles despite early autophagic recognition. Modulation of 

autophagosomal maturation is a widely used mechanism by several 

intracellular pathogen (Baxt et al, 20 I 3). Anaplasma phagocytophilum was 
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reported to secrete Ats-1 protein that induces autophagy process through 

Beclin-1 component. However, these vacuoles failed to fuse \\ ith lysosome 

which provided a double membrane vacuoles for the microbe survival (Niu 

et at 20 12a). 

Bacterial fight back is not only against the degradative machinery 

component of autophagy but it is also against the pro-inflammatory 

response. Yersinia spp. recruits YopJ protein, which inactivates several 

levels of MAPK pathway. In addition, YopJ induce apoptosis and secretion 

of caspase-1 by inhibiting IKK~ (NF-KB subunit) (Meinzer et al., 20 12; 

Mittal et al, 2006). Shigella spp. reported to regulate NF-KB through 

secretion of Ipal l (E3 ligases) type Ill secreted effector proteins (Ashida et 

aL 20 I 0). E. coli and Burkho/deria pseudomallei use similar approach by 

secretion of Cif and CHBP (type-Ill secreted effectors). These effectors de

activate NF-KB by blocking the degradation of IKBa (NF-KB inhibitor) (Cui 

et al., 20 I 0). Alternatively, Shigella spp. decreases the acute inflammatory 

responses by type-Ill secreted protein (OspF), which specifically inhibits 

MAPKs. 

It seems that microbial approach to regulate inflammatory mediator 

secretion practice divergent directions of suppression of specific pathway 

and activation of others. It could be related to the nature of the response as 

certain species attempt to hinder acute responses while augmenting chronic 

immune ignition. This concept could be detected in the pharmacological 

induction of autophagy and its potential scheme in the treatment of chronic 

infections diseases (Choi, et aL 20 13). One of the important candidates for 

such a strategy is Sirolimus (mTOR inhibitors). Rapamycin functions widely 

used to augment the anti-microbial properties of immune cells, while serving 
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an immunosuppressive role (Choi. et al.. 2013: Ding. Du, Yoder. & Yan, 

20 13 ). This comes with particular importance in the context of chronic 

periodontitis, as rapamycin augment the intracellular machinet) of immune 

cells and potentially suppress excessive immune responses. These two 

seemingly disparate properties of rapamycin suggest it as a promising 

approach in the treatment of persistent microbial infections and chronic 

inflammation. Constantly, DC-SIGN-microbial engagement have reported to 

alter immune homeostatic balance as well as hindering the intracellular 

resistance to infection (Miles et al, 2014: Zeituni et al, 2009, 2010b). This 

engagement seems to represent the hallmark of chronic inflammation as: 1) 

it provides a protective niche aiding microbial persistence \1\ithin the host, 2) 

it depolarizes the immune effector response and continuously signal the 

immune elements causing host tissue destructions. 

The controlled degradation of engulfed particles by immature DCs could 

be regulated through: 1) control of access of the antigen to the degradative 

compartment, or 2) control of the proteolytic activities within these 

intracellular vesicles (Trombetta, Ebersold, Garrett, Pypaert, & MeJJman, 

2003). I lowcver, immature DCs efficiently deliver engulfed particles to 

MllC-11 lysosomal structure (Inaba et al., 2000: Turley ct al., 2000). Thus, it 

is more likely that this regulated degradation is due to controlled lysosomal 

activities rather than access limitation to these compartments. P. gingivalis 

achieves adhesion to DC-SIGN receptor through mfa-1 (minor) and to TLR 

through fimA (major) fimbriae (Zeituni et al, 2009). The different 

environmental cues regulate the expression of these fimbriae (Wu, Lin, & 

Xie, 2007), which allow P. gingiva/is to modulate their mode of interaction 

with the DCs and subsequently augment their intracellular survival and 
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pathogenicity. Mutant P. gingiva/is expresses solely minor ftmbraie showed 

higher survival characters within DCs as well the ability to suppress the 

inflammation in these cells (Zeituni et aL 2009). This suggests that DC

SIGN dependent phagocytosis of P. gingiva/is may mediate evasion of the 

TLR pathway and inhibit lysosomal activities within vesicles containing P. 

gingiva/is (PgCV). Hence, we hypothesize that Mfa-1 (minor fimbriae) 

targeting of DC-SIGN receptor induces an immature and pro

inflammatory DC phenotype, in which phagosomal maturation is 

inhibited and the intracellulat· DC environment is permissive for 

Porphyromonas gingiva/is survival and gt·owth. 
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A. llypothe is 

Mfa-1 (minor fimbriae) tar·geting of DC- IG r·eceptor induces an 

immature and pro-inflammatory DC phenotype, in "hich phagosomal 

maturation is inhibited and the intracellula r DC environment is 

permissive for· Porpltyromonas gingiva/is sur·vival and gr·owth. 

In the current study, the different intracellular vesicles containing P. 

gingiva/is (PgCV) in DCs based on the initial contact with the DCs 

(FimA!fLR or n~fct-1 /DC-SIGN) was investigated (Specific a im 1). In 

addition, the lysosomal activities in DC-SIGN rich compartment were 

investigated and compared to TLR 2/4 rich vesicles (Specific aim 2). 

Furthermore, studying the differences in the lysosomal activities in 

autophagosomes in DCs stimulated with P. gingiva/is wild type and fimbriae 

mutant strains were carried out (Specific aim 2). Finally, the effects of 

different intracellular routing of P. gingiva/is on the induction of DCs 

atherogenic phenotype and endothelial invas ion were tested (Specific aim 3) 

(Figure 1). 

B. Specific aims 

Specific aim 1: 

To determine the role of mmor and major fimbriae in differential 

routing of P. gingiva/is to subcellular compartments of dendritic cells 

(DCs). We hyJ!9thesize that the intracellular fate of P. g ingiva/is within 

DCs is determined by minor and major fimbriae-mediated routing to 

distinct subcellular compartments. 
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Rationale: DC-SIGN is required for optimum binding of the P. gingiva/is 

strain DPG-3. expressing only minor (mfa-1) fimbriae. which results in 

bacterial internalization in large numbers v. ithin intracellular vesicles of DCs 

(Zcituni ct at, 2009). These P. gingiva/is-containing vesicles (PgCV) are 

permissive for P. gingiva/is survival and, possibly, growth. P. gingiva/is also 

shows similar persistence within macrophages but through different 

receptors, including complement receptor 3 (CR3) a P2 integrin 

(CD I I b/CD 18) (Wang, et al. , 2007). Although DCs arc CR3 positive, the 

influence of DC-SIGN apparently "overrides'' fimA-CR3 mediated uptake 

by DCs particularly with CR3 that is not involved in DC mediated uptake of 

\\ ild P. gingiva/is strain (Zeituni. 2009). Likewise, macro phages express low 

to no surface DC-SIGN and thus a role for DC- IGN ligation by minor 

fimbriae would not be evident in macrophages. Our focus here is on analysis 

of the role of fimbria! phenotype of P. gingiva/is in determining its 

intracellular fate within DCs, by identification of these PgCV. 

Approach: lmmunoelectron microscopy was used to identify PgCV in the 

study. The investigation included CDla+CD83-CD 14-DC-SIGN+ immature 

mDCs, generated from monocytes of healthy adu lts with GM-CSF/IL-4. 

mDCs were pulsed with wild-type P. gingiva/is (Pg38 l ), which expresses 

both minor (min+) and major (maj+) fimbriae, isogenic minor fimbria

deficient mutant MFI, which expresses only the major fimbriae (min-/maj+). 

tsogenic major fimbria-deficient mutant DPG3. which expresses only the 

minor fimbriae (min+/maj-), and the double fimbriae mutant MFB (min

/maj-). lmmunogold transmission electron microscopy was used in cells 

infected with P. gingiva/is for 2. 6, 12 and 24 hrs. Immuno-gold staining for 
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DC-SIGN and TLR2 were carried out to determine the P. gingiralis-

containing vesicles. 

Specific aim 2: 

To deter·mine the lysosomal activities of P. gingiva/is-containing vesicles 

(PgCV) in dendritic cells (DCs). We h.Ypothesize that the interaction of 

minor· mfa-1 Pg with DC-SIGN will evade phago- and/or auto-lysosomal 

degradation activities in PgCV 

Rationale: DC-SIGN targeting by DPG3 seems to induce immature DCs 

with permissive intracellular environment for P. gingivalis (Zeituni et al, 

2009. 20 I Oa). Host cells resist bacterial invasion mainly through 

phagocytosis and autophagy mechanisms (Ogawa, et aL 2005~ Segal. et aL 

1980). Both of these machineries aim to degrade (clear) the bacteria through 

fusion with the lysosome and the action of hydrolytic enzymes. P. gingiva/is 

and other species can evade or inhibit these lysosomal activities in 

phagocytic and non-phagocytic cells (Belanger et al, 2006~ Singh et al., 

20 II). P. gingiva/is could use similar approach in DCs through DC-SIGN 

interaction with their minor fimbriae (Mfa 1 ), which causes internalization 

into specific PgCV and subsequent lysosomal inhibition. 

Approach: Phagosomal maturation was traced by staining for Rab-5 (early 

phagosomes), Rab-7 (late phagosomes). Lamp-l. microtubule-associated 

protein light chain 3-II (LC3-II) (autophagosomes). In addition, the survival 

of different P. gingiva/is strains was studied at 2, 6, 12,24 and 48 hours. The 

survival of these strains was also tested after pharmacological induction of 

autophagy with mTOR inhibitor (rapamycin). 
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Specific aim 3: 

To determine the influence of intracellular persistence of P. gingiva/is 

within DCs on the induction of an atherogenic phenotype. We 

hy pothesize that intracellular persistence of P. gingiva/is, mediated by 

minor· fimbriae, induces a highly migrator·y, endothelial invasive 

(atherogenic) DC profile. 

Rationale: Oral lymphoid foci in chronic periodontitis mucosa contain 

intense infiltrate of DC-SIGN+ DCs; moreover, DCs in the lesion appear to 

mobilize toward the capillaries (Jotwani & Cutler, 2003). This mobilization 

could be the initial phase for reverse transmigration of infected gingival DCs 

into circulation. DC-SIGN is expressed on a small subpopulation of CD lc+ 

(BOCA- I) blood DCs in chronic periodontitis (Carrion, 20 12). These could 

represent P. gingiva/is-infected tissue DCs that are particularly prone to 

invade pathological sites such as rupture-prone atherosclerotic plaques. 

Targeting DC-SIGN by P. gingiva/is minor fimbriae results in immature and 

highly migratory DCs. These DCs could be the source for the DC-SIGN+ 

cells that invade rupture prone unstable plagues in atherosclerosis lesions. 

AJ)proach: real time-PCR analysis was performed, in DC- pulsed with 

wild type (Pg381) and fimbriae deficient mutants P. gingiva/is (DPG-3, MFI 

and MFB) to express markers of direct relevance to atherogenesis and 

endothelial invasion. The techniques quantified the gene expression of the 

following markers: 

a) Phenotype markers and maturation markers: COla, COle, CD14, 

CD209 (DC-SIGN), CD36, CD40, CD80, CD83 and CD86 

b) Inflammatory markers: IDO, IL-6, MMPI, MMP8, MMP9, Loxl, 

TIMPJ, TLR2 and TLR4. 
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c) Migratory markers: CCL 19, CCL2, CC21, CCL5, CCR2, CCR5, 

CCR7, CX3CR1, CXCL16 and CXCR4 
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Porphyromonas gingiva/is adheres to the DCs through both major (fimA) and minor 
(mfa-1) fimbriae. Mfa-1 targeting DC-SIGN receptor will inhibit phago-lysosomal 
degradation in DCs. Mfal-DC-SIGN interaction facilitates the routing of P. gingiva/is 
into DC-SIGN rich intracellular vesicle and subsequently inhibits the phagosomal 
maturation. This provides permissive environment for P. gingiva/is and enables its 
systemic dissemination within the DCs. DC-SIGN activation, by P. gingiva/is minor 
fimbriae, is proposed to: 1) inhibit phagosomal maturation and proteolytic 
activities, 2) inhibit lysosome fusion to phagosomes, and 3) inhibit autophagy, 
which leads to persistent inflammation. These intracellular inhibitory actions in DC
SIGN activated DCs will result in immature cells with high migratory profile and 
development of atherogenic phenotype DCs. 
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Monocyte-derived DCs (MoDCs): 

lluman monocytes were isolated from mononuclear fractions of 

peripheral human blood by Human monocyte enrichment technique. EDTA 

was added to the whole blood ( lmM) and samples were incubated with the 

enrichment kit (RossetteSep, Cat. no. 15028) for 20 minutes. Samples were 

diluted with an equal volume of PBS + 2% FBS and I mM EDTA and layer 

of diluted samples were place on the top of medium density Ficoll. 

Monocyte separation was carried out using medium density Ficoll (GE 

Jlealthcare, Cat. no. 17-1440-03). Samples were centrifuged at 1200 xg for 

20 minutes in room temperature. The layer of enriched cells were removed 

and washed twice with PBS and re-suspended in medium for cell culture. 

Cells were seeded in the presence of GM-CSF ( l 000 unit/ml_ Gemini Bio

Product. Cat. no. 300-124P) and IL-4 (I 000 unit/mi. Gemini Bio-Product, 

Cat. no. 300-154P) at a concentration (3-4 x I O'i cells/ml) for 5-6 days. Fresh 

medium treated with GM-CSF and IL-4 was used every other day for 

cultured cells. Flow cytometry analyses were carried out to verify the 

immature DC phenotype (CD 1 a ~CD83-CD 14-DC-SIGN ~) (Figure 2). Cell 

surface markers of DCs were evaluated by four-color immunofluorescence 

staining with the following antibodies: CD l a-PE (Miltenyi, Cat. no. 120-

000-889), DC-SlGN-FITC (Miltenyi. Cat. no. 130-092-873), CD14-PerCP 

(Miltenyi, Cat. no. 130-094-969) and CD83-APC (Miltenyi, Cat. no. 130-

094-186). After 30 min at 4°C and washing with staining buffer (PBS pH 

7 .2, 2 mM EDT A, and 2% FBS), cells were fixed in l% para formaldehyde. 

Positive marker expression was calculated as a percentage of total DCs by 

forward scatter and side scatter characteristics (Zeituni et a!, 2009, 201 Oa). 
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Cell surface markers of DCs were evaluated by four-color immunofluorescence 
staining with CDla-PE, DC-SIGN-FITC, CD14-PerCP and CD83-APC. 
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MoDCs treatment with HIV GPI 20 and Cytocha las in D: 

Envelope glycoprotein GP120 was used to block DC-SIGN receptor in 

MoDCs. GP 120 is a glycoprotein on the surface of the I IIV envelope and 

essential for virus entry into cells. MoDCs were pre-incubated with HIV -1 

GP 120 Chiang Mai (CM) envelope protein (GP 120) for 30 min at 37°C. 

GP 120 protein was obtained through the National Institutes of Health AIDS 

Research and Reference Reagent Program, Division of AIDS, National 

Institute of Allergy and Infectious Diseases, National Institutes of Health 

(Cat. no. 2968). Cells were washed twice with PBS and infected with CFSE

stained P. gingiva/is for 2, 12 and 24 hours at 37°C. 

For actin polymerization inhibition, MoDCs were treated with 

cytochalasin D at 0.5 flM, the minimal concentration needed to arrest 

cytoskeletal rearrangements in Raji cells (Zeituni et al, 2009). Cells were 

then washed 2 times with PBS and co-cultured with CFSE-stained P. 

gingiva/is for 2, 12 and 24 hours at 37°C. Cells were fixed with 1% 

paraformaldehyde and prepared for immunofluorescence staining and 

epifluorescencc microscopy. 

Induction of A utophagy: 

Monocytes isolated from three healthy individuals and DCs differentiation 

were performed as mentioned above. At day 5, verification of the immature 

DCs phenotype (CD I a +CD83-CD 14-DC-SIGN ) was performed and cells 

were counted. Autophagy was induced I hour after P. gingiva/is infection 

with Rapamycin (lnvivogen, Cat. no. Tlrl-rap). MoDCs were treated with 

Rapamycin at 200nM concentration. Induction of autophagy was confirmed 
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by fluorescence staining of LC3-II within MoDCs after 6 and 12 hours of 

treatment (described later). 

Porpllyrom ouas gingiva/is strains: 

Four P. gingiva/is strains were used in this study; 1) Pg381, which 

expresses both minor (Mfa-1) and major (FimA) fimbriae, 2) MFI: isogenic 

minor fimbria-deficient mutant, which expresses only the major fimbriae, 3) 

DPG-3: isogcnic major fimbria-deficient mutant, which expresses only the 

minor fimbriae and 4) MFB: the double fimbriae deficient mutant (Njoroge 

et at, 1997) (Table I). P. gingiva/is strains were maintained anaerobically in 

(I 0% I b. I 0% C02, and 80% N2) in a Forma Scientific anaerobic system 

glove box model l 02511029 at 37°C. Bacteria were grown in Wilkins

chalgrcn Broth. Mutant strains were maintained using erythromycin (5 

~g/ml) for mutant DPG-3, tetracycline (2 ~g/ml) for mutant MFI and both 

erythromycin and tetracycline were used for double fimbriae mutant MFB. 

All strains were confirmed by gram staining and plating in 5% blood agar 

under anaerobic conditions (1 0% H2, 5% C02 in nitrogen). In addition 

scanning electron microscopy was performed for the four strains. P. 

gingiva/is were non-motile that ranges 0.5 - 2.0 urn in diameter. Bacteria 

showed different stages of growth as they exhibited coccobacilli patterns 

(Figure 3). All strains exhibited were confirmed to exhibit the typical size 

and morphology of P. gingiva/is for further EM studies. 
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Table 1: P. gingiva/is wild type and isogenic fimbriae deficient mutants 

Strain 

Pg381 

DPG-3 

MFI 

MFB 

Predominant 
Description 

------+receptor on DCs * 
Wild-type Pg (381), which expresses both minor DC-SIGN and TLR2 
(Mfal) and major (FimA) fimbriae. 
lsogenic major fimbriae-deficient mutant Pg, 
which expresses only the minor fimbriae (Mfal ). 
lsogenic minor fimbriae-deficient mutant Pg, 
which expresses only the major fimbriae (FimA). 
lsogenic dou ble f imbriae mutant , which lacks 

DC-SIGN 

TLR2 

TLRs 
both minor and major fimbriae. 

-----1---
* (Zeituni el a/. 2009. 20/0a) (Davey eta/, 2008; Hajishengallis eta/, 2008) 
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Figure 3: Scanning electron microscopy of P. gingiva/is strains. 
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Sections show Pg381, DPG3, MFI and MFB strains of P. gingiva/is. All strains were 
non-motile and ranged 0.5 to 2.0 urn in diameter. P. gingiva/is showed different 
stages of growth as they exhibited coccobacilli patterns. 
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Dendritic cells infection with P. gingiva/is stra ins: 

Bacteria suspensions were washed five times in PBS and re-suspended for 

spectrophotometer reading of 0.11 at OD 660 nm, which previously 

determined to be equal to 5 x 107 CFU (Cutler, Kalmar, & Arnold, 1991). 

Corresponding bacterial count were calculated and dilutions were prepared 

to infect MoDCs at 0.1, 1 and 10 multiplicity of infection (MOl). For 

bacterial staining, carboxyfluoresccin succinimidyl ester (CFSE) nuorescent 

staining dye was used. The suspension were washed three times and re

suspended in 5 ~M of CFSE in PBS. The bacteria were incubated for 30 min 

at 37°C in the dark (Tuominen-Gustafsson et al, 2006~ Zeituni et al, 2009). 

Bacterial suspensions were washed 5 times with PBS before MoDC 

infection. MoDCs were pulsed with Pg381, DPG3, MFI and MFB at 

different MOis ( 0.1, 1 and 1 0) and incubated for 2, 6, 12 and 24 hours and 

each experimental condition were performed in triplicate. 

Intracellular content of P. gingiva/is strains within MoDCs. 

After 24 hours of MoDCs infection with P. gingiva/is strains, cells were 

washed three times in PBS and re-suspended in sterile water on ice for 20 

minutes to lyse the cells. Lysates were re-suspended in anaerobe broth for 4 

days. After broth incubation, bacterial suspensions were washed three times 

in PBS and re-suspended for spectrophotometer reading at OD 660 nm in 

triplicate. Viable counts (CFU) were calculated from a standard curve of 

colony counts on blood agar versus OD readings. Bacteria were confirmed 

as black-pigmented colonies by culturing in 5% blood agar plates in 

tripl icate under anaerobic conditions (I 0% H2, 5% C02 in nitrogen). Plates 

were incubated in anaerobic conditions at 35°C for 14 days until black 

colonies were detected and selected colonies were gram-stained. 
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Survival assay of P. gingiva/is in human MoDCs. 

After MoDCs were infected with the P. gingiva/is strains for 2, 6, 12, 24 

and 48 hours, cells were washed three times in PBS and re-suspended in 

sterile water on ice for 20 min to lyse the cells. Bacterial suspensions were 

washed three times in PBS and re-suspended for spectrophotometer reading 

at OD 660 nm in triplicate. Viable counts (CFU) were calculated from a 

standard curve of colony counts on blood agar versus OD readings. Black 

colonies were confirmed in blood agar plate under anaerobic conditions 

(I 0% H2, 5% C02 in nitrogen). 

A three-factor repeated measures ANOV A using mixed models was used 

to test the effect of strain and treatment over time on 00 reading. Fixed 

effects of strain, treatment and time along with all two- and three-factor 

interactions were included in the model. A compound symmetric correlation 

structure between time points was assumed. Of statistical interest is the 

three-factor interaction between strain, treatment and time and if statistically 

significant indicates that the effect of treatments over time between strains is 

different. A Bonferroni multiple comparison procedure was used to control 

the overall alpha level for post-hoc pairwise comparisons including tests 

between strains within each treatment and time combination, between 

treatments within each strain and time combination, and between time within 

each strain and treatment combination. 

Scanning Electron Microscopy: 

MoDCs were infected with Pg381 and DPG3 strains for 2 hours. Cells 

were washed twice with PBS and centrifuged at 1400 rpm for 10 minutes. 

MoDCs were fixed for 30-60 min in 2% glutaraldehyde in 0.1 M sodium 
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cacodylate (NaCac) buffer. pH 7.4, postfixed in 2% osmium tetroxide in 

NaCac buffer. Cells were then dehydrated with a graded ethanol series (25-

1 00%). followed by a graded alcohol hexamethyldisilazane (HMDS) and the 

J IMDS was allowed to evaporate overnight in a fume hood. The dried 

specimens were mounted on aluminum stubs with carbon adhesive tabs and 

sputter coated with gold-palladium. Cells were observed and imaged m a 

FEI XL30 scanning electron microscope (FEL, ll illsboro, OR) at I 0 kV. 

The surface engagement of P. gingiva/is with dendritic cells was tracked 

on different sections. Selected images were digitally colored with green for 

the bacteria to be distinguished from surface tomography of dendritic cells. 

Transmission electron microscopy (TEM): 

After MoDC fixation, the procedures were carried out at the Electron 

Microscopy and Histology Core, Department of Cellular Biology and 

Anatomy, Georgia Regents University. The cells were fixed in 2% 

glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer, pH 7.4, 

post fixed in 2% osmium tetroxide in 0.1 M NaCac, stained en bloc with 2% 

uranyl acetate, dehydrated with a graded ethanol series and embedded in 

Epon-Araldite resin. Thin sections were cut with a diamond knife and 

stained with uranyl acetate and lead citrate. Cells were observed in 

transmission electron microscope (JEM 1230 - J EOL USA Inc.) at 110 kV 

and imaged with a CCD camera and first light digital camera controller 

(Gatan Inc.). 

Detection of the P. gingival is containing vesicles (PgCV) within MoDCs 

was carried by TEM. Counting of the bacteria included in single or doubled 

membrane intracellular vesicles were carried out after 12 hours of infections. 
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Each strain was counted in three randomly selected grids for each sample. 

The analysis of the bacterial counts used Kruskal-Wallis test of different 

groups and Dunn's test for multiple comparisons. A p value of <0.05 is the 

cut-off for significant differences. 

Immuno-gold Transmission electron microscopy (IEM): 

A) Raji and Raji OC-SIGN+\C cells. 

To con·oborate the immunoelectron microscopy staining of MoDCs for 

DC-SIGN, stably transfected DC-SIGN-positive (Raji-DCs) and negative 

Raji cells (Raji) were obtained and the phenotype verified by flow cytometry 

(Kwon et al, 2002). The cells were cultured in 10% heat-inactivated FBS 

(Gemini, Cat. no. I 00-500), RPMI 1640 with L-glutamine, and NaHC03 

(Corning, Cat. no. 10041 CM) in a 5% C02 incubator at 37°C. Cells were 

centrifuged into a pellet and prepared for immuno-gold transmission electron 

microscopy sectioning. 

B) IEM of MoOCs infected with P. gingiva/is strains. 

The procedures were carried out at the Electron Microscopy and 

Histology Core, Department of Cellular Biology and Anatomy, Georgia 

Regents University. Staining for DC-SIGN using anti-CD209 (mouse 

monoclonal, R&D Systems, # MAB 161 ), was canied out to identify the P. 

gingiva/is-containing vesicles. After DCs were pulsed with different P. 

gingiva/is strains for the 2, 12 and 24 hours, cells were centrifuged into a 

pellet. Cells were be fixed in 4% formaldehyde and 0.2% glutaraldehyde in 

0.1 M NaCac buffer, pH 7.4, dehydrated with a graded ethanol series 

through 95% and embedded in LR White resin. Thin sections were cut with 

a diamond knife on a Leica EM UC6 ultramicrotome (Leica Microsystems 
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Inc.) and collected on nickel grids. Sections were incubated in blocking 

buffer (5% BSA, 3% normal serum, 0.05% Tween-20 in Tris-buffered 

saline, pH 7.4) at room temperature in a humid chamber for 2 hours and with 

primary antibody diluted in blocking buffer overnight at 4°C. 

Grids were washed and incubated v. ith gold-labeled secondary antibody 

for 2 hours at room temperature then washed and stained with 2% alcohol ic 

uranyl acetate and 0.08% alkaline bismuth subnitrate. Cells were observed in 

a JEM 1230 transmission electron microscope (JEOL USA Inc.) at 110 kV 

and were imaged with an UltraScan 4000 CCD camera & First Light Digital 

Camera Controller (Gatan Inc.) 

LC3-II Immuno-fluorescence and Epifluorescence microscopy: 

MoDCs were infected with P. gingiva/is prelabeled with 

carboxyfluorescein succinimidyl ester (CSFE) fluorescence. Cells were 

fixed with l% paraformaldehyde, washed with PBS twice and 

permeabalized with 0.5% saponin. MoDCs were incubated with LC3-II 

antibody (ab51520) for 2 hours and then washed with PBS. Pellets were res

suspended in cytospin fluid (Shandon Cat. no. 6768315) centrifuged at 400 

rpm for 4 minutes. Slides were mounted with anti-fade reagent (Invitrogen, 

P36931) and dried for microscopic analysis. Microscopic images were 

obtained with epifluorescence microscope (Nikon E600) then analyzed by 

image enhanced fluorescence microscopy aided by deconvolution analysis. 

Quantifications of the fluorescent intensity within infected cell were 

carried out by NIS-Elements BR software. Three randomly selected regions 

of interest were selected for each field to quantify fluorescence dye intensity. 

One-way ANOV A analysis was used to compare the means of intensity of 
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different groups and Tukey's test for multiple comparisons. A p value of 

<0.05 is the cut-off for significant differences. 

Detection of LAMPl, RabS and Rab7 via transduction of flu orescent 

p•·otein chimera by baculovirus transgenes: 

Monocytes were transduced with CcllLight BacMam 2.0 

(lifetcchnologies) for lysosomal marker LAMPl (C10504), early endosome 

Rab5 (C I 0587) and late endosome Rab7 (C I 0589). The reagent contains 

signal peptide fused to RFP-Tag for the targeted protein. Based on 

baculovirus transfection. particles enter the cell and DNA moves to the 

nucleus where only the transgene is expressed. Baculovirus genes are not 

recognized tn mammalian cells hence treatment does not entail virus 

replication or toxicity in human MoDCs. Transduction (labeling) was 

performed s imultaneously with differentiation of MoDCs at the 5th day. 

Cells were treated at 70% confluence and suspensions were mixed several 

times. Cells were transfected with 30 PPC (particle per cell) for 24 hours. At 

the 6th day MoDCs were harvested and immature phenotype (CDlc+DC

SJGN+CD83'CD 14') was confirmed by flow cytometry. 

The expressions of the labeled proteins were detected by epifluorescence 

microscope. Then, MoDCs were infected with Pg381, DPG3, MFI and MFB 

at 10 MOis and incubated for 2, 12 and 24 hours and each experimental 

condition were performed in triplicate. P. gingiva/is strains were pre-labeled 

with carboxyfluorescein succinimidyl ester (CFSE) fluorescent. Cells were 

fixed with 1% paraformaldehyde, washed with PB twice and were res

suspended in cytospin fluid (Shandon Cat. no. 6768315). Cells mounted in 

the slide by centrifugation at 400 rpm for 4 minutes. At 2, 12 and 24 hours 

images were obtained with epitluorescence microscope (Nikon E600) then 
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analyzed by 1mage enhanced fluorescence m1croscopy aided by 

deconvolution analysis. Quantifications of the fluorescent intensity were 

performed in three randomly selected fields for each sample. One-\vay 

ANOV A analysis was used to compare the means of intensity of different 

groups and Tukey's test for multiple comparisons. 

Western blot ana lysis 

Cells were centrifuged and washed twice with PBS. After washing, cells 

were lysed by addition of cell lysis buffer (Cell signaling Cat. no. 9803S) 

and incubated for 20 minutes on ice. Samples were centrifuged and the 

supernatant was collected and stored at -80°C. Proteins were denatured at 

70°C for I 0 minutes immediately prior to loading. For immunoblotting, 50 

llg of total cellular protein per lane were separated by blot 4% to 12% Bis 

Tris Plus gradient gel and transferred to PVDF (polyvinylidine difluoride) 

membranes using iBiotting dry transfer system (Lifetechnologies, Cat. no. 

IB I 00 I). The membranes were incubated with primary antibody LC3B 

(Abeam, Cat. No. ab48394) or GAPDII (Meridian life science, Cat. No. 

I 186504M) and secondary antibody peroxidase-conjugated goat anti-rabbit 

or goat anti-mouse JgGs in iBind solution for 2.5 hours (iBind western 

system, lifetechnologies). The specific protein signals were visualized using 

chemiluminescent peroxidase substrate and exposing the membranes to the 

high performance chemiluminescene film for detection. Protein loading was 

verified by detection of GAPDH using mouse anti-GAPDH monoclonal 

antibody. 

Calculations of the fold regulations were normalized by the loading 

controls for treated and un-infected samples. Bands were quantified by 

densitometry relative to control samples. The analysis of the band intensity 



Materials and Methods 53 

used Kruskal-Wallis test analysis of different groups and Dunn's test for 

multiple comparisons. 

Quantitative real time PCR: 

A) RNA [solation and Purification: 

Direct lysis of the cell suspensions was achieved by adding 350 J..ll of 

Qiagcn 's buffer RL T. The lysate was collected and pi petted directly into the 

Qiashreddcr spin column. Ethanol (70%) was added to the lysate, which was 

mixed by pipetting. Samples then were transferred to RNeasy spin columns 

placed in 2 ml collection tubes. The samples were centrifuged at l 0,000 rpm 

for 15 seconds. The flow-through was discarded and 700 J..ll buffer R W 1 was 

added to the spin column. The samples were centrifuged at I 0,000 rpm for 

15 seconds. The flow-through was discarded and 500 J..Ll buffer RBE added 

to the spin column. The buffer RBE step was repeated~ then the spin column 

was placed in a 1.5 ml collection tube. RNA-free water (20 J..ll) was added 

directly to the spin column membrane, and the samples were centrifuged at 

l 0,000 rpm for I min. Samples then were stored at -80°C. All steps of the 

procedure were performed at room temperature, and all centrifugation was 

performed at 20-25°C in a standard rnicrocentrifuge. RNA quantity and 

integrity were tested and only ratios of absorbance at 260 and 280 nm of 1.8 

- 2.0, were included in the study. 

B) Quantitative Real time PCR (q rt-PCR): 

One-step qrt-PCR were performed using Express qPCR SuperMix 

(Invitrogen, Cat. no. Al 0312) (Table 2). Pre-formulated individual 

TaqMan® gene expresston primers (Applied Biosystems) were used for 

detection of DC-SIGN (Hs.O 1588349 m I) and Loxl (OLR 1) 
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(II sO 1552593 ml ). GAPDH was used as the l:.ndogenous Control 

(housekeeping) for all experiments. GAPDH ~as validated herein by testing 

the absolute quantification of the gene in serial dilutions and calculating a 

standard cune. For qt1-PCR reactions, 5~1 of the R A sample, 25~1 PCR 

master mix (2x) and 2.5~1 TaqMan® gene expression assay were used per 

reaction. All PCRs were performed in triplicate and were carried out on a 

real-time PCR, StepOne® (Applied Biosystcms). All PCR reactions were 

performed in triplicates. 

For calculations and statistical analysis, fold changes were calculated 

using (2·.\.'\( 1
) method in the experimental samples (Livak & Schmittgen, 

200 I). tatistical analysis for gene expression was performed using the one 

sample t-test, which estimates the calculated difference (in fold regulation) 

between experimental and control samples. A p value <0.05 is the cut-off for 

significant differences. 

C) Quantitative Real time PCR array (qrt-PCR an·ay): 

The PCR array system combines the quantitative performance of gene

based real-time PCR with the multiple gene profiling capabilities of 

microarray. The PCR array is a 96-well plate containing primer assays for a 

set of 28 genes for 3 experimental samples plus housekeeping genes 

(TaqMan® Array Plate, 4413259) (Table 4). 

fwo-step qrt-PCR is performed in two separate reactions: first, total RNA 

is reverse transcribed into eDNA, and then the eDNA is amplified by PCR. 

Purified RNA (I - 2~g) was used for each 20 ul of eDNA synthesis reaction 

mixture. Purified total RNA was reverse transcribed with the High-Capacity 

eDNA Kit (life technologies, 4374967). The selection of this kit was based 
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on the fact that exceeding the capacity of a reverse transcription reaction 

could lead to significant enors in the R A quantification results: the High 

Capacity cO A Reverse Transcription Kit should prevent that type of error. 

The lligh Capacity Kit also uses random priming, "'hich significantly 

benefits linearity. Linearity is defined as the degree that the reverse 

transcription chemistry maintains a constant efficiency for all genes. With 

poor linearity, reverse transcription efficiencies would be sample-dependent, 

resulting in inaccurate data. 

PCR reactions were carried by m1xtng of fast master m1x (2x) 

(lifetechnologies, Al0216) and a eDNA sample (lOng) to a final volume 10 

IlL with the cycle parameters in (Table 3). Each array included 28 genes 

related to inflammation, maturation and migration in dendritic cells (Table 

3). The genes expressions were tested in MODCs infected with Pg381, 

DPG3, MFI and MFB strains at 10 MOl for 12 hours. The fold regulation 

was calculated relative to the expression of un-infected (control) MoDCs of 

3 different experiments. 
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Table 2: qrt-PCR cycle conditions (1 step)

One step fast cycle program parameters
 

 

 

PCR (40 cycles)

no Here Melt Anneal/Extend

50°C 95;G 95°C 60°C

15:00 min 0:20s 0:03's 0;30-s  
 

Table 3: qrt-PCR array cycle conditions (2 steps)

Step 1: cDNA synthesis program parameters
 

 

 

Hold Hold Hold

25 G oe C 85°C

10:00 min 120:00 min 0:05 5s
 

Step 2: PCR fast cycle program parameters
 

PCR (40 cycle)

   

Hold Hold Melt Anneal/Extend

50°C 95°C 95°C 60°C

2:00 min 0:20s 0:03 s 0:30s  
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Table 4: qrt-PCR array list of primers 

Symbol Gene ID 

CDlA BDCAl- cluster of differentiation 1A Hs00233509 ml -

c CDlC 
0 

cluster of differentiation lC Hs00957534_gl 

.... CD14 cluster of differentiation 14 Hs02621496_sl ro .... 
:::J .... CD209 ro 

DC-SIGN - cluster of differentiation 209 Hs01588349_ml 

E CD36 FAT, thrombospondin receptor Hs01567185_ml ........ 
~ 
c. 

CD40 TNF receptor superfamily member 5 Hs01002913 _gl > .... 
0 
c 
~ 

CD80 cluster of differentiation 80 Hs00175478_ml 

.t:: 
CD83 cluster of differentiation 83 Hs00188486_ml 0.. 

CD86 cluster of differentiation 86 Hs01567026_ml 
-

IDOl lndoleamine 2,3-dioxygenase 1 Hs00984148_ml 

IL6 lnterleukin 6 Hs00985639 _ml 

MMP1 Matrix metalloproteinasel -interstitial collagenase Hs00899658_ml 
c 
0 MMP8 Matrix metalloproteinase8 -Neutrophil collagenase Hs01029057 _ml 

'+J 
ro 
E MMP9 Matrix metalloproteinase9 - gelatinase B Hs00234579_ml 

E lectin-type oxidized LDL receptor 1- OLRl- Oxidized Hs01552593_m1 ro Lox1 ;;: low-density lipoprotein receptor 1 c -
TIMP1 Tissue inhibitor of metalloproteinase 1 Hs00171558_m1 

TLR2 Toll-like receptor 2- CD282 Hs01872448_s1 

TLR4 Toll-like receptor 4- CD284 Hs00152939_m1 
-

CCL19 
C-C motif chemokine 19 - macrophage Hs00171149_m1 

inflammatory protein-3-beta (MIP-3-beta 

CCL2 
C-C motif chemokine 19- monocyte chemotactic Hs00234140_m1 

protein-1 (MCP-1) 

CCL21 C-C motif chemokine 21 Hs00989654_g1 

c 
CCLS 

C-C motif chemokine 5- RANTES (regulated on Hs00982282_m1 
0 activation, normal T cell expressed and secreted). '+J 
ro C-C chemokine receptor type 2 - CD192 Hs00704702_s1 .... CCR2 .~ 
~ CCR5 C-C chemokine receptor type 5- CD195 Hs99999149 _s1 

CCR7 C-C chemokine receptor type 7- CD197 Hs01013469 m1 

CX3CR1 CX3C chemokine receptor 1 Hs01922583_s1 

CXCL16 Chemokine (C-X-C motif) ligand 16 Hs00222859_m1 

CXCR4 C-X-C chemokine receptor type 4- CD184 Hs00607978_s1 
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D) Ca lculation of the fold regulation and tati tic : 

Quantification of transcript levels of the target genes was normalized by 

the use of the Endogenous Control. The Ct (cycle threshold) values 

calculation was used by the ~Ct and ~~Ct method with the formu la for 

quantification: (Livak & Schmittgen, 200 I) 

I ) ~Ct _ 2 ct (how,ckccping) I 2ct ( I argct) 2) ~~Ct 
2

1\ct (contml) I 26ct (treated) 

The fold regulation of the gene in each group was calculated relative to its 

expression in the controlled samples for that gene. The fold-regulation 

represents fold-change (2·,\ ~ct) results in a biologically meaningful way. 

Fold-change values greater than one indicate a positive value, or an up

regulation, and the fold-regulation is equal to the fold-change. Fold-change 

values less than one indicate a negative or dov. n-regulation, and the fold

regulation is the negative inverse of the fold-change values. For PCR array, 

volcano plot Log2 represents the fold regulation in gene expression between 

controlled and infected cells are plotted against p values for t-tests. Each 

point represents the average fold regulation from 3 points of readings (3 

experiments). compared to the average for controlled samples. 

The statistical analysis was performed using the t-test, which accounts for 

the clustering of infected and un-infectcd controls within 3 different 

experiments. Comparisons of "fold regulation" for gene expression were 

considered significant if these values were at least 2 fold increased or 

decreased in comparison to the controL with p value <0.05. 
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Ethica l aspects. 

These studies were determined by the Jluman Assurance Committee at 

Georgia Regents University to be human subject exempt, due to the use of 

anonymized peripheral blood samples lor monocytes. 
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A. pecific aim I: 

To determine the role of minor and major fimbriae in differential routing of 

P. gingiva/is to subcellular compartments of dendritic cells (DCs). We 

hypothesize that the intracellular fate of P. gingiva/is within DCs is 

determined by minor and maJor fimbriae-med iated routing to distinct 

subcellular compa1tments. 

Res ults O u tline: The initial interaction between P. gingiva/is and DCs has 

been confirmed by scanning electron microscopy. Despite different fimbrial 

expression profile of Pg381 and DPG-3 strains, DCs were able to capture 

both strains. ext, the uptake of all strains was studied by transmission 

electron microscopy in a time course manner at 2, 6, 12 and 24 hours. o 

uptake was detected for fimbriae deficient strain (MFB), but DCs were able 

to uptake all fimbriated strains (Pg381, DPG-3 and MFI) after 2 hours. 

Interestingly, TEM sections showed higher intracellular content of DPG-3 

strains especially at late time points ( 12 and 24 hours). These observations 

drove the next step of investigating the intracellular content of these strains 

within DCs at late time point after infection. Infected cells were lysed after 

24 hours of co-culture with P. gingiva/is strains and lysates were re-cultured 

in anaerobic broth to rescue any survived intrace llular bacteria. After 5 days 

in broth, lysates from DPG3-infected MoDCs showed significantly higher 

numbers, \\hich suggested higher intracellular survival rate of these strains 

within MoDCs. DPG-3 solely expresses minor fimbriae (Mfal) and 

potentially engages DCs dominantly through DC-SIGN receptor. Hence, 

immuno-electron microscopy (IEM) study was performed to assess the 

markers of the intracellular ves icles containing different P. gingiva/is strains. 
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'I he assumption was that: the early engagement with PRRs will dictate the 

t) pc of intracellular vesicle that contains P. gingiva/is. IEM showed that the 

uptake of DPG-3 strain increased the membranous and cytoplasmic 

expression of DC-SIG , '>vhile no cytoplasmic DC-SIGN was detected in 

Pg381-infected cells. DC-SIGN cytoplasmic staining in MoDCs is 

consistent with previous evidence for DPG-3 localizat ion to DC-SIGN 

positive intracellular compartments (Zeituni et a!, 2009). I Iowever, gold 

nanoparticlcs failed to specifically label the P. gingiva/is-containing vesicles 

in MoDCs cytoplasm. Hence, the study used alternative approaches to 

investigate both phagocytic and autophagy lysosomal machineries within 

DCs in specific aim 2. 
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canning Electron Microscopy (SEM): 

The interaction of the Pg381 and DPG-3 strains \>\ ith human MoDCs was 

confirmed using scanning electron microscopy (Figure 4). The images 

sho\>\ed the typical dendritic cells morphology and surface engagement with 

P. gingiva/is. The DCs exhibit sheet-like processes that fold into the 

membrane surfaces and engage the bacteria. Cells surfaces appeared to have 

smooth or partially ruffled surface and the ruffles did not seem to be 

associated with dendritic processes. The dendrites showed variable degree of 

branches and terminated in 'cup' shape ends especially at the attachment 

sites. 

P. gingiva/is detected at the cells surfaces were non-motile that ranges 0.5 

2.0 um in diameter. Bacteria showed different stages of growth as they 

exhibited coccobacilli patterns (Holt, Kesavalu, Walker, & Genco, 1999). 

Both strains (Pg381 and DPG-3) were able to engage the DCs surfaces after 

2 hours of infection (Figure 4). 
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Figure 4: Scanning Electron Microscopy of MoDCs 

SEM for MoDCs interacting with P. gingiva/is after 2 hours of infection. MoDCs with 
Pg381 (red arrow) at magnification of (A) and at (B) MoDCs infected with DPG-3 
(red arrow) at magnification of (C) and at(D). E) Bacteria with green stain are 
computer generated. 
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Transm ission E lectron M icroscopy (TEM): 

TEM sections showed 2 characteristic shapes of dendritic cells as those 

reported by Van hoorish and Patterson (Van Voorhis et al, 1982), (Patterson 

et al, 1991 ). Occasionally, DCs showed irregular dense nuclei with short 

pseudopodia that contain vacuoles. The membrane of these cells showed 

typical DCs processes with irregular contour that lacked microvilli seen in 

monocytes and lymphocytes membranes. Cytoplasm contained numerous 

mitochondria, rough endoplasmic reticulum and lysosomes (Van Voorhis et 

at, 1982). Another group of DCs showed smoother cell boundary with less 

processes and relatively larger nucleus. The nucleus showed less dense 

euchromatin with dense heterochromatin forming a thin rim at the nucleus 

membrane (Patterson et at, 1991 ). In addition, cells combining the criteria of 

both morphologies have been detected in some sections (Figure 5-8). 

The ability of MoDCs to endocytose P. gingiva/is strains and the resultant 

intracellular content after 2, 6, 12 and 24 hours were determined by TEM 

(Figure 5-8). At 2 hours, MoDCs engulfed all strains except MFB and 

intracellular bacterial contents were monitored until 24 hours time point. 

Although Pg38l, MFI and DPG-3 strains were detected within cell's 

cytoplasm, the sections showed higher intracellular content of DPG-3 strain 

especially at late time points of infections (12 and 24 hours). This distinct 

difference was most apparent after 24 hours, with large numbers of intra-and 

extra-cellular of DPG-3 within TEM sections. In contrast, cells infected with 

Pg38 1 or MFI showed no to minimal bacterial content after 24 hours 

(Figure 5-8). 
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Figure 5: Transmission Electron Microscopy of infected MoDCs at 2 hours 
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Figure 6: Transmission Electron Microscopy of infected MoDCs at 6 hours 
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Figure 7: Transmission Electron Microscopy of infected MoDCs at 12 hours 
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Figure 8: Transmission Electron Microscopy of infected MoDCs at 24 hours 
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lmmuno-electron Transmission Microscopy: 

The positive and negative controls for DC-SIGN by immuno-electron 

microscopy were stably transfected DC-SIGN positive and negative Raji 

cells (Figure 9). Different antibody dilutions were used to determine the 

suitable concentration for staining EM grid. At Ill 0 ( l OOJ.!g/ml) a false 

positive staining were detected in the membrane and cytoplasm of DC

SIGN-ve Raj i cells. Minimum false staining was detected at l /20 whi le no 

non-specific staining was detected at 1/50 concentration. At l/50, DC-SIGN 

was detected in the cell membrane of DC-SIGN+' e Raji cells (Figure 9). 

The DC-SIGN expression in infected-MoDCs was tested by immuno

electron microscopy. MoDCs infected with DPG-3 showed higher positive 

immuno-labeling for DC-SIGN relative to cells infected with Pg38 1 (Figure 

10). DC-SIGN was detected on the membrane but also in the cytoplasm of 

cells infected with DPG-3. The cytoplasmic staining in MoDCs is consistent 

with previous evidence for DPG-3 localization in DC-SIGN positive 

intracellular compartments (Zeituni et al, 2009). The cells infected with 

Pg381 showed minimal staining for DC-SIGN at the cell membrane and no 

cytoplasmic staining was detected at any of the time points (Figure 10). 
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Figure 9: lmmuno-electron Transmission Microscopy of Raji cells 

Sections showed gold labeling of DC-SIGN (blue arrows) at 1/10, 1/20 and 1/50 
dilutions of antibodies. Left panels showed the staining of Raji OC-SIGN-ve cells and 
Raji OC-SIGN•ve cells are on the right panels. 



~-~- - -

Results 72 -------------------------------------------------

Figure 10: lmmuno-electron Transmission Microscopy of MoDCs infected with Pg381 
and DPG-3 

lmmuno-electron microscopy of human MoDCs infected the Pg381 (left panels) and 
DPG-3 mutants (right panels). Gold particles (black) for positive DC-SIGN were 
detected in the cell membrane and cytoplasm of cells infected with Mfal •Pg strains. 
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Intracellular Pg381 and Mutants Strains within MoDCs: 

After 24 of P. gingiva/is infections, MoDCs were lysed and re-cultured in 

anaerobic broth for 5 days. MoDCs infected with DPG3 showed 

significantly higher intracellular bacterial content after 24 hours of infection 

(Figure 11) (Table 5). A DPG3 strain was the only growing bacteria in 

blood agar. In add ition, it showed the characteristics black colonies of P. 

gingiva/is bacteria after 12 days (Figure 11). DCs did not uptake MFB 

strain as shown in electron microscopy and epitluorescence m icroscopy 

(shown later). 

Table 5: Intracellular P. gingiva/is in MoDCs after 24 hours 

Samples Mean Diff. 95% Cl of diff. Adjusted P Value 

DPG3 vs. Pg381 82950000 7.433e+007 to 9.158e+007 < 0.0001 

OPG3 vs. MFI 92670000 8.404e+007 to 1.013e+008 < 0.0001 

Pg381 vs. MFI 9715000 1.086e+006 to 1.834e+007 0.0244 

Tukey's multiple comparisons test of the CFU calculations in the MoDCs after 24 hours of infection. 
The readings from three healthy individuals were analyzed by One-way ANOVA of different groups and 
Tukey's test for multiple group comparisons within 3 different experiments(* statistical significance) 
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Figure 11: Intracellular P. gingiva/is in M oDCs after 24 hours 

A) The data represents the intracellular bacteria within MoOCs harvested from 
three healthy individuals, The means ±standard deviations (in tri plicates) were 
analyzed by One-way AN OVA of different groups and Tukey's test for multiple group 
comparisons within 3 different experi ments (* statistical significance), B) The 
survived bacteria were confi rmed by culture in 5% blood agar plates under 
anaerobic conditions. 
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B. Specific aim 2: 

To determine the lysosomal activities of P. gingiva/is-containing vesicles 

(PgCV) in dendritic cells (DCs). We hypothesize that the interaction of 

minor fimbriae (Mfa-1) with DC-SIGN will inhibit phago-lysosomal 

degradation activities in PgCY 

Results Outline: Phagocytic and autophagy lysosomal machineries were 

monitored within MoDCs after the uptake of P. gingiva/is strains. The 

design aims to monitor the formation and maturation of PgCY within 

MoDCs after DC-SIGN and non-DC-SIGN bacterial uptake. Although the 

uptake of Pg38l strains increased Rab5 signals within MoDCs after 2 hours, 

the classical late endosomal marker (Rab7) was not detected after the uptake 

of Pg381 or DPG-3. Hence. autophagy marker LC3 was tested after P. 

gingiva/is strains infections. Early after the uptake, Pg381 and MFI 

significantly up-regulated LC3-II until 12 hours. Alternatively, LC3-II 

expression did not change within MoDCs after DPG-3 uptake relative to the 

un-infected cells. This distinct LC3-Il expression, among P. gingiva/is 

strains uptake, was confirmed by western and autophagy flux assays. In 

addition, specific DC-SIGN blocker (GP 120) only inhibited the uptake of 

DPG-3 and restore LC3-II expression to the basal level within DCs. 

The formation of the characteristic double membrane autophagy vesicles 

was monitored by electron microscopy. The majority of Pg381 and MFI 

were enclosed within double membrane intracellular vesicles. Alternatively, 

significant numbers of DPG-3 were detected within single membrane 

vesicles in the cytoplasm of MoDCs. The maturation of PgCY was tested 

within infected MoDCs by tracking lysosomal marker LAMP 1. Significant 
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decrease in the LAMP 1 signals was detected within MoDCs infected with 

DPG-3. On the other hand, Pg381 and MFI infections were associated with 

high LAMP 1 signals especially at 12 hours. 

Monitoring these intracellular consequences suggested the role of 

' antibacterial' autophagy in efficient degradation of P. gingiva/is within 

MoDCs. Hence, autophagy induction within MoDCs was achieved using 

Rapamycin 1 hour after bacterial infection. The stimulation of autophagy 

reduced the intracellular content of DPG-3 by 48%. Subsequently, survival 

assays of P. gingiva/is strains within MoDCs were performed in the milieu 

of autophagy enhancement. Studying the survival of different strains from 2 

to 48 hours within MoDCs showed that both time and strains are significant 

factors in P. gingiva/is survival. In addition, Rapamycin significantly 

impaired DPG-3 survival within MoDCs. 
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Tracking of phagosomal Markers Rab 5 and 7: 

To analyze the phagosomal machinery involved in uptake and routing of 

different P. gingiva/is strains by MoDCs, we performed tracking of the 

GTPase Rab family at the early (2 hours) and late (24 hours) stages of 

infection. Accordingly, MoDCs were monitored for early (Rab5) and late 

(Rab7) endosomal markers using transduction fluorescent protein chimera 

by baculovirus transgenes along with CFSE pre-labeled bacteria. Although 

both Pg381 and DPG-3 were taken up at 2 hours, only Pg381 was associated 

with Rab5 (Figure 12). Early routing of engulfed microbes to Rab5 is 

consistent with efficient recognition and degradative route of the enclosed 

cargo. Association of Pg38l with Rab5 within MoDCs lasted for 12 hours 

and subsequently the bacteria and Rab5 signals significantly decreased at 

later point (24 hours) (Figure 12). The Rab5 signal was weak at all time 

points in MoDCs infected with DPG-3. In addition, CFSE labeled DPG-3 

was more apparent than labeled Pg381 within MoDCs at 24 hours time point 

(Figure 12). 

The next step m cargo degradation is phagosomal maturation and 

lysosomal fusion in the late endosomes. MoDCs showed weak to no signal 

of Rab7 during the 24 hours of infection either with Pg381 or DPG-3 strains 

(Figure 12). Since Rab7 was not detected during intracellular processing of 

any of the P. gingiva/is strains, we investigated whether autophagy pathway 

may be involved in killing ofPg38l but not DPG-3. 
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Figure 12: Epifluorescence microscopy of RabS and 7 signals in MoDCs infected with 
Pg381 and DPG-3 strains (2 to 24 hours) 

MoDCs infected with Pg381 and DPG-3 strains for 2, 12 and 24 hours. RabS and 7 
labeled by transduction of red fluorescent protein (RFP) chimera and the bacterial 
strains were pre-labeled with CFSE (green). MoOCs nuclei are stained with DAPI. 
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Tracking of Autophagy Marker LC3-II (microtubule-associated protein 

1 light chain 3): 

LC3 tracking was performed in MoDCs infected with P. gingiva/is strains 

between 2 24 hours. LC3-II is the active form of cytosolic LC3 that 

associates with the autophagosome formation until cargo degradation 

(Mizushima, et a l. , 201 0). Immuno-florescence staining of LC3-II in cells 

infected P. gingiva/is showed higher signals (red) within cells infected with 

Pg381. This increase of LC3-II signal was detected at 2, 6, 12 and 24 hours 

of infection, where cells infected with DPG-3 showed low to no signals in 

these time points (Figure 13). The highest level of LC3-ll signal was 

detected after 12-hour of infection with Pg381. This time point (12 hours) 

was further investigated by labeling of the P. gingiva/is strains with 

Carboxy fluorescein succinimidyl ester (CFSE-green). 

The up-take of pre-labeled strains (Pg38l, DPG-3, MFI and MFB) and 

LC3-II expression within MoDCs were monitored by epifluorescence 

microscopy. Infection with Pg381 and MFI increased LC3-II signals in 

MoDCs at 12 hours. On the other hand, DPG-3 uptake reduced LC3-II 

signals in these cells (Figure 14). Moreover, quantification of the LC3-H 

signals in infected MoDCs showed significant increase in cells infected with 

Pg381 and MFI. In contrast, LC3-II was significantly decreased in cells 

infected with DPG-3 compared to un-infected cells (Cont.) (Table 6) 

(Figure 14). Uptake of Pg381 and all mutant strains except MFB was 

confirmed by quantification of CFSE fluorescent intensity. The highest 

uptake was detected in cells infected with DPG-3 and yet these cells had the 

lowest level of LC3-II signal (Table 6) (Figure 14). 
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Figure 13: Epifluorescence microscopy of LC3-II signals in MoDCs infected with Pg381 
and DPG-3 strains {2 to 24 hours) 

LC3-Il was detected in red-fluorescent (Texas red) dye in MoDCs infected with 
Pg381 and DPG-3 for 2, 6, 12 and 24 hours. 
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Figure 14: Epifluorescence microscopy of LC3-II signals in MoDCs infected with CFSE 
labeled P. gingiva/is strains (2 to 24 hours) 

LC3- II was detected in red-fluorescent (Texas red) dye and the bacterial strains 
were pre-labeled with CFSE (green). Merged sections are shown in the right panels. 
B) and C) Bars represent the quantifications of the fluorescent intensity LC3 (red) 
and P. gingiva/is (green). One-way ANOVA analysis was used to compare the means 
of intensity of different groups and Tukey's test for multiple comparisons (* and # 
p<O.Ol). 
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Table 6: LC3-II and P. gingiva/is immunofluorescent signals in MoOCs 

Samples (LC3 signal) Mean Diff. 95% Cl of diff. Adjusted P Value 

Cont. vs. DPG3 345.8 122.7 to 568.8 *0.0033 

Cont. vs. Pg381 -1641 -1864 to -1418 *< 0.0001 

Cont. vs. MFI -2070 -2293 to -1847 *< 0.0001 

Cont. vs. MFB -165.8 -388.8 to 57.26 0.1799 

DPG3 vs. Pg381 -1987 -2210 to -1764 *< 0.0001 

DPG3 vs. MFI -2416 -2639 to -2193 *< 0.0001 

DPG3 vs. MFB -511.5 -734.6 to -288.5 *0.0001 

Pg381 vs. MFI -429.1 -652.2 to 206.1 *0.0006 

Pg381 vs. MFB 1475 1252 to 1698 *< 0.0001 

MFI vs. MFB 1904 1681 to 2127 *< 0.0001 

Samples (CFSE signal) Mean Diff. 95% Cl of diff. Adjusted P Value 

Cont. vs. DPG3 -2038 -2322 to -1755 *< 0.0001 

Cont. vs. Pg381 -1340 -1624 to -1056 *< 0.0001 

Cont. vs. M Fl -1457 -1741 to -1173 *< 0.0001 

Cont. vs. MFB 64.37 -219.5 to 348.2 0.9402 

DPG3 vs. Pg381 698.4 414.6 to 982.3 *< 0.0001 

DPG3 vs. MFI 581.7 297.9 to 865.6 *0.0004 

DPG3 vs. MFB 2103 1819 to 2387 *< 0.0001 

Pg381 vs. MFI -116.7 -400.5 to 167.2 0.6676 

Pg381 vs. MFB 1404 1121 to 1688 *< 0.0001 

MFivs. MFB 1521 1237 to 1805 *< 0.0001 

Fluorescent Intensity of LC3-II and P. gingiva/is strains signals (n=3) Readings were analyzed by One-way ANOVA of 
different groups and Tukey's test for multiple group compansons (• statiStical s1gn1ficance at the p<O.Ol). 

Quantifications of the fluorescent intensity within infected cell were done by NIS-Eiements BR software. Three 
randomly selected regions of interest were selected for each field to quant1fy fluorescence dye intensities. 
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Autophagy Marker LC3-II expression after DC-SIGN blocking and 

inhibition of endocytosis: 

Infection ofMoDCs with DPG-3 has previously been shown to depend on 

engagement of DC-SIGN (Zeituni et a t, 2009). In the current study, this was 

confirmed by blocking DC-SIGN with HIV GPI20 prior to P. gingiva/is 

infection. Pre-treatment with GP 120 significantly inhibited the uptake of 

DPG-3 strain (Table 7) (Figure 15). Moreover, this inhibition was 

associated with significant up-regulation of LC3-II in these cells. This 

increase in LC3-II signal after blocking DC-S IGN restored the basal 

expression of LC3-II in MoDCs as no change was detected between 

uninfected cells and DPG-3 infected cells (GP120 vs. DPG3+GP120). On 

the other hand, GP 120 did not affect the uptake of Pg38l as no change was 

detected in the florescence of Pg38l between with and without GP120 

treatment. In addition, no change was detected in LC3-JI signals in cells 

infected with Pg381 after Gpl20 treatment (Table 7) (Figure 15). 

To determine the role of endocytosis in LC3-II regulation, MoDCs were 

treated with cytochalasin D (CytD) prior to infection. CytD inhibits actin 

polymerization and subsequently impair the whole endocytosis process. 

CytD significantly inhibited the uptake of both Pg38l and DPG-3 by 

MoDCs (Table 8) (Figure 16). Interestingly, inhibition of endocytosis 

restores the LC3-II signals to the basal level in MoOCs despite the PRR 

engagement (Table 8) (Figure 16). 
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Figure 15: Epifluorescence microscopy of LC3-II signals in MoDCs treated with GP120 

A) LC3-II was detected in red-fluorescent (Texas red) dye and the bacterial strains 
were pre-labeled with CFSE (green). Merged sections are shown in the right panels. 
B) One-way ANOVA analysis was used to compare the means of fluorescence 
intensity of different groups and Tukey's test for multiple comparisons (* and # 
p<0.01). 
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Table 7: Blocking of DC-SIGN and LC3-II and P. gingiva/is immunofluorescent signals in 
MoDCs 

Samples (LC3 signal) Mean Diff. 95% Cl of diff. Adjusted P Value 

GP120 vs. Pg381 -1607 -1755 to -1460 •< 0.0001 

GP120 vs. Pg381+GP120 -1716 -1864 to -1569 •< 0.0001 

GP120 vs. DPG3 385.2 237.9 to 532.6 •< 0.0001 

I 
GP120 vs. DPG3+GP120 88.33 -59.00 to 235.7 0.3432 

Pg381 vs. Pg381+GP120 -109.2 -256.5 to 38.16 0.1819 

I Pg381 vs. DPG3 1993 1845 to 2140 ·< 0.0001 

Pg381 vs. DPG3+GP120 1696 1548 to 1843 •< 0.0001 

Pg381+GP120 vs. DPG3 2102 1954 to 2249 ·< 0.0001 

Pg381+GP120 vs. DPG3+GP120 1805 1657 to 1952 ·< 0.0001 

DPG3 vs. DPG3+GP120 -296.9 -444.2 to -149.6 • 0.0004 

Samples (CFSE signal) Mean Diff. 95% Cl of daff. Adjusted P Value 

GP120 vs. Pg381 -1418 -1601 to 1235 ·< 0.0001 

GP120 vs. Pg381+GP120 -1136 1319 to 953.0 ·< 0.0001 

GP120 vs. DPG3 -1536 -1719 to -1353 ·< 0.0001 

GP120 vs. OPG3+GP120 -70.45 -253.4 to 112.5 0.7153 

Pg381 vs. Pg381+GP120 282.2 99.24 to 465.1 • o.0034 

Pg381 vs. DPG3 -117.4 -300.4 to 65.49 0.2862 

Pg381 vs. DPG3+GP120 1348 1165 to 1531 •< 0.0001 

Pg381+GP120 vs. DPG3 -399.6 -582.6 to 216.7 •o.ooo2 

Pg381+GP120 vs. DPG3+GP120 1066 882.6 to 1248 . < 0.0001 

DPG3 vs. DPG3+GP120 1465 1282 to 1648 · < 0.0001 

Fluorescent intensity of LC3-II and P. gingiva/is straans signals (n=3). Readings were analyzed by One-way AN OVA 
of dafferent groups and Tukey's test for multiple group comparisons (* statistical significance at the p<O.Ol). 

Quantifications of the fluorescent intensity within infected cell were done by NIS-Eiements BR software. Three 
randomly selected regions of interest were selected for each field to quantify fluorescence dye intensities. 
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Figure 16: Epifluorescence microscopy of LC3-II signals in MoDCs treated with 
cytochalasin D 

A) LC3-II was detected in red-fluorescent (Texas red) dye and the bacterial strains 
were pre-labeled with CFSE (green). Merged sections are showed in the right panels. 
B) One-way ANOVA analysis was used to compare the means of fluorescence 
intensity of different groups and Tukey's test for multiple comparisons (* and # 
p<0.01). 



Results ------------------------------------------------------------
Table 8: Inhibition of endocytosis and LC3-II and P. gingiva/is immunofluorescent 
signals in MoDCs 

Samples (LC3 signal) Mean Diff. 95% Cl of diff. Adjusted P Value 

CytD vs. Pg381 -1585 -2062 to -1109 *<0.0001 

CytD vs. Pg381 +CytD -139.4 -616.3 to 337.4 0.8657 

CytD vs. DPG3 407.2 -69.65 to 884.0 0.1048 

CytD vs. DPG3+CytD 21.84 -455.0 to 498.7 0.9999 

Pg381 vs. Pg381 +CytD 1446 969.1 to 1923 *<0.0001 

Pg381 vs. DPG3 1993 1516 to 2469 *<0.0001 

Pg381 vs. DPG3+Cyt0 1607 1130 to 2084 *<0.0001 

Pg381+Cyt0 vs. DPG3 546.6 69.79 to 1023 *0.0237 

Pg381+Cyt0 vs. DPG3+CytD 161.3 -315.5 to 638.1 0.7964 

DPG3 vs. DPG3+CytD -385.3 -862.1 to 91.50 0.1315 

Samples (CFSE signal) Mean Diff. 95% Cl of diff. Adjusted P Value 

CytD vs. Pg381 -1340 -1614 to -1065 *<0.0001 

CytD vs. Pg381+CytD -499.7 -774.0 to -22S.3 * 0.0010 

CytD vs. DPG3 -1457 -1732 to -1183 *<0.0001 

CytD vs. DPG3+CytD -578.0 -852.4 to -303.7 * 0.0003 

Pg381 vs. Pg381+CytD 840.1 565.8 to 1114 *<0.0001 

Pg381 vs. DPG3 -117.4 -391.8 to 156.9 0.6361 

Pg381 vs. DPG3+CytD 761.8 487.5 to 1036 *<0.0001 

Pg381+CytD vs. DPG3 -957.6 -1232 to -683.2 *<0.0001 

Pg381+Cyt0 vs. DPG3+CytD -78.33 -352.7 to 196.0 0.8751 

DPG3 vs. DPG3+CytD 879.3 604.9 to 1154 *<0.0001 

Fluorescent intensity of LC3·11 and P. gingiva/is strains signals (n=3). Readings were analyzed by One-way ANOVA 
of d1fferent groups and Tukey's test for multiple group comparisons (• statist1cal sign1ficance at the p<O.Ol). 

Quantifications of the fluorescent intensity within infected cell were done by NIS Elements BR software. Three 
randomly selected regions of interest were selected for each field to quant1fy fluorescence dye intensities. 
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Expression of LC3-II by Western blot and Autophagy Flux assay: 

To quantify LC3-II expression in MoDCs infected with P. gingivalis, 

western blotting analysis was performed (Figure 17). Pg381 and MFI 

infections significantly increased LC3-II expression in MoDCs. In contrast, 

DPG3-infected MoDCs showed no significant difference in LC3-II 

compared to the uninfected or MFB treated MoDCs. 

fn add ition, autophagy flux was measured by interfering LC3-II turnover 

using Bafilomycin (Bat) (Klionsky et al, 2008). Baf was used to inhibit the 

lysosomal fusion and increase the LC3 accumulation within MoDCs. Dose 

response test was carried out to determine the saturation level for Baf 

treatment within MoDCs. The optimum concentration was detected at 3 and 

4 nM. Treatment of Pg381-infected MoOCs with Bafilomycin resulted in 

further increase in LC3-II expression, confirming up-regulation of the 

autophagic machinery in these cells during infection alone (Figure 17). 
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Figure 17: Western blot and autophagy assay of LC3-II expression in infected MoDCs 

A) Jmmunoblot detection of LC3-II in MoDCs infected with Pg381 and mutant 
strains for 12 hours. B) The mean ±standard deviation of LC3- II intensity (in 
triplicates). C) The dose response of MoDCs to different concentrat ion of 
Bafilomycin after 4 hours of treatment. D) LC3- II intensity in MoDCS treated with 
different concentrations of Bafilomycin. E) Blot shows the autophagy flux test after 
blocking the lysosomal fusion with Bafilomycin in MoDCs. F) LC3- II intensity in 
MoDCs infected with Pg381 strains with/without Bafilomycin. The analysis of the 
intensity used Kruskal-Wallis test analysis of different groups and Dunn's test for 
multiple comparisons(* p<O.Ol). 
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Electron Microscopy of P. gi11giva/is-containing vesicles: 

Autophagy initially starts, in the cytoplasm, by entrapment of the target 

cargo within double membrane phagophores. To directly visualize the 

formation of the autophagic double membrane vesicles, TEM analysis were 

performed in MoDCs infected with all fimbri ated strains and un-infected 

controls (Figure 18-21). Sections ofun-infected MoDCs showed few double 

membrane structures exhibit non-selective autophagy characteristics 

(KI ionsky et al., 20 12). The content of these phagophores is morphologically 

identical to the cytoplasm. The structures contain similar density to ribosome 

and sequestered organelles were detected in few sections. (Figure 18). 

Tracking of Pg381 and MFI within MoDCs after 12 hours of infections 

showed that the majority of these two strains were contained in characteristic 

double membrane structures. The double membrane vesicles exhibit 

selective autophagy characteristics which target non-cytoplasmic structure 

(e.g. bacteria) (Kiionsky, et al., 20 12). The vesicle membranes were visible 

as parallel bi layer membrane separated by an e lectron-lucent cleft. The 

vesicles contained non-cytoplasmic structures and were detected in 

numerous numbers that correspond to bacterial invasion. The double 

membrane did not exhibit cisternal structure of mitochondria (Figure 19 

and 21). 

ln contrast, greater numbers of DPG-3 were consistently detected within a 

single membrane structures in the cytoplasm of MoDCs after 12 hours of 

infections (Figure 20). Although some DPG-3 occasionally detected within 

the double membrane vesicles in MoDCs, s ignificant number of intracellular 

bacteria were detected in a sing le membrane phagosomes. DPG-3 included 
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in the intracellular vesicles seems to be more intact and exhibited identical 

P. gingiva/is morphology (Figure 20). 

Quantification of the double membrane structures containing bacteria 

were counted in three randomly selected EM grids of each sample. 

Interestingly, bacterial numbers contained within double membrane 

structures did not differ among the strains (Table 9) (Figure 22). In contrast, 

the number of bacteria enclosed in a single membrane structures was 

significantly higher in MoDCs infected with DPG-3 strains than with Pg381 

and MFI (adjusted p=0.0219) (Table 9) (Figure 22). 
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Figure 18: Transmission Electron Microscopy of un-infected (control) MoDCs 

A) Uninfected (control) MoDCs. 8), C) and D) High magnification sections show the 
intracellular organelle. The double membrane structures were either mitochondria 
or non-selective autophagophores that contain cytoplasmic structures. 
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Figure 19: Transmission Electron Microscopy of P. gingiva/is-containing vesicles within 
MoDCs infected with Pg381 

A) MoOCs infected with Pg381. 8), C) and 0) High magnification sections show the 
intracellular P. gingiva/is contained in double membrane vesicles. The structures 
contained in the vesicles are non-cytoplasmic with empty spaces. 
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Figure 20: Transmission Electron Microscopy of P. gingiva/is-containing vesicles within 
MoDCs infected with DPG-3 

A) MoDCs infected with DPG-3. 8), C) and D) High magnification sections show the 
intracellular P. gingiva/is contained in single membrane vesicles. The structures 
contained in the vesicles show typical bacterial morphology and characteristics. 
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Figure 21: Transmission Electron Microscopy of P. gingivalis-containing vesicles within 
MoDCs infected with MFI 

A) MoOCs infected with MFI. B), C) and 0) High magnification sections show the 
intracellular P. gingiva/is contained in double membrane vesicles. The structures 
contained in the vesicles are non-cytoplasmic with empty spaces. Some content are 
partially degraded. Some vesicles are fused with dense smaller vesicles that could be 
lysosomes. 
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Figure 22: Single- and double-membrane vesicles in MoDCs infected with P. gingiva/is 
strains. 

Counting of the bacteria included in single or doubled membrane intracellular 
vesicles after 12 hours of infections. Each strain was counted in three randomly 
selected grids for each sample. The analysis of the bacterial counts used Kruskai
Wallis test of different groups and Dunn's test for multiple comparisons (*p<O.Ol). 

Table 9: Formation of single membrane intracellular vesicles within infected MoDCs 

Bacteria in Single M vesicles Mean Diff. 95% Cl of diff. Adjusted P Value 

Pg381 vs. M Fl -55.67 -136.6 to 25.31 0.1680 

Pg381 vs. DPG3 -165.7 -246.6 to -84.69 *0.0018 

MFI vs. DPG3 -110.0 -191.0 to -29.02 *0.0139 

Numbers of single membrane intracellular vesicles were counted 1n 3 randomly selected grids for each sample. 
Counts were analyzed by Kruskai-Wallis test of different groups and Dunn's test for multiple comparisons (• 
stat1stical significance at the p<O.Ol) 
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Detection of Lysosomal Marker LAMP-l: 

Due to reported link between autophagy maturation and lysosome 

function (Xiong et al., 2013 ), the study aim to determine whether the 

lysosomal process is also affected by DPG-3 mediated evasion of the 

autophagosomal machinery. LAMPl tracking was performed in cells 

infected with green CFSE-labeled P. gingiva/is strains between 2 to 24 

hours. LAMPl was detected by transduction of red fluorescent protein 

(RFP) chimera by baculovirus transgenes in MoDCs. The uptake of Pg381 

and DPG-3 strains by MoDCs at 2 hours relative to uninfected controls was 

confirmed (Figure 23). At 24 hours, Pg381 CFSE signal was mostly lost 

compared to DPG-3 signal within MoDCs. Uptake of Pg38l was associated 

with increased LAMPl at 2 hours, while minimal LAMP 1 were detected in 

cells infected with DPG-3 at all time points (Figu re 23). 

The highest signal of LAMP 1 in Pg381- and MFI-infected MoDCs was at 

12 hours and yet there was no increase in LAMPl signal within DPG-3 

infected MoDCs (Figure 24). In addition, co-localization was observed 

between Pg381 and LAMPl at 12 hours. Quantification of LAMPI 

intensities within Pg381 and MFI-infected MoDCs was significantly higher 

than DPG3-infected and un-infected MoDCs (p<O.OO I) (Table 10) (Figure 

24). 
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Figure 23: Epifluorescence microscopy of LAMPl signals in MoDCs infected with CFSE 
labeled P. gingiva/is stra ins (2 and 24 hours) 

LAMPl was detected in red-fluorescent (Texas red) dye and the bacterial strains 
were pre-labeled with CFSE (green). Merged sections are shown in the right panels. 
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Figure 24: Epifluorescence microscopy of LAMPl signals in MoDes infected with CFSE 
labeled P. gingiva/is strains (12 hours} 

A) LAMPl was detected in red-fluorescent (Texas red) dye and the bacterial strains 
were pre-labeled with CFSE (green). Merged sections are showed in the right panels. 
B) One-way ANOVA analysis was used to compare the means of fluorescence 
intensity of different groups and Tukey's test for multiple comparisons(# p<O.Ol). 
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Table 10: LAMPl and P. gingiva/is immunofluorescent signals in MoDCs (12 hours) 

Samples (LAMPl signal) Mean Diff. 95% Cl of diff. 
Adjusted P 
Value 

Cont. vs. Pg381 -299.2 -446.8 to -151.5 *0.0009 

Cont. vs. DPG3 -47.54 -195.2 to 100.1 0.7370 

Cont. vs. MFI -194.6 -342.2 to -46.96 *0.0124 

Pg381 vs. DPG3 251.6 104.0 to 399.2 *0.0027 

Pg381 vs. MFI 104.6 -43.04 to 252.2 0.1848 

DPG3 vs. MFI -147.0 -294.7 to 0.5781 0.0509 

Samples (CFSE signal) Mean Diff. 95% Cl of diff. 
Adjusted P 
Value 

Cont. vs. Pg381 -625.4 -838.6 to -412.2 *< 0.0001 

Cont. vs. DPG3 -709.9 -923.1 to -496.7 *< 0.0001 

Cont. vs. MFI -416.0 -629.2 to -202.9 *0.0011 

Pg381 vs. DPG3 -84.48 -297.7 to 128.7 0.6050 

Pg381 vs. M Fl 209.4 -3.807 to 422.6 0.0542 

DPG3 vs. MFI 293.9 80.68 to 507.1 *0.0097 

Fluorescent intensity of LAMPl and P. gingiva/is strains signals (n=3). Readings were analyzed by One-way 
ANOVA of different groups and Tukey's test for multiple group comparisons (• statistical significance at 
thep<O.Ol) 

100 



Results 101 ------------------------------------------------------

Intracellular Pg381 and Mutants Strains within MoDCs after 

rapamycin treatment: 

To further confirm the survival tactic of DPG-3, through autophagy 

evasion, the intracellular P. gingiva/is strains in MoDCs was monitored after 

induction of autophagy by mTOR inhibitor Rapamycin. The induction of 

autophagy was confirmed by immuno-labeling of LC3-II in control and 

infected MoDCs (1 hour after P. gingiva/is infections) (Figure 25). After 24 

hours, cells were lysed and the intracellular bacteria were incubated in 

anaerobic broth for 4 days. Infection of MoDCs resulted in a significant 

increase in survival ofDPG-3 at 24 hours (p<O.OOl) (Table 11) (Figure 25). 

Rapamycin treatment of DPG3-infected MoDCs (DPG3+Rapa) significantly 

decreased intracellular bacteria by - 48°,o (p <0.00 I) (Table 11) (Figure 25). 
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Figure 25: Intracellular P. gingiva/is in MoDCs after Rapamycin treatment (24 hours) 

A) Pg381 and mutant strains counts after 24 of incubation with human MoDCs 
with/without Rapamycin treatment. The plot represents the means ±standard 
deviation of bacterial counts (CFU) within MoDCs. Cells were differentiated from 
monocytes harvested from three healthy individuals. The analysis of the readings 
used One-way AVOVA analysis of different groups and Tukey's test for multiple 
comparisons (" p<0.001). B) Epifluorescence microscopy images of MoDCs treated 
with Rapamycin 1 hour after P. gingiva/is infections. LC3- ll (red-fluorescent dye) 
and the bacterial strains (green CFSE). 
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Table 11: Intracellular P. gingiva/is strains in MoDCs treated with Rapamycin 

Samples Mean Oiff. 95% Cl of diff. 
Adjusted P 
Value 

-8.034e+006 to 
Pg381 vs. Pg381+Rapa 4359000 1.675e+007 0.8855 

-2.553e+006 to 
Pg381 vs. M Fl 9840000 2.223e+007 0.1736 

-5.312e+007 to -
Pg381vs.DPG3+Rapa -40730000 2.834e+007 *< 0.0001 

-1.153e+008 to -
Pg381 vs. DPG3 -102900000 9.049e+007 *< 0.0001 

-1.396e+007 to 
MFI vs. MFI+Rapa 498223 1.496e+007 > 0.9999 

9.826e+007 to 
OPG3 vs. MFI 112700000 1.272e+008 *< 0.0001 

4.976e+007 to 
DPG3 vs. OPG3+Rapa 62150000 7.455e+007 *< 0.0001 

Tukey's multiple comparisons test of the eFU calculations in the MoDes after 24 hours of 
infection with/without rapamycin treatment. The readings within MoDes from three healthy 
individuals were analyzed by One-way ANOVA of different groups and Tukey's test for multiple 
group comparisons within 3 different experiments(* statistical significance). 
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Autophagy induction and survival of Pg381 and Mutants Strains: 

To further test the survival of P. gingiva/is according to the PRR 

engagement on MoDCs, as well as the effect of Rapamycin on these 

patterns, intracellular bacteria were monitored after 6, 12, 24 and 48 hours of 

incubation with MoDCs (Table 12) (Figure 26). DPG-3 within MoDCs 

(DPG3+DC) showed the highest CFU count at a ll time points except at 6 

hours where it was similar to (Pg38 1 +DCs) (Table 12) (Figure 26). Pg38 l 

and MFI within MoDCs (Pg381 + DCs and MFI+DCs) levels were 

significantly higher than bacteria in the absence of MoDCs until 12 hours, 

then a significant decrease in both strains were detected at 24 and 48 hours. 

On the other hand, the highest level of DPG-3 count was at 24 hours, with 

the numbers of P. gingiva/is significantly increasing at 6, 12 and 24 hours 

(Table 12) (Figure 26). Although MoDCs increased the survival of Pg381 

and MFI relative to no MoDCs samples, both strains showed consistent 

decreases in number in time depended manner (Table 12) (Figure 26). 

Rapamycin significantly inhibited DPG-3 counts at 6, 12 and 24 hours 

within MoDCs (DPG3+DCs+Rapa) (Figure 27). However, DPG-3 numbers 

within MoDCs treated with rapamycin (DPG3+0Cs+Rapa) were still 

significantly higher than bacteria alone in the absence of MoDCs (DPG3) at 

12 and 24 hours. For Pg381, rapamycin significantly decreased the 

intracellular survival, with no significant differences detected re lative to 

bacteria alone (Pg381) except at 12 hours. MFI showed significant 

intracellular survival (MFI+ DCs) only at 12 hours, which was significantly 

inhibited with rapamycin treatment (Table 13) (Figure 27). The analysis of 

the data using three-factor repeated measures ANOV A showed that both 

time and intracellular environment are significant factors in P. gingiva/is 
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survival, with rapamycin significantly impairing P. gingiva/is survival with 

MoDCs (Table 9). 
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Figure 26: Survival of P. gingiva/is strains within MoDCs (2 to 48 hours) 

Plot for the survival of P. gingiva/is strains w ithin MoDCs after 6, 12, 24 and 48 
hours. DPG-3 strains (DPG3+0Cs) showed the highest survival rate within MoDCs. 
DPG-3 strain (DPG3+DCs) was significantly higher than bacteria alone (DPG3) as 
well as higher than Pg381 (Pg381+0Cs) and MFI (MFI+DCs). No significant 
difference was detected between Pg381 (Pg381 +DCs) and MFI (MFI+DCs) survival 
rates within MoDCs except at 6 hours. The survival of Pg381 and MFI strains within 
MoDCs (Pg381+0Cs and MFI+DCs) was significantly higher than bacteria alone 
(Pg381 and MFI) at 6 and 12 hours only. 
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A Rapamycln effect on DPG3 Survival within MoDCs 
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Figure 27: Survival of P. gingiva/is strains within MoDCs after Rapamycin treatment {2 
to 48 hours) 

Figure shows the effect of rapamycin on OPG3, Pg381 and MFI survival within 
MoOCs. A three-factor repeated measures ANOVA using mixed models was used to 
test the effect of strain and rapamycin treatment over time on bacterial counts. The 
survival curves for the strains are showed in blue, while the effect of rapamycin 
treatments are in red. Bacterial survivals in the absence of MoOCs with/without 
rapamycin are plotted in grey and black, respectively. 
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Table 12: Colony forming unite readings of P. gingiva/is strains within MoDCs after 
Rapamycin treatment (2 to 48 hours) 

CFU 

Strain Ohrs 6hrs 12hrs 24hrs 48hrs 

Pg381 24.7E+6 15.3E+6 5.6E+6 l.SE+6 l.SE+6 

sdv 1.1E+6 1.7E+6 2.2E+6 647.2E+3 647.2E+3 ----
Pg381+Rapa 24.7E+6 17.2E+6 3.7E+6 1.9E+6 1.9E+6 

sdv 1.1E+6 1.3E+6 1.3E+6 647.2E+3 647.2E+3 ---
Pg381+0Cs 24.7E+6 28.4E+6 18.7E+6 7.5E+6 1.1E+6 

sdv 1.1E+6 1.3E+6 647.2E+3 1.3E+6 1.1E+6 - - -- - - - --
Pg381+0Cs+Rapa 24.7E+6 16.1E+6 11.6E+6 1.1E+6 1.1E+6 

sdv 1.1E+6 1.7E+6 1.3E+6 1.1E+6 O.OE+O ------
DPG3 24.7E+6 16.8E+6 1.9E+6 2.2E+6 l.SE+6 

sdv 1.1E+6 1.1E+6 647.2E+3 647.2E+3 647.2E+3 

DPG3+Rapa 24.7E+6 17.9E+6 3.4E+6 l.SE+6 l.SE+6 

sdv 1.1E+6 1.1E+6 647.2E+3 647.2E+3 647.2E+3 

DPG3+DCs 24.7E+6 26.9E+6 28.8E+6 32.SE+6 6.7E+6 

sdv 1.1E+6 1.1E+6 647.2E+3 1.1E+6 3.0E+6 

DPG3+0Cs+Rapa 24.7E+6 14.9E+6 19.1E+6 14.9E+6 l.SE+6 

sdv 1.1E+6 647.2E+3 1.1E+6 647.2E+3 647.2E+3 -
MFI 25.0E+6 14.2E+6 3.7E+6 l.SE+6 l.SE+6 

sdv 1.3E+6 647.2E+3 1.7E+6 647.2E+3 647.2E+3 

M FI+Rapa 23.9E+6 16.2E+6 3.4E+6 1.9E+6 1.9E+6 

sdv 1.7E+6 4.5E+6 1.1E+6 647.2E+3 647.2E+3 
-

M FI+DCs 24.7E+6 19.4E+6 16.8E+6 3.4E+6 1.1E+6 

sdv 3.0E+6 1.7E+6 1.1E+6 1.1E+6 1.1E+6 ·--...... -............ ________ . ________ 
M FI+Rapa 23.2E+6 15.7E+6 6.4E+6 1.1E+6 1.1E+6 

sdv 2.3E+6 1.1E+6 1.3E+6 O.OE+O O.OE+O --------
Colony forming unite (CFU) calculations based on the 00 readmgs at 660 nm. The data 
represents the bacterial survival within MoDCs. Cells were differentiated from monocytes 

harvested from three healthy individuals. 
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Table 13: A three-factor repeated measures ANOVA using mixed models of P. 

gingiva/is stra ins within MoDCs after Rapamycin treatment 

Effect NumDF Den OF F value Pr > F 

Strain 2 18 511.34 <0.0001 

trt 1 18 739.33 <0.0001 

Strain*trt 2 18 52.98 <0.0001 

Timept 4 72 1157.04 <0.0001 

Strain* Timept 8 72 124.91 <0.0001 

trt • Timept 4 72 71.47 <0.0001 

Strain*trt 
8 72 19.42 <0.0001 

*Timept 
Type 3 test of fixed effect showed that both time and intracellular environment are significant factors in P. 
gingiva/is survival, with rapamycin significantly impairing stra1ns surv1val w1th MoDCs. 
Trt: treatment, Ttmept; t1me point. 
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C. Specific aim 3: 

To determine the influence of intracellular persistence of P. gingiva/is within 

DCs on the induction of atherogenic phenotype. We hypothesize that 

intracellular persistence of P. gingiva/is, mediated by minor fimbriae, 

induces a highly migratory, endothelial invasive (atherogenic) DC profile. 

Results Outline: Kinetics of DC-SlGN and Lox I expression in MoDCs 

infected with P. gingivalis strains were investigated during 2 to 24 hours of 

infection. Real-time PCR was used to quantify the genes expression at 2, 6, 

12 and 24 hours after P. gingiva/is infections. Significant changes were 

detected in the expression ofDC-SIGN and Lox! mRNA at 12 and 24 hours 

and some points of interest were detected at 1 and I 0 MOL In addition, 

Lox I expression after 12 hours showed difference between Pg381 and DPG-

3 infections at 1 MOL However, the significant distinction between PG381 

and DPG-3 infections were detected in the expression of DC-SIGN mRNA 

after 12 hours of infection especially at I 0 MOl. This distinction was 

detected in the expression of Loxl mRNA at the same time point. Hence, 

further analysis of the gene expression was carried out after 12 hours of 

infection and at l 0 MOL The investigations utilized real-time PCR array to 

profile important markers of maturation, inflammation and migration 

markers of MODCs. 

PCR array included 28 genes related to maturation, inflammation and 

migration markers in MODCs. Cells infected with DPG-3 strains showed 

higher expression of immature and highly migratory mRNA markers. In 

addition, these cells express higher pro-inflammatory profi le as well as T

regulatory cells inducer such as IDO. 
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Quantitative real time PCR: 

DC-SIGN mRNA expression: Gene expressions of DC-SIGN in MoDCs 

infected with P. gingiva/is strains were monitored during 24 of infection. 

MoDCs were infected with different strains at 0.1, l and 10 multiplicity of 

infection (MOl). No statistical difference was detected in DC-SIGN mRNA 

expression in MoDCs after 2 and 6 hours of infection (Table 14) (Figure 28 

and 29). 

After 12 hours of infection, DC-SIGN mRNA showed different 

expression in cells infected with Pg381 and DPG-3. At 10 MOl, DC-SIGN 

was significantly up-regulated in MoDCs infected with DPG-3 strain(+ 14.1 

fold, p 0.005). Alternatively, DC-SIGN expression was down-regulated in 

cells infected with Pg381 and MFI ( -4.5 fold, p 0.024) ( -1.2 fold, p=O.O 16) 

respectively. At l MOl, infection with DPG-3 significantly up-regulated 

DC-SIGN mRNA (+4.1 fold, p=0.002). However, no significant change in 

the gene expression was detected in cells infected with Pg381 at 1 MOL 

(Table 14) (Figure 30). 

At 24 hours, no significant change in DC-SlGN mRNA was detected after 

infections with all strains. Although, a few readings achieved statistical 

significance but non were above 2 fold regulation limit. Infection at 0.1 MOl 

with all strains did not change the expression of DC-SIGN in MoDCs 

(Table 14) (Figure 31). 

Loxl mRNA expression: Gene expresston of Loxl in MoDCs showed 

significant changes after 6 hours of infections. However, no distinction 

could be detected among different strain infections or MOis (Table 15) 

(Figure 29). After 12 hours, significant down-regulation of Lox mRNA 
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were detected in MoDCs infected with Pg38l at 0. 1 and I MOl as well as in 

cells infected with MFI at same MOTs. Alternatively, DPG-3 infection 

significantly up-regulated Lox mRNA at I and l 0 MOTs (+20.5 fold, 

p 0.0091) (+ 10.2 fold, p=0.0028) respectively (Table 15) (Figure 30). 

After 24 hours of infection, Lox I expression was significantly up

regulated with DPG-3 infection at all MOTs (0.1, I and 1 0) (Table 15) 

(Figure 3 1). Nonetheless, no significant change was detected in MoDCs 

infected with Pg381 in all level of infections. A few point of MFI and MFB 

infections showed statistical significance, yet all changes were below the cut 

off point of2 fold of regulation (Table 15) (Figure 3 1). 
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Figure 28: DC-SIGN mRNA expression in MoDCs infected with P. gingiva/is strains at 

0.1, 1 and 10 MOl {2 hours) 

Bars indicate the fold regulation of the genes and were calculated relative to the 
expression in the un-infected MoDCs. 
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Figure 29: DC-SIGN mRNA expression in MoOCs infected with P. gingiva/is strains at 
0.1, 1 and 10 MOl {6 hours) 

Bars indicate the fold regulation of the genes and were calculated relative to the 
expression in the un-infected MoDCs. 
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Figure 30: DC-SIGN mRNA expression in MoDCs infected with P. gingiva/is strains at 
0.1, 1 and 10 MOl (12 hours) 

Bars indicate the fold regulation of the genes and were calculated relative to the 
expression in the un-infected MoOCs. 
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Figure 31: DC-SIGN mRNA expression in MoDCs infected with P. gingiva/is strains at 
0.1, 1 and 10 MOl (24 hours) 

Bars indicate the fold regulation of the genes and were calculated relative to the 
expression in the un-infected MoDCs. 
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Table 14: Expression of DC-SIGN mRNA within infected MoDCs (2 to 24 hours) 

2 hours 6 hours 

MOl Avg. Sdv P value Avg. Sdv P value 

Cont. 0.8 1.1 0.2 1.1 

Pg381 0.1 -0.5 1 .2 0 .4559 -1.4 0.1 0.1156 
1 -0.4 1.2 0.4667 -1.5 0.1 0.1046 
10 1.0 0.0 0.4902 -1.8 0.1 0.0981 

DPG3 0.1 -1.2 0 .1 0.2822 -1.1 0.1 0.1671 
1 -1.3 0 .1 0 .2590 -1.3 0.1 0.1351 
10 0.3 1.3 0 .9601 -2.3 0.4 0.0956 

MFI 0.1 -1.3 0.2 0.2082 -1.3 0.1 0.1458 
1 -1.3 0.2 0 .2121 -1.4 0.1 0.1322 
10 0.3 1.3 0.9601 -1.4 0.1 0.1181 

MFB 0.1 -1 .5 0.4 0.2691 -1.1 0.0 0.1712 
1 -1 .6 0.4 0.2500 -1.3 0.0 0.1377 
10 1.0 0.0 0.5010 -1.3 0.1 0.1362 

12 hours 24 hours 

MOl Avg. Sdv P value Avg. Sdv P value 

Cont. 0.50 1.01 0.70 1.04 

Pg381 0.1 -2.40 1.23 0.0625 -0.12 1.73 0.4376 
1 -1.56 1.99 0.1807 -1.39 3.17 0.3009 
10 -4.55 2.56 •o.0243 0.02 1.66 0.5485 

DPG3 0.1 -4.61 5.77 0.2195 -0.92 1.72 0.1577 
1 4.15 0.98 • o.oo2s -0.71 2.29 0.3081 
10 14.17 3.81 • o .ooss -6.62 10.96 0.2726 

MFI 0.1 1.82 0.22 0.0964 -1.74 0.09 • o.o211 
1 1.24 0.00 0 .1481 -1.55 0.45 0.0608 
10 -1.20 0 .12 • o.otst -1.10 0.03 • o.0341 

MFB 0.1 1.44 0 .93 0.0675 1.90 0.50 •o.0043 
1 1.36 1.16 0.4210 1.92 0.10 0.0613 
10 2.06 0.36 0.0741 -1.37 0.31 •o.0247 

The target gene (DC-SIGN) was normalized us1ng the endogenous control GAPDH (t.Ct ) and fold regulations 
were calculated us1ng 2 Al!r method. The st atistical analys1s was performed using the t-test, which accounts for 
the clustenng of un-1nfected controls w ithm 3 different experiments (•p-value <0.01). 

MOl: mult1plic1ty of infect1ons, Avg.: average, Sdv: standard deviat ion. 
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Table 15: Expression of loxl mRNA within infected MoDCs (2 to 24 hours) 

2 hours 6 hours 

MOl Avg. Sdv P value Avg. Sdv P value 

Cont. 0.3 1.6 0.4 1.1 

Pg381 0.1 2.5 0.2 0.1253 3.0 0.3 0.0503 
1 2.5 0.2 0.1235 2.9 0.3 0.0538 
10 3.0 0.1 0.0878 5.4 0.8 *0.0208 

DPG3 0.1 5.5 0.8 0.0449 4.4 0.4 *0.0273 
1 5.4 0.8 0.0466 4.2 0.4 *0.0301 
10 4.5 1.3 0.0847 4.5 1.3 *0.0429 

MFI 0.1 3.0 0.1 0.0832 3.5 0.2 *0.0283 
1 3.0 0.1 0.0821 3.4 0.2 *0.0300 
10 5.4 1.3 0.0799 5.4 1.3 *0.0472 

MFB 0.1 2.1 0.6 0.1944 3.7 0.9 *0.0239 
1 2.0 0.6 0.2105 3.5 0.9 *0.0268 
10 -1.2 0.1 0.2472 6.2 1.1 *0.0170 

12 hours 24 hours 

MOl Avg. Sdv P value Avg. Sdv P value 

Cont. 0.9 1.1 0.50 1.01 

Pg381 0.1 -25.39 6.89 *0.0071 0.38 3.91 0.9386 
1 -19.72 8.50 *0 .0225 1.95 6.08 0.6723 
10 0.11 1.41 0.7337 15.32 14.74 0.1466 

DPG3 0.1 -24.78 10.19 *0.0202 7.84 4.38 *0.0263 
1 20.53 7.44 *0.0091 11.91 3.86 *0.0051 
10 10.25 1.68 *0.0028 14.69 4.44 *0.0064 

MFI 0.1 -2.02 0.03 *0.0143 1.24 0.16 0.0839 
1 -1.92 0.29 *0.0029 0.44 1.48 0.8460 

10 -0.57 1.38 0.1936 1.75 0.36 *0.0088 

MFB 0.1 -0.49 1.98 0.5356 1.47 0.29 *0.0233 
1 -0.36 1.38 0.2706 1.40 0.38 *0.0163 
10 0.36 1.30 0.7064 1.73 0.03 0.0529 

The target gene (Loxl) was normalized us1ng the endogenous control GAPOH (liCt) and fold regulations were 
calculated using 2 Mn method. The statistical analysis was performed using the t-test, wh1ch accounts for the 
clustenng of un-infected controls within 3 different experiments (• p-value <0.01). 
MOl: multiplicity of infections, Avg.: average, Sdv: standard deviation 
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Q uantitative real time PCR (qrt-PCR) array: 

The expression of 28 genes related to maturation, inflammation and 

migration profiles of DCs has been investigated after 12 hours of P. 

gingiva/is infections. 

DCs maturation and phenotype: Pg38l infection significantly down

regulated the expression of DC-SIGN in MoDCs (-4.0 fold, p=O.OOOl). 

Conversly, DPG-3 up-regulated DC-SIGN (CD209) mRNA (+6.9 fold, 

p 0.0 188). Both Pg381 and DPG-3 significantly down-regulated the 

expression of CD l a, CD lc and CD36. In addition, both strains up-regulated 

CD80 mRNA (+4.8 fold, p=0.023) (+5.5 fold, p 0.023) respectively. MFI 

infection significantly down-regulated the expression of CD 1 a, CD 1 c and 

CD36 (-3.4, -3.6 and -3.6 fold) respectively. While MFB strain down

regulated COle and CD36 mRNA (-4.2 and 4.1 fold). In addition, MFB 

infection down-regulated DC-SIGN (CD209) mRNA ( -4.1 fold, p=0.027). 

No significant changes were detected in the expression of CD14, CD40, 

CD83 and CD86 after infection with all strains (Table 16 and 17) (Figure 

32-35). 

The inflammatory markers showed distinct pattern of expression 

comparing Pg381 to DPG-3 infections. 100 I mRNA significantly up

regulated after infection with DPG-3 (-+ 151 fold, p=O.O 15), while the up

regulation was detected in Pg381-infected MoDCs (+76.5 fold, p=0.004). 

MFI up-regulated IDOl mRNA (+54.4 fold, p 0.0.006), while the lowest 

up-regulation of IDO 1 was in MFB-infected cells ( + 32.4 fold, p= 0.006). In 

addition, Lox I mRNA was significantly up-regulated in cells infected with 

DPG-3 ( -L-8.6 fold , p=O.O 14). Alternatively, the change in Lox I expression in 
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cells infected with Pg381 was less that 2 fold ( + 1.8, p=0.026). No significant 

change was detected in Loxl expression after MFI infection, while slight up

regulation of the gene was recorded in MFB-infected cells (+3.7 fold, 

p 0.029). No significant change was detected in the expression ofMMPs (1, 

8 and 9) among cells infected with all P. gingiva/is strains. Fimbriated 

strains (PG38 1, DPG-3 and MFI) significantly up-regulated TLR2 (- +4 

fold), while infection with MFB did not change the gene expression within 

MoDCs. Although all strains down-regulated TLR4 expression, the 

statistical significance was only achieved in MFI and MFB infected-cells (-

3.7, p 0.041) ( -4.1, p= 0.029) respectively (Table 16 and 17) (Figure 32-

35). 

Pg381 infection significantly up-regulated the CCL 19, CCL5 and CCR7 

mRNA (+2.3, +4.2 and +8.4 fold). In addition, Pg381 strain down-regulated 

CCL2l, CCR2 and CXCL16 mRNA (-7.1, -5.4 and -3.4 fold). DPG-3 

significantly down-regulated CCL21, CCR2 and CXCCRI (-3.1, -2.4 and-

2.3 fold). MoDCs infected with MFI strains showed up-regulation of CCL5 

(-+ 4.5 fold, p=0.015) and down-regulation of CC21 (-4.2 fold, p =O.OOI). In 

addition, cells infected with MFB strains significant down-regulation in 

CCL19, CCL21, CCR2 and CXCR I mRNA (-1.5, -9.1, -5.8 and -3.2 fold). 

(Table 16 and 17) (Figure 32-35). 
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Figure 32: Quantitative real time PCR array of genes expression in MoDCs infected 
with Pg381. 

Logz fold differences in gene expression of Pg381 infected vs. un-infected (control) MoDCs 
are plotted against p values for t-tests. Each point represents the average fold regulation 
from 3 arrays. All values above the dotted line (p<O.OS) indicate differences that were 
significant. Genes plotted within the shaded area were up- or down-regulated less than two
fold . 
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Figure 33: Quantitative real time PCR array of genes expression in MoDCs infected 
with DPG-3. 

Logz fold differences in gene expression of DPG-3 infected vs. un-infected (control) MoDCs 
are plotted against p values for t-tests. Each point represents the average fold regulation 
from 3 arrays. All values above the dotted line (p<O.OS) indicate differences that were 
significant. Genes plotted within the shaded area were up- or down-regulated less than two
fold. 
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Figure 34: Quantitative real time PCR array of genes expression in MoDCs infected 
with MFI. 

Log2 fold differences in gene expression of MFI infected vs. un·infected (control) MoDCs are 
plotted against p values for Hests. Each point represents the average fold regulation from 3 
arrays. All values above the dotted line (p<O.OS) indicate dtfferences that were significant. 
Genes plotted within the shaded area were up· or down·regulated less than two·fold. 
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Figure 35: Quantitative real time PCR array of genes expression in MoDCs infected 
with MFB. 

Log2 fold differences in gene expression of MFB infected vs. un-infected (control) MoDCs are 
plotted against p values fort-tests. Each point represents the average fold regulation from 3 
arrays. All values above the dotted line (p<O.OS) indicate differences that were significant. 
Genes plotted within the shaded area were up· or down-regulated less than two-fold. 
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Table 16: qrt-PCR array of MoDCs infected with Pg381 and DPG-3 strains 

Pg381 DPG-3 

Ge ne Fold Regulation P-volue Fold Regulation P-volue 

COlA -3.9 *0.0270 1.7 0.0814 

c CD1C -4.0 *0.0280 3.7 *0.0258 
0 ·.-: 

CD14 1.1 0.4785 1.2 0.3931 11) .... 
::I ... CD209 -4.0 *0.0001 6.9 *0.0188 11) 

E 
CD36 -3.9 *0.0228 -3.7 *0 .0197 ......... 

~ 
a. 

CD40 1.8 0.0851 1.9 0.0937 > ... 
0 

CD80 c 4.8 
~ 

*0.0238 5.5 *0.0237 
.s: 
0.. CD83 2.1 0.1437 2.3 0.0998 

CD86 -1.8 0.0961 -1.8 0.0921 

IDOl 76.5 *0.0041 151.4 *0.0159 

IL6 >500 *0 .0201 >500 *0.0377 

c MMPl 2.0 0.1587 2.2 0.1205 
0 ... MMP8 NO 
11) 

NO NO NO 

E MMP9 -2.0 0.0890 -1.9 0.0831 E 
11) Lox1 1.8 *0.0262 8.6 *0.0141 ;: 
c 

TIMPl 4.1 *0 .0305 9.2 *0.0060 

TLR2 4.1 *0.0307 4.3 *0.0271 

TLR4 -2.0 0.0974 -1.9 0.0889 ----
CCL19 2.3 *0.0204 2.9 0.0944 

CCL2 2.1 0.1377 2.3 0.0973 

CCL21 -7.1 *0.0084 -3.1 *0.0155 

c CCL5 4.2 *0.0291 9.2 0.0095 
0 ·.-: CCR2 -5.4 *0.0162 -2.4 *0.0414 
11) .... 
.~ CCR5 -1.8 0.0951 -1.8 0.0908 
~ 

CCR7 8.4 *0.0017 17.9 *0.0157 

CX3CR1 -3.4 *0.0190 -2.3 *0.0051 

CXCL16 1.0 0.4450 1.1 0.3534 

CXCR4 -2.0 0.0961 -1.9 0.0805 

The statiStiCal analySIS of fold regulations (2"""" ' ) was performed usmg the t-test w1th un-mfected 
controls w1thm 3 d1fferent experiments (• p-value <0.05). 
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Table 17: qrt-PCR array of MoDCs infected with MFI and MFB strains 

MFI MFB 

Gene Fold Regulation P-vo/ue Fold Regulation P-volue 

COlA -3.4 *0.0170 2.3 0.0534 
c 
0 

CDlC -3.6 *0.0441 -4.2 *0.0212 ... 
CD14 0.4875 IV -1.2 0.1957 1.0 ..... 

::J 
CD209 ... -0.5 0.2196 -4.1 *0.0002 IV 

E 
CD36 *0.0277 ........ -3.6 *0.0176 -4.1 Ql 

0. CD40 0.0790 > 1.9 0.0852 1.7 ... 
0 

CD80 c 2.6 0.1034 2.2 0.1160 Ql 
..r::. 

CD83 Q. 1.2 0.3634 1.0 0.4714 

CD86 -1.7 0.0873 -2.0 0.0952 -·-
IDOl 54.4 *0.0068 32.4 *0.0062 

IL6 >500 *0.0251 >500 *0.0164 

c MMPl 1.1 0.4413 ·2 1 0.0767 
0 ... MMP8 NO NO NO NO 
IV 

E MM P9 2.2 0.0983 1.0 0.4750 E 
IV Loxl 0.3 0.4542 3.7 *0.0260 ;;: 
c 

TIMPl 4.6 *0.0094 2.0 0.1523 

TLR2 4.0 *0.0133 2.0 0.1293 

TLR4 -3.7 *0.0410 4.1 *0.0293 

CCL19 1.4 0.2986 -1.5 *0.0046 

CCL2 2.3 0.0868 2.0 0. 1717 

CCL21 -4 .2 *0.0015 9.1 *0.0020 

c CCL5 4 .5 *0.0156 2.0 0.1572 
0 

CCR2 ... -1.9 0.1652 5.8 *0.0045 
IV ..... 
.~ CCRS -1.8 0.0890 -2.0 0.0956 
~ 

CCR7 0.4449 4.0 *0.0008 0.1 

CX3CR1 -0.7 0.3121 -3.2 *0 .0107 

CXCL16 1.1 0.3617 1.0 0.4682 

CXCR4 -1.8 0.0837 -2.1 0.0901 
The stat1st1cal analysis of fold regulations (2""""

1
) was performed using the t-test w1th un-mfected 

controls w1thm 3 different experiments (*p-value <0.05). 
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Dendritic cells (DCs) are the immune "executives·· that capture a variety 

of microbes in the peripheral tissues and marshal an appropriate response for 

microbial elimination of pathogens or tolerance, in the case of commensals. 

lienee, the roles of DCs in the context of chronic inflammation are crucial. 

Chronic periodontitis is a destructive inflammation of the supporting 

structures of the teeth and its pathogenesis encompasses both the innate and 

adaptive arms of the immune response. The principal clinical signs of the 

disease, inflammation and bleeding of the gingiva are a result of the host 

response and not a direct effect of the bacteria. P. gingiva/is, part of the red 

complex of pathogens, has a major role in periodontitis pathogenesis and has 

been associated with systemic diseases such as cardiovascular disease and 

diabetes mellitus (Bahekar et al. 2007~ Mustapha et al, 2007). In addition, 

evidence shows that P. gingiwdis is able to survive within the DCs and 

promote an immature state with high migratory profile of these cells (Zeituni 

et al, 2009). 

Although DCs, macrophages and neutrophils arc all phagocytes, the 

lysosomal machinery in DCs is tightly regulated toward proficient antigen 

presentation rather than total degradation (Savina & Amigorena, 2007). 

Nevertheless, DCs still need to efficiently control and inhibit the growth of 

intracellular pathogens, otherwise DCs would be a significant niche for 

dissemination of many pathogens through the blood to distant organs, as 

reported for P. gingiva/is (Carrion, 20 12). The initial observation of 

preferential survival of P. gingiva/is strain DPG3 in an aerobic atmosphere 

within MoDCs led the study to identifY the mechanisms involved. 

The P. gingiva/is strain DPG3 n solely expresses the minor Mfal 

fimbriae, a 67 kDa glycoprotein that targets DC-SIGN for entry. It does not 
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express rimA fimbriae expressed b) all the other strains except MFB 

( joroge et aL 1997). Therefore these mutant strains of P. gingiralis were 

used in the current stud) to address the role of DC-SIG in bacterial 

intracellular routing within DCs. 1 lo\\evcr, the design is limited in that we 

did not use the purified DC-SIGN ligand mfa I: instead DCs were infected 

with a whole microbe. Jn another word, DPG-3 mutants likely engage other 

DC receptors along with DC-SIGN. I Iowevcr, the use of the wild type 

(Pg38 1) which expresses both fimbriae, MFJ, which expresses only fimA 

and double mutant MFB, which lacks both fimbriae enables us to monitor 

the effect of predominant engagement of DC- IGN in DCs during bacterial 

invasion. In addition. the system may be a closer simulation to the 

pathogenic infection occurring during chronic periodontitis. 

DC- IG (DC specific ICAM-3 grabbing non-integrin) Is a type II 

transmembrane receptor that recognizes a wide range of pathogens through 

internal mannose branched structures and terminal dimannose in 

oligosaccharidcs (Mitchell, Fadden, & Drickamer, 200 l ). In addition DC-

IGN structure contains three internalization motifs (di-leucine motif, tri

acidic cluster, JTAM motif) on its cytoplasmic tail (Kerrigan & Brown, 

2009). Despite the diverse immune functions and regulations mediated by 

DC-SIGN, the immune escape mechanisms associated with engagement of 

DC- IGN remain largely "unexplained'' (Geijtenbeek et a l. 2009; 

Gcijtenbeek, Engering, & Van Kooyk, 2002: Kwon et al, 2002; Zeituni et al, 

20 J Oa) 

Initially our study explored the different P. gingiva/is containing 

intracellular vesicles (PgCV) in DCs based on the initial contact with the 

DCs (DC- IGN vs. Non-DC-SIGN). The transmission electron microscopy 
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study showed that despite different fimbria! expression profile of Pg381 and 

DPG-3 strains, DCs were able to capture both strains in the first 2 hours. 

Previous!), P. gingiralis lacking FimA showed some limitation in the 

attachment to gingival fibroblast and endothelial cells (Njoroge et al, 1997). 

llowcver, DPG-3 and MFI strains were able to engage dendritic cells in 

similar manner. In addition, the uptake or both strains by DCs was 

comparable as detected in the microscopic and survival assay in the current 

study. 

The uptake or all strains was studied by transmission electron microscopy. 

No uptake of fimbriae deficient strains (MfB) was observed during the 24 

hours of infection. The uptake of all fimbriated strains (Pg381, DPG-3 and 

MFI) was detected within the DCs at early time points of infection. 

I Iowever, the intracellular content of DPG-3 strains was higher than Pg38l 

and MFI especially at the late time point ( 12 and 24 hours) of infection. In 

addition to internalizing motifs in its cytoplasm ic tail (Zhou e a l, 2006) DC

SIGN has an important signaling function implicated in immune 

suppression and regulation in certain contexts (Engering et a l, 2002a, 2002b; 

Zhou e al, 2006). Most notably, DC-SIGN is targeted for immune escape by 

several pathogens such as HIV, hepatitis C virus, herpesvirus 8 (HHV -8), 

Mycobacterium tuberculosis, He/icobacter pylori and Streptococcus 

pneumonia (Jia lary et al, 2002~ Koppel et at 2005~ Rappocciolo et at 2006~ 

Zhou e aL 2006). P. gingiva/is seems to use a similar tactic by engagement 

of DC- IGN receptors in myeloid DCs. The intracellular phagosomal route 

based on that initial contact would prove to be highly influential in the 

intracellular survival of these microbes. 
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Immuno-electron microscop) (IEM) stud) "vas performed to assess the 

markers of the intracellular vesicles containing different P. gingiva/is strains. 

These P. ginRivalis-containing vesicles (PgCV) seem to be permissive for P. 

gingiwtlis survival and. possibly. growth. 1 his has been reported in other 

phagocytes (macrophages) but through different receptors (CR3) (Wang, et 

al., 2007). I Iowevcr, DC-SIGN is required for optimum binding of DPG-3 

and seems to results in bacterial internalization in large numbers within 

intracellular vesicles of DCs (Zeituni et al, 2009). I EM showed that the 

uptake of DPG-3 strains increased the membranous and cytoplasmic 

expression of DC-SIGN, while no cytoplasmic DC-SIGN was detected in 

Pg381-infectcd cells. However, immuno-gold staining did not specifically 

co-localiLe \\ ith PgCV in electron microscop) sections of DCs. This drove 

the investigation to further define these PgCV with alternative microscopic 

techniques. 

The increased DC-SIGN expressiOn was also detected at the gene 

expression level, where DC-SIGN mRNA was increased after DPG3 

infection in a dose dependent manner. In contrast, DCs pulsed with Pg381 

down-regulated DC-SIGN expression after 12 hours. DC-SIGN cytoplasmic 

staining in MoDCs is consistent with previous evidence for DPG-3 

localization to DC-SIGN positive intracellular compartments (Zeituni et al, 

2009). In addition. the higher expression of mRNA and the cytoplasmic 

distribution of DC-SIGN in DCs suggest that DPG3 infection may cause a 

positive feedback loop that increases the receptor expression and the 

subsequent bacterial uptake (and survival) through it. This could further 

enhance the pathogenicity of P. gingil·alis and other DC-SIGN targeting 

pathogens. In the case of P. gingiva/is, its ability to regulate fimbria} 
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expressiOn m different environmental cues such as pi L temperature and 

hemin content (Amano, et at.. 1994: X. Liu et al., 2007: Xie et al. 1997) ma) 

aid in its pathogenicity during chronic inflammation by regulation of DC-

IGN engagement (and expression). 

As essential peripheral tissues sentinels, DCs express v.ith wide range of 

pattern recognition receptors (PRRs) for microbial capture (den Dunnen et 

at, 2009; Janeway & Medzhitov, 2002). Many of these PRRs come equipped 

with unique phagocytic machinery evolved for efficient antigen processing 

and presentation (Bevan, 2006; Heath & Carbone, 200 I~ Rodriguez et al, 

1999). Initially, the current study explored endocytic/phagocytic pathway by 

tracking early (Rab5) and late (Rab7) endocytic markers. Although both 

Pg381 and DPG3 were taken up at 2 hours, only Pg381 was associated v. ith 

Rab5. Early routing of engulfed microbes to Rab5 is consistent with efficient 

recognition and degradative route of the enclosed cargo (Ravikumar et al, 

2008). 

Association of Pg381 with Rab5 within MoDCs lasted for 12 hours and 

subsequently the bacteria and Rab5 signals significantly decreased at later 

point. In contrast P. gingiva/is engulfed through DC-SIGN (DPG-3) evaded 

the association with Rab5 and subsequently did not show the same decrease 

at the later time point. The next step in cargo degradation is phagosomal 

maturation and lysosomal fusion in the late endosomes. MoDCs showed 

weak to no signal of Rab7 during the 24 hours of infection either v. ith Pg381 

or DPG3 strains. Since Rab7 was not detected during intracellular 

processing of any of the P. gingiva/is strains, the study investigated whether 

autophagy pathway may be involved in killing of Pg381 but not DPG3. 
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Autophagy has been widely recogni7ed as antibacterial lysosomal 

mechanism ~ ith an immune regulator) component (Baxt et al. 2013: 

Deretic, 20 I 0; Jia et aL 2009). Although the configuration of autophagy 

apparent]) serves DCs well in most situations, ver) little is known about its 

role in elimination of specific intracellular pathogens. In the current study, 

the role of autophagy was examined by measurement of LC3-II in MoDCs 

after P. gingiva/is infection. The quantification of LC3 puncta was 

performed along with analysis of the bacterial intracellular content. MoDCs 

failed to recruit LC3-II within the cytoplasm when P. gingiva/is were 

internalized by DC-SIGN in the absence of FimA. In contrast, a rapid 

increase in LC3-Il signal within MoDCs ~as observed when FimA was 

present. Interference with LC3-II turnover by Bafilom) cin further increased 

LC3-Il in these infected cells. Monitoring of the turnover flux of the 

phagophores is cruciaL especially with repor1s about the ability of some 

pathogens to escape autophagy by lysosomal fusion inhibition rather than 

escaping autophagy recognition (Niu et al, 20 l2b ). 

One of the significant observations in the study was the inclusion of De

SIGN-targeting P. gingiva/is within single-membrane intracellular vesicles. 

Yet, the other strains were predominantly included in the characteristic 

double membrane phagophores. Bacteria have exhibited several tactics to 

adapt or resist host autophagy (Deretic & Levine, 2009; Levine, et al., 2011 ). 

In the current study, targeting of DC- IGN by P. gingiralis appears to 

correlate with containment within single membrane vesicles; thus evading 

the whole cascade including lysosomal fusion. orne reports suggested that 

certain pathogens use autophagosomes for replication by blocking 

autophagosomal maturation (Amer & wanson, 2005: Baxt et aL 2013; Dorn 
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ct aL 200 I). One of the earliest studies describing such a mechanism was 

with P. gingiva/is where it traffics to autophagosomes to evade conventional 

endoc) tic trafficking into lysosomes v. ithin endothelial cells (Dorn et aL 

200 I). llo\\lever. in the present stud) P. gingil'Cr!is seems to be using an 

alternative tactic in myeloid DCs where it evades the autophagic capture 

through early engagement with DC-SIGN receptor. 

DC-SIGN recognition seems to route P. gingiva/is into distinct 

intracellular vesicles that escape the early recognition of the autophagosome 

and subsequent vesicle maturation and degradation. Previously, a study 

showed the inclusion of DPG-3 within DC- JGN rich intracellular vesicles 

after uptake by MoDCs (Zeituni et al. 2009). In the current study, this route 

suggested to preclude co-localization of P. gingiva/is v. ith Rab5 'c vesicles. 

In contrast. non-DC-SIGN dependent routing 'trapped' P. gingiva/is within 

Rab5 rich vesicles immediately after uptake. Rab5 has been suggested as an 

early stage initiator of autophagy and facilitator of the subsequent lysosomal 

fusion (Ravikumar et al, 2008). In addition, Rab5 was reported to enhance 

autophagy by inhibition of mTORC 1 (mTOR complex). 1 Jowever, this effect 

was selective as Rab5 inhibits the effect of amino acids but not glucose on 

mTORC I activation (Li et al., 201 0). In another word, specific signals were 

able to overrule the Rab5 activities and stimulate mTOR, thereby blocking 

the autophagic process. In the cutTent study, dominant engagement of DC

SIGN seems to overrule potential week TLR signaling. It is important to 

note that, although DPG3 strain lacks major fimbriae (TLR ligand) these 

strains still potentiaJly engages TLRs through LPS and other ligands. Thus 

autophagy augmenting signals are diminished and the pathogen is routed to 

DC- IGN 'c/RabS"'c intracellular vesicles. These vesicles presumably 
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facilitate evasion of autophagosomal clearance of P. gingiva/is within DCs, 

\\ hich are reported to facilitate systemic dissemination of P. gingiva/is 

(Carrion, 20 12). 

Early recognition by DC-SIG was crucial not only for autophagosome 

formation but also for lysosomal recruitment. uccessful antibacterial 

autophagy is accomplished by routing the cargo for lysosomal fusion. 

Escape of lysosomal fusion is a major survival tactic for certain microbes 

within immune cells (Baxt et a!, 20 13; Jo, Yuk, hin, & Sasakawa, 20 13; 

Levine, et al., 20 I l ). The cun-ent observations in DCs are crucial in the light 

of the fact that phagosomal maturation does not necessarily proceed through 

similar steps in different phagoc)tic cells. These different pathways are also 

dictated by the external signals. the cargo taken up and activation and/or 

differentiation state of phagocytes (Griffiths, 2004: Trombetta et a!, 2003: 

West, ct al., 2004). 

It has been stated that "all phagosomes are not created equal and there is a 

significant degree of phagosome heterogeneity and individuality" (Blander 

& Medzhitov, 2006). For example, when microbes such as Staphylococcus 

aureus and Salmonella typhimuriwn engage TLRs, they are delivered to 

lysosomes at an inducible rate was demonstrated by increased clearance and 

phagolysosomal fusion. However, slower phagolysosme maturation was 

detected in C-type lectin family and scavenger receptor-ligand interactions 

(West, et al.. 2004). In the current study, uptake of P. gingiva/is through DC-

IG seems to alter the formation and maturation of the P. gingiva/is

containing phagosomes within DCs. 

Analyses of intracellular survival of P. gingiva/is strains suggest that DCs 

were able to use autophagy and lysosomal fusion to clear the intracellular 
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pathogen, except in the absence of strong TLR2 signals. The strain that 

expressed both Mfa 1 and FimA (Pg831) engages both DC-SIGN and TLR2, 

and ) et DCs were able to up-regulate the autophagic process and clear 

intracellular P. gingil'alis. It is thus likely that DC- IG dependent routing 

is overruled by a strong TLR signal. Indeed, TLR signaling is a well

accepted inducer of autophagy as well as phagosomal maturation (Blander & 

Medzhitov, 2004~ Underhill & Ozinsky, 2002~ Xu, et al., 2007). However, 

the majority of TLR mediated autophagy studies used macrophages and 

neutrophils: phagocytes naturally equipped with strong intracellular killing 

arsenal and higher expression of TLRs. DCs are designed for antigen 

preservation. More importantly. DC-SIGN expression is considered 

restricted to immature DCs with fe\\ exceptions in endothelium and specific 

macrophage subpopulations(Geijtenbeek et al., 2000~ Krutzik et al., 2005). 

It seems that TLR receptors play a crucial role in phagosomal maturation 

and subsequent bacterial degradation (Blander & Medzhitov, 2004). 

llowever TLRs also mediate destructive immune signals in response to 

microbial insult. In macrophages, TLR2 and TLR4 signaling was required 

for the initial inflammatory response to P. gingiva/is (Papadopoulos et al., 

20 13). The explanation of this contrast function of TLRs could be explained 

by TLRs cross talk with other PRRs. Evidence showed that the cross talk 

bet\\een TLRs and C-type lectins is crucial for bacterial survival and 

immune modulation (van Kooyk & Geijtcnbeek. 2003) (Hajishengallis & 

Lambris, 2011 ). In the duel recognition of DC-SIG and TLRs, DC-SIGN 

seems to suppress immune signals without hindering the efficient microbial 

clearance (Engering et al. 2002b) (Garcia-Vallejo et al.. 20 13). Disruption of 

this balance could be significant in microbial persistence and chronic 
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innammation. Ilowever. the cutTent study was I imitated in addressing TLRs

DC- IG interaction. as it did not include means to modulate TLRs and 

assessing its expression on myeloid DCs. 

Although the immune regulator) roles of DC- JGN have been known for 

some time, very little is known about its endocytic function. A recent study 

tracking the uptake of lentivirus by DC- IGN in human DCs showed that 

rapamycin-induced autophagy decreased vector infectivity. In addition, they 

showed that induction of autophagy increased the co-localization of viruses 

with LC3 and LAMPI positive vesicles (Y. Liu, Tai, Joo, & Wang, 2013). In 

the current study, rapamycin impairs intracellular survival of P. gingiva/is 

through the DC-SIGN dependent route. Rapamycin functions through 

inhibition of the mTOR pathway in mammalian cells and has been widely 

used to augment the anti-microbial properties of immune cells, whi le serving 

an immunosuppressive role (Choi, et al., 2013~ Ding, et a l., 2013). Hence. 

Rapamycin can augment the intrace!Jular machinery of immune cells and 

down-regulate some immune responses in the context of inflammation. 

These two seemingly disparate properties of rapamycin suggest it as a 

promising approach in the treatment of persistent microbial infections and 

chronic inflammation 

Another aspect of phagosomal maturation heterogeneity can be based on 

the cell differentiation stage. A study reported that V-ATPase cytosolic 

component is inefficiently assembled to the membrane subunits on 

lysosomes of immature DCs \\hich results in poor lysosomal acidification. 

Alternatively, V-A TPase v. as fully assembled and efficient acidification was 

restored in the mature DCs (Trombetta et al, 2003). Interestingly, a recent 

study reported that DCs infected through DC-SIGN maintain the immature 
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form and displayed reduced apoptotic rate (Miles, et al., 20 13). DC-SIGN is 

a marker for the immature form of DCs. Typically, immature DCs have a 

short life and active apoptosis is initiated shortt) after maturation to avoid 

immune O\ erstimulation (Chen, et at.. 2006: Cremer, et al., 2002). DC-SIGN 

engagement seems to alter such homeostatic balance as well as hinder the 

intracellular resistance to such infection. The DC-SIGN route seems to 

represent the hallmark of chronic inflammation as: l) It provides a protective 

niche aiding microbial persistence within the host, 2) it depolarizes the 

immune effector response and continuously signal the immune elements 

causing host tissue destructions (Zeituni et at 2009). 

everal lines of evidence have emerged linking autophagy and chronic 

inflammatory diseases. These studies suggest that autophagy contributes to 

the balanced inflammatory responses and can decrease or abolish chronic 

disease manifestation (Cooney, et al., 20 l 0: Levine, et al., 2011; Luciani et 

at.. 20 I 0). In immature primary DCs autophagy induction by NOD2 was 

essential for routing bacteria to lysosome and MCI I presentation (Cooney, et 

al., 201 0). Early recognition of the microbe, here by DC-SIGN, could be 

crucial in driving 'normal' versus 'up-normal' (Levine, et al., 2011) 

autophagy and effect of the fate of inflammatory process in chronic 

periodontitis. 

DC- IGN engagement with Mfa-1 affected the intracellular routing, but 

also appeared to regulate the expression of migratory and inflammat01y 

mediators in DCs. MoDCs pulsed with DPG-3 showed higher expression of 

lndoleamine 2,3-dioxygenase (IDO) mRNA than all other strains. Several 

studies have shown that IDO may function as a regulatory agent by eliciting 

immunosuppression on T cell proliferation and minimizing the pro-
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inflammatOJy responses through tolerogenic features for 100 (Baban et al., 

2009: Mellor & Munn. 2004). This of particular importance, as DPG-3 

infection up-regulated other inflammatory mediators and receptors (IL-6, 

MMP I. and TLR2) with the similar pattern to Pg381 infection. Predominant 

DC- IGN engagement seems to induce pro-inflammatory signals that 

augment inflammation but also induce mediators that promote T cell 

tolerance. In another words, DC-SIGN activation could maintain the 

destructive signals while inducing weaker adaptive immune responses. 

Previously, DC-SIGN engagement by P. gingiva/is Mfa-1 yields weak DC 

maturation and an immunosuppressive cytokine profile. In the absence of 

DC- IG targeting motif MfaL the same pathogen yields a different DC 

profile as well as induction of a Th J(fh 17 type response (Zeituni et aL 2009, 

20 I Oa). Induction of IDO by DC-SIG engagement on DCs could explain 

the distinct T cell differentiation after P. gingiva/is infection. However. the 

current study evaluated the IDO expression at the gene expression level. 

Further assessments of IDO enzymatic activity in the context of different 

PRRs activation are still required. 

Lox I, oxidized LDL receptor, is another significant marker that was 

preferentially up regulated after DC-SIGN activation. Lox 1 have been 

associated with the pathogenesis of dendritic foam cells in atherosclerotic 

lesions. Vascular DCs have been called the "gatekeepers of lipid 

accumulation·· due to their role in directing and mediating lipid turnover and 

lipid accumulation in plaque. Recent analyses of atherosclerotic plaques 

showed that DCs play a previously unrecognized role in the development of 

atherosclerosis by becoming vascular DCs that accumulate lipids. In 

addition, infiltration of human plaques with DCs that express the DC-SIGN 
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is an important predictor of plaque instability and rupture (Kozarov, Dorn, 

hclburne, Dunn, & Progulske-Fox, 2005). The sources of vascular DCs 

and the factors that mediate their conversion into dendritic foam cells are 

poor!) understood. Recent line of evidence shov.ed that DC-SIGN activation 

resulted in disruption of SLO-homing capacity in human DCs. This profile is 

enhanced by expression of DC-SIGN by Mfa- 1 and was detected by robust 

up regulation of CXCR4 rather than CCR 7. This disruption drives DCs 

migration toward inflammatory vascular sites rather than secondary 

lymphoid organ (SLO) (Miles, et al., 20 14). This suggest that P. gingiva/is 

infection of DC-SIGN ' e DCs in oral lymphoid foci in periodontitis mucosa 

could be an initial phase in reverse transmigration process and these DCs are 

sequestered in the A TH lesions and patticipate in unstable plaque lesions. 

The current study investigated the effect of early PRRs recognition. DC-

IGN, on the endocytic and autophagic pathways that are involved in the 

survival of P. gingiva/is within DCs. The relevance from a clinical 

standpoint comes from evidence for P. gingiva/is infection of myeloid DCs 

in oral mucosal tissues, blood and atherosclerotic plaques from post-mortem 

biopsies (Carrion, 20 12). Notably, the tissue DCs are distinguished from 

blood DCs by the expression of C-type lectin receptors especially in the 

immature state (Figdor, van Kooyk, & Adema, 2002). In chronic 

periodontitis, lymphoid foci showed an important characteristic by the 

presence of an intense infiltrate of DC-SIGN DCs in the lamina propria of 

oral mucosa (Jotwani & Cutler. 2003). In such condition, P. gingiva/is has 

the ability to engage DC-SIGN and increase its expression. DC-SIGN uptake 

seems to provide a P. gingiva/is a protective niche within highly migratory 

and immature DCs. This engagement seems to represent the hallmark of 
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chronic inflammation as it supports microbial persistence and maintains the 

destructi\ e inflammatory signals. Alternatively~ DCs were capable of 

elimination of the intracellular P. gingh•alis by autophagy. Recognition of 

chronic periodontitis as a hyper-responsive immune condition that 

accompanies microbial persistence, provides more understanding of the 

autophagy process involved. Autophagy could add a new dimension in 

understanding the multifactorial basis of chronic inflammatory condition 

such periodontitis. In addition, therapeutic strategy tackling autophagy 

regulation could present a very promising approach in the treatment of 

chronic inflammatory diseases. 
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Current study revealed: 

• l luman MoDCs can engage and capture P. gingiva/is lacking either 

FimA or Mfa-1 fimbriae but not both. This confirms previous reports 

that P. gingiva/is fimbriae are required for DCs engagement and 

subsequent uptake. 

• DC-SIGN activation by P. gingvialis mfa I induces the expression of 

immaturity markers as well as pro-inflammatory mediators in 

MoDCs. This suggests that DC- IGN signaling could prolong 

immature DC phenotype lifecycle and potentially sustain Immune 

overstimulation. 

• DC-SIGN-Mfa-1 interaction mcreases the cytoplasmic and 

membranous expression of DC-SIGN itself. This may participate in 

further enhancement of the microbial pathogenicity and other DC

SIGN targeting pathogens through a positive feedback loop. 

• Fimbrial expression could represent a potent virulence factor in P. 

gingiva/is as it allows evasion of innate intracellular degradation 

within MoDCs. Initial evidence of such a regulation in response to 

environmental cues has been rep011ed. I Iowever, fut1her investigation 

still needed to relate fimbria) expression to periodontitis progression. 

• Predominant microbial-DC-SIGN uptake within the presence of weak 

TLR signals appears to allow microbes to survive within MoDCs. 

1 Iowever, further studies are required to investigate TLRs pathway 

and intracellular signaling in the context of preferential fimbria! 

expression of P. gingiva/is. 
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• MoDCs seem to be fully capable of eliminating intracellular 

pathogens by autophagy but the selecti\ e engagement of DC-SIG 

could be a microbial tactic for evasion of antibacterial autophagy 

leading to intracellular survival. 

• GTPase Rab5 seems to be important 111 facilitation of antibacterial 

autophagy within MoDCs. The role of Rab5 as autophagy inducer has 

been established in phagocytic and non-phagocytic cells. However, 

the determinations of the mechanisms that allow DC-SIGN 

intracellular signaling to evade the recruitment of Rab5 need further 

investigations. 

• Selective antibacterial autophagy was detected through capture of 

microbes in typical double membrane vesicle phagophores within 

MoDCs and seems to be efficient in microbial degradation. In 

addition, pharmacological induction by rapamycin of autophagy 

enhanced antibacterial degradation within MoDCs. This could be a 

promising therapeutic tactic especially in treatment of chronic 

conditions, as some autophagy inducers could suppress excessive 

1mmune responses. 
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P. gingiva/is can attach to dendritic cells (DCs) through minor fimbriae (Mfa-1) and 
major fimbriae (FimA). Uptake by DC-SIGN seems to rout P. gingiva/is to DC-SIGN· 
ve jRabS·ve vesicles and evade lysosomal fusion. This results in intracellular 
persistence of P. gingiva/is within DCs and may contribute to distant systemic 
infections. Alternatively, non-DC-SIGN uptake appears to directed P. gingiva/is 
toward LC3•ve /Rabs•ve intracellular. These vesicles consequently fuse with the 
lysosome fo r efficient microbial degradation. 



VII. Reference 

146 



References 147 ------------------------------------------------



References 148 -------------------------------------------------

References: 

Amano, A., Sharma, A., Sojar, H. T., Kuramitsu, H. K., & Genco, R. J. (1994). Effects of 

temperature stress on expression of fimbriae and superoxide dismutase by 

Porphyromonas gingivalis./nfect lmmun 62(10), 4682-4685. 

Amer, A. 0., & Swanson, M.S. (2005). Autophagy is an immediate macrophage 

response to Legionella pneumophila. [In Vitro Research Support, N.I.H., Extramural 

Research Support, U.S. Gov't, P.H.S.]. Cell Microbiol, 7(6), 765-778. 

Andrade, R. M., Wessendarp, M., Gubbels, M. J., Striepen, B., & Subauste, C. S. (2006). 

CD40 induces macrophage anti-Toxoplasma gondii activity by triggering autophagy

dependent fusion of pathogen-containing vacuoles and lysosomes.j Clin Invest, 

116(9), 2366-2377. 

Ashida, II., Kim, M., Schmidt-Supprian, M., Ma, A., Ogawa, M., & Sasakawa, C. (2010). 

A bacterial E3 ubiquitin ligase lpaH9.8 targets NEMO/IKKgamma to dampen the 

host NF-kappaB-mediated inflammatory response. [Research Support, Non-U.S. 

Gov't]. Nat Cell Bioi, 12(1), 66-73; sup pp 61-69. 

Saban, 8., Chandler, P.R., Sharma, M.D., Pihkala, j., Koni, P. A., Munn, D. H., et al. 

(2009). 100 activates regulatory T cells and blocks their conversion into Th17-like T 

cells.] lmmunol, 183(4), 2475-2483. 

Bahekar et al. (2007). The prevalence and incidence of coronary heart disease is 

significantly increased in periodontitis: a meta-analysis. Am Heart}, 154(5), 830-

837. 

Banchereau, J., & Steinman, R. M. (1998). Dendritic cells and the control of 

immunity. (Research Support, U.S. Gov't, P.H.S. Review). Nature, 392(6673), 245-

252. 

Barrett, J. C., Hansoul, S., Nicolae, D. L., Cho, J. H., Duerr, R. H., Rioux,). D., et al. 

(2008). Genome-wide association defines more than 30 distinct susceptibility loci 

for Crohn's disease. [Meta-Analysis Research Support, N.I.H., Extramural Research 

Support, Non-U.S. Gov't). Nat Genet, 40(8), 955-962. 



~---- ------

References ------------------------------------------~149 

Bartold, P.M. (2006). Periodontal tissues in health and disease: introduction. 

Periodontol 2000, 40, 7-10. 

Bartold, P.M., & Narayanan, A. S. (2006). Molecular and cell biology of healthy and 

diseased periodontal tissues. Periodonto/2000, 40, 29-49. 

Baxt et al. (2013). Bacterial subversion of host innate immune pathways. [Review). 

Science, 340(6133), 697-701. 

Belanger et al. (2006). Autophagy: a highway for Porphyromonas gingival is in 

endothelial cells. (Research Support, N.l.ll., Extramural Review). Autophagy, 2(3), 

165-170. 

Bevan, M. J. (2006). Cross-priming. Nat lmmunol, 7(4), 363-365. 

Blander, J. M., & Medzhitov, R. (2004). Regulation of phagosome maturation by 

signals from toll-like receptors. Science, 304(5673), 1014-1018. 

Blander, J. M., & Medzhitov, R. (2006). On regulation of phagosome maturation and 

antigen presentation. Natlmmunol, 7(10), 1029-1035. 

Blommaart, E. F., Luiken, J. J., & Meijer, A. J. (1997). Autophagic proteolysis: control 

and specificity. Histochem ], 29(5), 365-385. 

Bowen, W. H. (1976). Nature of plaque. Oral Sci Rev, 9, 3-21. 

Carrion, J., E. Scisci, B. Miles, G.J. Sabino, A.E. Zeituni, Y. Gu, A. Bear, C.A. Genco, D.L. 

Brown and C.W. Cutler .. (2012). Microbial Carriage State of Blood Myeloid Dendritic 

cells (Des) in Chronic Periodontitis influences DC differentiation, Atherogenic 

Potential journal of Immunologty, in Press. 

Chen, M., Wang, Y. H., Wang, Y., Huang, L., Sandoval, H., Liu, Y. J., et al. (2006). 

Dendritic cell apoptosis in the maintenance of immune tolerance. Science, 

311(5764), 1160-1164. 

Choi, A.M., Ryter, S. W., & Levine, B. (2013). Autophagy in human health and disease. 

[Comment Letter). N Eng/] Med, 368(19), 1845-1846. 



References 150 
~--------------------------------------------------

Choy, A., Dancourt, j., Mugo, B., O'Connor, T. j., lsberg, R. R., Melia, T. j., et al. (2012). 

The Legionella effector RavZ inhibits host autophagy through irreversible Atg8 

decon)ugation. (Research Support, N.I.H., Extramural Research Support, Non-U.S. 

Gov't]. SCience, 338(6110), 1072-1076. 

Colonna, M. (2004). Alerting dendritic cells to pathogens: the importance of Toll-like 

receptor signaling of stromal cells. (Comment]. Proc Nat/ A cad Sci US A, 101 ( 46), 

16083-16084. 

Colonna, M., Trinchieri, G., & Liu, Y. j. (2004). Plasmacytoid dendritic cells in 

immunity. [Review). Nat lmmunol, 5(12), 1219-1226. 

Cooney, R., Baker, j., Brain, 0., Danis, B., Pichulik, T., Allan, P., et al. (2010). NOD2 

stimulation induces autophagy in dendritic cells influencing bacterial handling and 

antigen presentation. [Research Support, Non-U.S. Gov't). Nat Med, 16(1), 90-97. 

Cremer, 1., Dieu-Nosjean, M. C., Marechal, S., Dezutter-Dambuyant, C., Goddard, S., 

Adams, D., et al. (2002). Long-lived immature dendritic cells mediated by TRANCE

RANK mteraction. [Research Support, Non-U.S. Gov't). Blood, 1 00(10), 3646-3655. 

Cresswell, P., Androlewicz, M. J., & Ortmann, B. (1994). Assembly and transport of 

class I MIIC-peptide complexes. Ciba Found Symp, 187, 150-162; discussion 162-159. 

Cui, j., Yao, Q., Li, S., Ding, X., Lu, Q., Mao, II., et al. (2010). Glutamine deamidation and 

dysfunction of ubiquitin/NEDD8 induced by a bacterial effector family. [Research 

Support, N.I.H., Extramural Research Support, Non-U.S. Gov't). Science, 329(5996), 

1215-1218. 

Cutler, C. W., & jotwani, R. (2004). Antigen-presentation and the role of dendritic 

cells m periodontitis. [Research Support, U.S. Gov't, P.H.S. Review]. Periodonto/2000, 

35, 135-157. 

Cutler, C. W., & jotwani, R. (2006). Dendritic cells at the oral mucosal interface.} 

Dent Res, 85(8), 678-689. 

Cutler, C. W., Kalmar, j. R., & Arnold, R. R. (1991). Phagocytosis of virulent 

Porphyromonas gingivalis by human polymorphonuclear leukocytes requires 



References 151 -------------------------------------------------
specific immunoglobulin G. [Research Support, U.S. Gov't, P.H.S.].lnfect lmmun, 

59(6), 2097-2104. 

Darveau, R. P. (2009). The oral microbial consortium's interaction with the 

periodontal innate defense system. DNA Cell 810/, 28(359-60). 

Darveau, R. P. (2010). Periodontitis: a polymicrobial disruption of host homeostasis. 

Nat Rev Microbiol, 8(7), 481-490. 

Davey, M., Liu, X., Ukai, T., Jain, V., Gudino, C., Gibson, F. C., 3rd, et al. (2008). 

Bacterial fimbriae stimulate proinflammatory activation in the endothelium through 

distinct TLRs.j lmmunol, 180(4), 2187-2195. 

Delamarre et al. (2005). Differential lysosomal proteolysis in antigen-presenting 

cells determines antigen fate. [Research Support, Non-U.S. Gov't Research Support, 

U.S. Gov't, P.H.S.). Science, 307(5715), 1630-1634. 

den Dunnen et al. (2009). Innate s ignaling by the C-type lectin DC-SIGN dictates 

immune responses. Cancer lmmunollmmunother, 58(7), 1149-1157. 

den Dunnen, J., Gringhuis, S. 1., & Geijtenbeek, T. B. (2009). Innate signaling by the C

type lectin DC-SIGN dictates immune responses. Cancer lmmunollmmunother, 

58(7), 1149-1157. 

Deporter, D. A., & Brown, D. Y. (1980). Fine structural observations on the 

mechanism of loss of attachment during experimental periodontal disease in the rat. 

j Periodontal Res, 15(3), 304-313. 

Deretic, V. (2010). Autophagy in infection. [Research Support, N.l.ll., Extramural 

Research Support, Non-U.S. Gov't Review]. Curr Opin Cell Bioi, 22(2), 252-262. 

Deretic, V., & Levine, B. (2009). Autophagy, immunity, and microbial adaptations. 

(Research Support, N.I.H., Extramural Research Support, Non-U.S. Gov't Review]. Cell 

Host Microbe, 5(6), 527-549. 

Dice, j. F. (1990). Peptide sequences that target cytosolic proteins for lysosomal 

proteolysis. Trends Biochem Sci, 15(8), 305-309. 



References 152 ------------------------------------------------
Dietrich, T., Sharma, P., Walter, C., Weston, P., & Beck, j. (2013). The epidemiological 

evidence behind the association between periodontitis and incident atherosclerotic 

cardiovascular disease. journal of periodontology, 84( 4 Suppl), S70-84. 

Ding, X., Du, H., Yoder, M. C., & Van, C. (2013). Critical Role of the mTOR Pathway in 

Development and Function of Myeloid-Derived Suppressor Cells in Ia I Mice. Am j 

Pathol. 

Dorn et al. (2001). Porphyromonas gingivalis traffics to autophagosomes in human 

coronary artery endothelial cells. (Research Support, U.S. Gov't, Non-P.H.S. Research 

Support, U.S. Gov't, P.H.S.].Infect lmmun, 69(9), 5698-5708. 

Dortet, L., Mostowy, S., Samba-Louaka, A., Gouin, E., Nahori, M.A., Wiemer, E. A., et al. 

(2011). Recruitment of the major vault protein by lniK: a Listeria monocytogenes 

strategy to avoid autophagy. [Research Support, Non-U.S. Gov't]. PLoS Pathog, 7(8), 

e1002168. 

Dunn, W. A., Jr. (1994). Autophagy and related mechanisms of lysosome-mediated 

protein degradation. Trends Cell Bioi, 4( 4 ), 139-143. 

Dzionek, A., Fuchs, A., Schmidt, P., Cremer, S., Zysk, M., Miltenyi, S., et al. (2000). 

BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells in 

human peripheral blood. [Comparative Study].] lmmunol, 165(11), 6037-6046. 

Elsen, S., Doussiere, )., Villiers, C. L., Faure, M., Berthier, R., Papaioannou, A., et al. 

(2004). Cryptic 02- -generating NADPH oxidase in dendritic cells. [Research 

Support, Non-U.S. Gov't].j Cell Sci, 117(Pt 11), 2215-2226. 

Engering et al. (2002a). The dendritic cell-specific adhesion receptor DC-SIGN 

internalizes antigen for presentation toT cells. [Research Support, Non-U.S. Gov't].j 

lmmunol, 168(5), 2118-2126. 

Engering et al. (2002b). Immune escape through C-type lectins on dendritic cells. 

[Review]. Trends lmmunol, 23(10), 480-485. 

Figdor, C. G., van Kooyk, Y., & Adema, G. j. (2002). C-type lectin receptors on 

dendritic cells and Langerhans cells. [Review]. Nat Rev lmmunol, 2(2), 77-84. 



References 153 --------------------------------------------------
Gagnon, E., Duclos, S., Rondeau, C., Chevet, E., Cameron, P. H., Steele-Mortimer, 0., et 

al. (2002). Endoplasmic reticulum-mediated phagocytosis is a mechanism of entry 

into macrophages. Ce/1,110(1), 119-131. 

Garcia-Vallejo, J. J., Koning, N., Ambrosini, M., Kalay, II., Vuist, 1., Sarrami-Forooshani, 

R., et al. (2013). Glycodendrimers prevent II IV transmission via DC-SIGN on 

dendritic cells. [Research Support, Non-U.S. Gov'tj.lnt lmmunol, 25(4), 221-233. 

Geijtenbeek et al. (2009). Pathogen recognition by DC-SIGN shapes adaptive 

immunity. [Research Support, Non-U.S. Gov'l Review). Future Microbiol, 4(7), 879-

890. 

Geijtenbeek, T. 8., Engering, A., & Van Kooyk, Y. (2002). DC-SIGN, a C-type lectin on 

dendritic cells that unveils many aspects of dendritic cell biology. [Research 

Support, Non-U.S. Gov't Review].} Leukoc Bioi, 71(6), 921-931. 

Geijtenbeek, T. 8., Torensma, R., van Vliet, S. J., van Duijnhoven, G. C., Adema, G. J., 

van Kooyk, Y., et al. (2000). Identification of DC-SIGN, a novel dendritic cell-specific 

ICAM-3 recepto r that supports primary immune responses. [Research Support, Non

U.S. Gov't). Cell, 100(5), 575-585. 

Gera, I. (2004). [Risk factors for destructive periodontitis. I. Behavioral and acquired 

factors (literature review)). Fogorv Sz, 97(1), 11-21. 

Gibson, F. C., 3rd, Hong, C., Chou, H. II., Yumoto, II., Chen, J., Lien, E., et al. (2004). 

Innate immune recognition of invasive bacteria accelerates atherosclerosis in 

apolipoprotein £-deficient mice. Circulation, 1 09(22), 2801-2806. 

Gilliet, M., Cao, W., & Liu, Y. j. (2008). Plasmacytoid dendritic cells: sensing nucleic 

acids in viral infection and autoimmune diseases. [Research Support, Non-U.S. Gov't 

Review]. Nat Rev Jmmunol, 8(8), 594-606. 

Griffiths, G. (2004). On phagosome individuality and membrane signalling networks. 

Trends Cell Bioi, 14(7), 343-351. 

Gringhuis et al. (2009). Carbohydrate-specific signaling through the DC-SIGN 

signalosome tailors immunity to Mycobacterium tuberculosis, IIJV-1 and 



References 154 -------------------------------------------------

Helicobacter pylori. [Research Support, N. l.ll., Extramural Research Support, Non

U.S. Gov't). Nat lmmunol, 10(10), 1081-1088. 

HaJishengallis et al. (2008). Pathogen induction of CXCR4/TLR2 cross-talk impairs 

host defense function. Proc Nat/ Acad Sci US A, 105(36), 13532-13537. 

llajishengallis, G. (2009). Porphyromonas gingivalis-host interactions: open war or 

intelligent guerilla tactics? Microbes Infect, 11(6-7),637-645. 

ll ajishengallis, G., & Harokopakis, E. (2007). Porphyromonas gingivalis interactions 

with complement receptor 3 (CR3): innate immunity or immune evasion? Front 

Biosci, 12,4547-4557. 

llajishengallis, G., & Lambris, j. D. (2011). Microbial manipulation of receptor 

crosstalk in innate immunity. [Research Support, N.l.ll., Extramural Review). Nat 

Rev lmmunol, 11 (3), 187-200. 

llajishengallis, G., Tapping, R. 1., Harokopakis, E., Nishiyama, S., Ratti, P., Schifferle, R. 

E., et al. (2006). Differential interactions of fimbriae and lipopolysaccharide from 

Porphyromonas gingivalis with the Toll-like receptor 2-centred pattern recognition 

apparatus. Cell Microbiol, 8(10), 1557-1570. 

llajishengallis, G., Wang, M., Harokopakis, E., Triantafilou, M., & Triantafilou, K. 

(2006). Porphyromonas gingivalis fimbriae proactively modulate beta2 integrin 

adhesive activity and promote binding to and internalization by macrophages.lnfect 

lmmun, 74(10), 5658-5666. 

ll alary et al. (2002). Human cytomegalovirus binding to DC-SIGN is required for 

dendritic cell infection and ta rget cell trans-infection. [Research Support, Non-U.S. 

Gov't). Immunity, 17(5), 653-664. 

Hall, A., Ekiel, 1., Mason, R. W., Kasprzykowski, F., Grubb, A., & Abrahamson, M. 

(1998). Structural basis for different inhibitory specificities of human cystatins C 

and D. [Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, Non-P.H.S.). 

Biochemistry, 37(12), 4071-4079. 



References 155 -----------------------------------------------------
Hamada et al. (1996). Isolation and characterization of a minor fimbria from 

Porphyromonas gingivalis. Infect lmmun, 64(11), 4788-4794. 

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima, R., 

et al. (2006). Suppression of basal autophagy in neural cells causes 

neurodegenerative disease in mice. Nature, 441 (7095), 885-889. 

llart, D. N. (1997). Dendritic cells: unique leukocyte populations which control the 

primary immune response. [Review]. Blood, 90(9), 3245-3287. 

lie, C., & Levine, B. (2010). The Beclin 1 interactome. [Research Support, N.l.H., 

Extramural 

Research Support, Non-U.S. Gov't]. Curr Opin Cell Bioi, 22(2), 140-149. Heath, W. R., 

& Carbone, F. R. (2001). Cross-presentation in viral immunity and self-tolerance. Nat 

Rev lmmunol, 1(2), 126-134. 

Hemont, C., Neel, A., Heslan, M., Braudeau, C., & josien, R. (2013). Human blood mDC 

subsets exhibit distinct TLR repertoire and responsiveness.] Leukoc Bioi, 93( 4), 

599-609. 

Holt, S. C., Kesavalu, L., Walker, S., & Genco, C. A. (1999). Virulence factors of 

Porphyromonas gingivalis. [Research Support, Non-U.S. Gov't Research Support, U.S. 

Gov't, P.II.S. Review]. Periodonto/2000, 20, 168-238. 

Honey, K., & Rudensky, A. Y. (2003). Lysosomal cysteine proteases regulate antigen 

presentation. [Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, P.H.S. 

Review). Nat Rev lmmunol, 3(6), 472-482. 

!Ising, L. C., & Rudensky, A. Y. (2005). The lysosomal cysteine proteases in MHC class 

II antigen presentation. Immunol Rev, 207, 229-241. 

Huang,)., Canadien, V., Lam, G. Y., Steinberg, B. E., Dinauer, M. C., Magalhaes, M.A., et 

al. (2009). Activation of antibacterial autophagy by NADPH oxidases. Proc Nat/ Acad 

Sci US A, 106(15), 6226-6231. 

lnaba, K., Turley, S., lyoda, T., Yamaide, F., Shimoyama, S., Reise Sousa, C., et al. 

(2000). The formation of immunogenic major histocompatibility complex class II -



References 156 
~-------------------------------------------------

peptide ligands in lysosomal compartments of dendritic cells is regulated by 

inflammatory stimuli.} £xp Med, 191(6), 927-936. 

Ivanov, II, Frutos Rde, L., Mane!, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. 8., et al. 

(2008). Specific microbiota direct the differentiation of IL-17-producing T-helper 

cells in the mucosa of the small intestine. Cell/lost Microbe, 4( 4), 337-349. 

Jancic, C., Savina, A., Wasmeier, C., Tolmachova, T., EI-Benna, J., Dang, P.M., et al. 

(2007). Rab27a regulates phagosomal pH and NADPII oxidase recruitment to 

dendritic cell phagosomes. Nat Cell Bioi, 9( 4), 367-378. 

Janeway, C. A., Jr., & Medzhitov, R. (2002). Innate immune recognition. Annu Rev 

lmmunol, 20, 197-216. 

Jefford, M., Schnurr, M., Toy, T., Masterman, K. A., Shin, A., Beecroft, T., et al. (2003). 

Functional comparison of DCs generated in vivo with Flt3 ligand or in vitro from 

blood monocytes: differential regulation of function by specific classes of 

physiologic stimuli. [Comparative Study In Vitro Research Support, Non-U.S. Gov't]. 

Blood, 1 02(5), 17 53-17 63. 

Jia, K., Thomas, C., Akbar, M., Sun, Q., Adams-lluet, B., Gilpin, C., et al. (2009). 

Autophagy genes protect against Salmonella typhimurium infection and mediate 

insulin signaling-regulated pathogen resistance. [Research Support, N.I.H., 

Extramural Research Support, Non-U.S. Gov't). Proc Nat/ Acad Sci US A, 106(34), 

14564-14569. 

Jo, E. K., Yuk, J. M., Shin, D. M., & Sasakawa, C. (2013). Roles of autophagy in 

elimination of intracellular bacterial pathogens. Front lmmunol, 4, 97. 

Jotwani, R., & Cutler, C. W. (2003). Multiple dendritic cell (DC) subpopulations in 

human gingiva and association of mature DCs with CD4+ T-cells in situ.} Dent Res, 

82(9), 736-741. 

Jotwani, R., Palucka, A. K., AI-Quotub, M., Nouri -Shirazi, M., Kim, J., Bell, 0., et al. 

(2001). Mature dendritic cells infiltrate the T cell -rich region of oral mucosa in 



References 157 ------------------------------------------------
chronic periodontitis: in situ, in vivo, and in vitro studies.} lmmunol, 167(8), 4693-

4700. 

Kantarci, A., llasturk, H., & Van Dyke, T. E. (2006). Host-mediated resolution of 

inflammation in periodontal diseases. Periodonto/2000, 40, 144-163. 

Katz et al. (1979). Epidermal Langerhans cells are derived from cells originating in 

bone marrow. Nature, 282(5736), 324-326. 

Kerrigan, A. M., & Brown, G. D. (2009) . C-type lectins and phagocytosis. [Research 

Support, N.l.ll., Extramural Research Support, Non-U.S. Gov't Review]. 

lmmunobiology, 214(7), 562-575. 

Klionsky, D. J., Abdalla, F. C., Abeliovich, H., Abraham, R. T., Acevedo-Arozena, A., 

Adeli, K., et al. (2012). Guidelines for the use and interpretation of assays for 

monitoring autophagy. [Guideline Research Support, N. l.H ., Extramural Research 

Support, Non-U.S. Gov't]. Autophagy, 8(4), 445-544. 

Klionsky et al. (2008). Does bafilomycin A1 block the fusion of autophagosomes 

with lysosomes? [Editorial]. Autophagy, 4(7), 849-950. 

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida, 1., et al. (2006). Loss of 

autophagy in the central nervous system causes neurodegeneration in mice. Nature, 

441 (7095), 880-884. 

Koppel et al. (2005). DC-SIGN specifically recognizes Streptococcus pneumoniae 

serotypes 3 and 14./mmunobiology, 210(2-4), 203-210. 

Kornman, K. S., & di Giovine, F. S. (1998). Genetic variations in cytokine expression: 

a risk factor for severity of adult periodontitis. Ann Periodontal, 3(1), 327-338. 

Kozarov, E. V., Darn, 8. R., Shelburne, C. E., Dunn, W. A., Jr., & Progulske-Fox, A. 

(2005). ll uman atherosclerotic plaque contains viable invasive Actinobacillus 

actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler Thromb Vase 

Bioi, 25(3), e17-18. 



References 158 ------------------------------------------------
Kremer, B. H., Loos, B. G., van der Velden, U., van Winkel hoff, A. J., Craandijk, j., 

Bulthuis, II. M., et al. (2000). Peptostreptococcus micros smooth and rough 

genotypes in periodontitis and gingivitis.} Periodontal, 71(2), 209-218. 

Krutzik, S. R., Tan, 8., Li, H., Ochoa, M. T., Liu, P. T., Sharfstein, S. E., et al. (2005). TLR 

activation triggers the rapid differentiation of monocytes into macrophages and 

dendritic cells. [Research Support, N.l.ll., Extramural Research Support, U.S. Gov't, 

P.II.S.J. Nat Med, 11 (6), 653-660. 

Kuma,/\., llatano, M., Matsui, M., Yamamoto, A., Nakaya, II., Yoshimori, T., et al. 

(2004). The role of autophagy during the early neonatal starvation period. 

[Research Support, Non-U.S. Gov't]. Nature, 432(7020), 1032-1036. 

Kwon ct al. (2002). DC-SIGN-mediated internalization of HIV is required for trans

enhancement ofT cell infection. [Research Support, Non-U.S. Gov't Research 

Support, U.S. Gov't, P.H.S.J.lmmunity, 16(1), 135-144. 

Lai, C. II., Listgarten, M.A., Shirakawa, M., & Slots, j. (1987). Bacteroides forsythus in 

adult gmgivitis and periodontitis. Oral Microbiollmmunol, 2(4), 152-157. 

Lee, II. K., Mattei, L. M., Steinberg, 8. E., Alberts, P., Lee, Y. II., Chervonsky, A., et al. 

(2010). In vivo requirement for Atg5 in antigen presentation by dendritic cells. 

Immunity, 32(2), 227-239. 

Lcnnon-Dumenil, A.M., Bakker, A. II., Maehr, R., Fiebiger, E., Overkleeft, H. S., 

Rosemblatt, M., et al. (2002). Analysis of protease activity in live antigen-presenting 

cells shows regulation of the phagosomal proteolytic contents during dendritic cell 

activation. [Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, P.H.S.). j 

Exp Med, 196(4), 529-540. 

Levine, 8., Mizushima, N., & Virgin, H. W. (2011). Autophagy in immunity and 

inflammation. Nature, 469(7330), 323-335. 

Li, L., Kim, E., Yuan, H., lnoki, K., Goraksha-Hicks, P., Schiesher, R. L., et al. (2010). 

Regulation of mTORC1 by the Rab and Arf GTPases. [Research Support, N.l.H., 

Extramural 



References 159 
~-------------------------------------------------

Research Support, U.S. Gov't, Non-P.H.S.).j Bioi Chem, 285(26), 19705-19709. 

Liu, X., Vue, Y., Li, 8., Nie, Y., Li, W., Wu, W. II., et al. (2007). A G protein-coupled 

receptor is a plasma membrane receptor for the plant hormone abscisic acid. 

[Rcsec1rch Support, Non-U.S. Gov't). Science, 315(5819), 1712-1716. 

Liu, Y., Tai, A., joo, K. l., & Wang, P. (2013). Visualization of DC-SIGN-mediated entry 

pathway of engineered lentiviral vectors in target cells. [Research Support, N.I.H., 

Extramural Research Support, Non-U.S. Gov't]. PLoS One, 8(6), e67400. 

Livak, K. j., & Schmittgen, T. D. (2001). Analysis of relative gene expression data 

using real-time quantitative PCR and the 2(-0elta Delta C(T)) Method. Methods, 

25(4), 402-408. 

Loe, II., Anerud, A., Boysen, H., & Morrison, E. (1986). Natural history of periodontal 

disease in man. Rapid, moderate and no loss of attachment in Sri Lankan laborers 14 

to 46 years of age.} Clin Periodontal, 13(5), 431-445. 

Loesche, W. J. (1968).Importance of nutrition in gingival crevice microbial ecology. 

Periodontics, 6(6), 245-249. 

Luciani, A., Villella, V. R., Esposito, S., Brunetti-Pierri, N., Medina, D., Settembre, C., et 

al. (2010). Defective CFTR induces aggresome formation and lung inflammation in 

cystic fibrosis through ROS-mediated autophagy inhibition. [Research Support, Non

U.S. Gov't]. Nat Cell Bioi, 12(9), 863-875. 

MacDonald, K. P., Munster, D. j., Clark, G. j., Dzionek, A., Schmitz, J., & Hart, D. N. 

(2002). Characterization of human blood dendritic cell subsets. [Comparative 

Study). Blood, 100(13), 4512-4520. 

Makala, L. H., & Nagasawa, H. (2002). Dendritic cells: a specialized complex system 

of antigen presenting cells. [Research Support, Non-U.S. Gov't Review].} Vet Med Sci, 

64(3), 181-193. 

Matsue, H., Edelbaum, D., Shalhevet, D., Mizumoto, N., Yang, C., Mummert, M. E., et al. 

(2003). Generation and function of reactive oxygen species in dendritic cells during 



References 160 ---------------------------------------------------

antigen presentation. [Comparative Study Research Support, Non-U.S. Gov't 

Research Support, U.S. Gov't, P.H.S.].j lmmunol, 171 (6), 3010-3018. 

Meinzer, U., Barreau, F., Esmiol-Welterlin, S., jung, C., Villard, C., Leger, T., et al. 

(2012). Yersinia pseudotuberculosis effector Yopj subverts the Nod2/RICK/TAK1 

pathway and activates caspase-1 to induce intestinal barrier dysfunction. [Research 

Support, Non-U.S. Gov't]. Cell Host Microbe, 11 ( 4 ), 337-351. 

Mellor, A. L., & Munn, D. H. (2004). IDO expression by dendritic cells: tolerance and 

tryptophan catabolism. Nat Rev lmmunol, 4(10), 762-774. 

Miles, 8., Scisci, E., Carrion, J., Sabino, G. J., Genco, C. A., & Cutler, C. W. (2013). 

Noncanonical dendritic cell differentiation and survival driven by a bacteremic 

pathogen. [Research Support, N.I.H., Extramural).} Leukoc Bioi, 94(2), 281-289. 

Miles, 8., Zakhary, 1., El-Awady, A., Scisci, E., Carrion, J., O'Neill, j. C., et al. (2014). 

Secondary lymphoid organ homing phenotype of human myeloid dendritic cells 

disrupted by an intracellular oral pathogen. [Research Support, N.I.H., Extramural]. 

Infect lmmun, 82(1), 101-111. 

Mtles et al. (2014). Blood dendritic cells: "canary in the coal mine" to predict chronic 

inflammatory disease? [Review). Front Microbial, 5, 6. 

Mitchell, D. A., Fadden, A. J., & Drickamer, K. (2001). A novel mechanism of 

carbohydrate recognition by the C-type lectins DC-SIGN and DC-SIGNR. Subunit 

organization and binding to multivalent ligands. (Research Support, Non-U.S. Gov't). 

j Bioi Chem, 276(31), 28939-28945. 

Mittal et al. (2006). Acetylation of MEK2 and I kappa B kinase (IKK) activation loop 

residues by Yopj inhibits signaling. [Research Support, Non-U.S. Gov't]. Proc Nat/ 

Acad Sci US A, 103(49), 18574-18579. 

Mizushima, N. (2004). Methods for monitoring autophagy./ntj Biochem Cell Bioi, 

36(12), 2491-2502. 



References 161 --------------------------------------------------
Mizushima, N., Levine, B., Cuervo, A.M., & Klionsky, D. J. (2008). Autophagy fights 

d1sease through cellular self-digestion. (Research Support, N.I.H., Extramural 

Research Support, Non-U.S. Gov't Review]. Nature, 451(7182), 1069-1075. 

Mizushima, N., Yoshimori, T., & Levine, B. (2010). Methods in mammalian autophagy 

research. [Research Support, N. I.H ., Extramural Research Support, Non-U.S. Gov't]. 

Cell, 140(3), 313-326. 

Moore, M.A., Spitzer, G., Metcalf, D., & Penington, D. G. (1974). Monocyte production 

of colony stimulating factor in familial cyclic neutropenia. Br j 1/aematol, 27(1), 47-

55. 

Mustapha et al. (2007). Markers of systemic bacterial exposure in periodontal 

disease and cardiovascular disease risk: a systematic review and meta-analysis.} 

Periodontal, 78(12), 2289-2302. 

Naik, S. II., Sathe, P., Park, H. Y., Metcalf, 0., Proietto, A. 1., Oakic, A., et al. (2007). 

Development of plasmacytoid and conventional dendritic cell subtypes from single 

precursor cells derived in vitro and in vivo. [In Vitro Research Support, Non-U.S. 

Gov't]. Nat lmmunol, 8(11), 1217-1226. 

Nakagawa, 1., Amano, A., Kuboniwa, M., Nakamura, T., Kawabata, S., & Hamada, S. 

(2002). Functional differences among FimA variants of Porphyromonas gingivalis 

and their effects on adhesion to and invasion of human epithelial cells. Infect Immun 

70(1), 277-285. 

Nakagawa, 1., Amano, A., Mizushima, N., Yamamoto, A., Yamaguchi, II., Kamimoto, T., 

et al. (2004). Autophagy defends cells against invading group A Streptococcus. 

Science, 306(5698), 1037-1040. 

Niu et al. (2012a). Apogossypolone induces autophagy and apoptosis in breast 

cancer MCF-7 cells in vitro and in vivo. Breast Cancer. 

Niu et al. (2012b). Autophagosomes induced by a bacterial Beclin 1 binding protein 

facilitate obligatory intracellular infection. [Research Support, N.l.ll., Extramural). 

Proc Nat/ Acad Sci US A, 109(51), 20800-20807. 



References 162 --------------------------------------------------
NJoroge et al. (1997). A role for fimbriae in Porphyromonas gmgivalis invasion of 

oral epithelial cells. (Research Support, Non-U.S. Gov't Research Support, U.S. Gov't, 

P.lf.S.]. Infect lmmun, 65(5), 1980-1984. 

Ogawa, M., Yoshimori, T., Suzuki, T., Sagara, H., Mizushima, N., & Sasakawa, C. 

(2005). Escape of intracellular Shigella from autophagy. Science, 307(5710), 727-

731. 

Papadopoulos, G., Weinberg, E. 0., Massari, P., Gibson, F. C., 3rd, Wetzler, L. M., 

Morgan, E. F., et al. (2013). Macrophage-specific TLR2 signaling mediates pathogen

induced TNF-dependent inflammatory oral bone loss. [Research Support, N.I.H., 

Extramural].} lmmunol, 190(3), 1148-1157. 

Pathirana, R. 0., O'Brien-Simpson, N. M., & Reynolds, E. C. (201 0). Host immune 

responses to Porphyromonas gingival is antigens. Periodonto/2000, 52(1), 218-237. 

Patterson et al. (1991). Morphology and phenotype of dendritic cells from 

peripheral blood and their productive and non-productive infection with human 

immunodeficiency virus type 1./mmunology, 72(3), 361-367. 

Preshaw, P.M., Seymour, R. A., & Heasman, P. A. (2004). Current concepts in 

periodontal pathogenesis. Dent Update, 31 (1 0), 570-572, 574-578. 

Rappocciolo et al. (2006). DC-SIGN is a receptor for human herpesvirus 8 on 

dendritic cells and macrophages. (Research Support, N.l.ll., Extramural).] Jmmunol, 

176(3), 1741-1749. 

Ravikumar, B., Duden, R., & Rubinsztein, D. C. (2002). Aggregate-prone proteins with 

polyglutamine and polyalanine expansions are degraded by autophagy. Hum Mol 

Genet, 11(9), 1107-1117. 

Ravikumar, B., Sarkar, S., Davies, J. E., Futter, M., Garcia-Arencibia, M., Green

Thompson, z. W., et al. (2010). Regulation of mammalian autophagy in physiology 

and pathophysiology. (Research Support, Non-U.S. Gov't Review). Physiol Rev, 90(4), 

1383-1435. 



References 163 
~~-------------------------------------------------

Ravikumar et al. (2008). RabS modulates aggregation and toxicity of mutant 

huntingtin through macroautophagy in cell and fly models of Huntington disease.} 

Cell Sci, 121 (Pt 1 0), 1649-1660. 

Reddy, M.S. (2007). Reaching a better understanding of non-oral disease and the 

implication of periodontal infections. Periodonto/2000, 44,9-14. 

Regnault, A., Lankar, D., Lacabanne, V., Rodriguez, A., Thery, C., Rescigno, M., et al. 

(1999). Fcgamma receptor-mediated induction of dendritic cell maturation and 

major histocompatibility complex class 1-rcstricted antigen presentation after 

immune complex internalization.} Exp Med, 189(2), 371-380. 

Rodriguez et al. (1999). Selective transport of internalized antigens to the cytosol 

for MHC class I presentation in dendritic cells. Nat Cell Bioi, 1(6), 362-368. 

Sanjuan, M.A., Dillon, C. P., Tait, S. W., Moshiach, S., Dorsey, F., Connell, S., et al. 

(2007). Toll-like receptor signalling in macrophages links the autophagy pathway to 

phagocytosis. Nature, 450(7173), 1253-1257. 

Savina, A., & Amigorena, S. (2007). Phagocytosis and antigen presentation in 

dendritic cells.lmmunol Rev, 219, 143-156. 

Savina, A., jancic, C., Hugues, S., Guermonprcz, P., Vargas, P., Moura, I. C., et al. 

(2006). NOX2 controls phagosomal pi I to regulate antigen processing during 

crosspresentation by dendritic cells. Cell, 126(1), 205-218. 

Schenkein, H. A. (2006). Host responses in maintaining periodontal health and 

determining periodontal disease. Periodonto/2000, 40, 77-93. 

Segal, A. W., Dorling, J., & Coade, S. (1980). Kinetics of fusion of the cytoplasmic 

granules with phagocytic vacuoles in human polymorphonuclear leukocytes. 

Biochemical and morphological studies.} Cell Bioi, 85(1), 42-59. 

Seglen, P. 0., & Bohley, P. (1992). Autophagy and other vacuolar protein degradation 

mechanisms. Experientia, 48(2), 158-172. 

Seymour, R. A. (2006). Effects of medications on the periodontal tissues in health 

and disease. Periodonto/2000, 40,120-129. 



References 164 

Shi, C. S., & Kehrl, J. H. (2008). MyD88 and Trif target Beclin 1 to trigger autophagy in 

macro phages.} Bioi Chern, 283( 48), 33175-33182. 

Shirahama-Noda, K., Yamamoto, A., Sugihara, K., Hashimoto, N., Asano, M., 

Nishimura, M., et al. (2003). Biosynthetic processing of cathepsins and lysosomal 

degradation are abolished in asparaginyl endopeptidase-deficient mice. [Research 

Support, Non-U.S. Gov't).j Bioi Chern, 278(35), 33194-33199. 

Shorlman, K., & Liu, Y. J. (2002). Mouse and human dendritic cell subtypes. Nat Rev 

lrnmunol, 2(3), 151-161. 

Singh, A., Wyant, T., Anaya-Bergman, C., J\duse-Opoku, J., Brunner, J., Laine, M. L., et 

al. (2011). The capsule of Porphyromonas gingival is leads to a reduction in the host 

inflammatory response, evasion of phagocytosis, and increase in virulence. 

[Research Support, N.I.H., Extramural Research Support, Non-U.S. Gov't].Jnfect 

lrnmun, 79(11), 4533-4542. 

Slots, j. (1979). Subgingival microflora and periodontal disease.} Clin Periodontal, 

6(5), 351-382. 

Steinman, R. M. (2001). Dendritic cells and the control of immunity: enhancing the 

efficiency of antigen presentation. Mt Sinai j Med, 68(3), 160-166. 

Steinman, R. M., & lnaba, K. (1999). Myeloid dendritic cells. [Research Support, Non

U.S. Gov't Research Support, U.S. Gov't, P.II.S. Review].} Leukoc Bioi, 66(2), 205-208. 

Sumpter, R., Jr., & Levine, B. (2010). Autophagy and innate immunity: triggering, 

targeting and tuning. [Research Support, N.I.H., Extramural Research Support, Non

U.S. Gov't Review]. Semin Cell Dev Bioi, 21 (7), 699-711. 

Svajger, U., Obermajer, N., Anderluh, M., Kos, j., & jeras, M. (2011). DC-SIGN ligation 

greatly affects dendritic cell differentiation from monocytes compromising their 

normal function.} Leukoc Bioi, 89(6), 893-905. 

Takashiba, $., & Naruishi, K. (2006). Gene polymorph isms in periodontal health and 

disease. Periodonto12000, 40, 94-106. 



References 165 ------------------------------------------------
Taubman, M.A., & Kawai, T. (2001). Involvement ofT-lymphocytes in periodontal 

disease and in direct and indirect induction of bone resorption. Crit Rev Oral Bioi 

Med, 12(2), 125-135. 

Tlaskalova-Hogenova, H., Stepankova, R., lludcovic, T., Tuckova, L., Cukrowska, 8., 

Lodinova-Zadnikova, R., et al. (2004). Commensal bacteria (normal microflora), 

mucosal immunity and chronic inflammatory and autoimmune diseases. [Research 

Support, Non-U.S. Gov't Review].Immunology letters, 93(2-3), 97-108. 

Touret, N., Paroutis, P., Terebiznik, M., I Iarrison, R. E., Trombetta, S., Pypaert, M., et 

al. (2005). Quantitative and dynamic assessment of the contribution of the ER to 

phagosome formation. Cell, 123(1), 157-170. 

Travassos, L. H., Carneiro, L.A., Ramjeet, M., llussey, S., Kim, Y. G., Magalhaes, j. G., et 

al. (2010). Nod1 and Nod2 direct autophagy by recruiting ATG16Ll to the plasma 

membrane at the site of bacterial entry. [Research Support, N.I.H., Extramural 

Research Support, Non-U.S. Gov't]. Nat lmmunol, 11(1), 55-62. 

Trombetta, E. S., Ebersold, M., Garrett, W., Pypaert, M., & Mellman, I. (2003). 

Activation of lysosomal function during dendritic cell maturation. Science, 

299(5611), 1400-1403. 

Trombetta et al. (2003). Activation of lysosomal function during dendritic cell 

maturation. Science, 299(5611), 1400-1403. 

Troy, A. J., & Hart, D. N. (1997). Dendritic cells and cancer: progress toward a new 

cellular therapy. [Review].] Hematother, 6(6), 523-533. 

Tuominen-Gustafsson et al. (2006). Use of CFSE staining of borreliae in studies on 

the interaction between borreliae and human neutrophils. [Research Support, Non

U.S. Gov't]. BMC Microbial, 6, 92. 

Turley, S. j., lnaba, K., Garrett, W. S., Ebersold, M., Unternaehrer, J., Steinman, R. M., et 

al. (2000). Transport of peptide-MHC class II complexes in developing dendritic 

cells. Science, 288(5465), 522-527. 



References 166 -----------------------------------------------------
Umemoto, T., and N. Hamada .. (2003). Characterization of biologically active cell 

surface components of a periodontal pathogen. The roles of major and minor 

fimbriae of Porphyromonas gingival is .. } Penodontol, 74, 119-122. 

Underhill, D. M., & Goodridge, H. S. (2012). Information processing during 

phagocytosis. (Review]. Nat Rev lmmunol, 12(7), 492-502. 

Underhill, D. M., & Ozinsky, A. (2002). Phagocytosis of microbes: complexity in 

action. Annu Rev lmmunol, 20, 825-852. 

Van Dyke, T. E., & Sheilesh, D. (2005). Risk factors for periodontitis.} lnt Acad 

Periodontal, 7(1), 3-7. 

van Kooyk, Y., & Geijtenbeek, T. B. (2003). DC-SIGN: escape mechanism for 

pathogens. [Research Support, Non-U.S. Gov't Review). Nat Rev lmmunol, 3(9), 697-

709. 

Van Voorhis et al. (1982). Human dendritic cells. Enrichment and characterization 

from peripheral blood. [Research Support, Non-U.S. Gov't Research Support, U.S. 

Gov't, P.H.S.].j ExpMed,155(4),1172-1187. 

Vulcano, M., Dusi, S., Lissandrini, D., Badolato, R., Mazzi, P., Riboldi, E., eta!. (2004). 

Toll receptor-mediated regulation of NADP II oxidase in human dendritic cells. 

[Research Support, Non-U.S. Gov't].j lmmunol, 173(9), 5749-5756. 

Wang, M., Shakhatreh, M.A., James, D., Liang, S., Nishiyama, S., Yoshimura, F., et al. 

(2007). Fimbria! proteins ofporphyromonas gingivalis mediate in vivo virulence 

and exploit TLR2 and complement receptor 3 to persist in macrophages.j lmmunol, 

179(4), 2349-2358. 

West, M.A., Wallin, R. P., Matthews, S. P., Svensson, H. G., Zaru, R., Ljunggren, H. G., et 

al. (2004). Enhanced dendritic cell antigen capture via toll-like receptor-i nduced 

actin remodeling. Science, 305(5687), 1153-1157. 

Wu, J., Lin, X., & Xie, H. (2007). Porphyromonas gingival is short fimbriae are 

regulated by a FimS/FimR two-component system. FEMS Microbial Lett, 271 (2), 

214-22 1. 



References 

Xie et al. (1997). Environmental regulation offimbrial gene expression in 

Porphyromonas gingivalis. Infect lmmun, 65(6), 2265-2271. 

Xiong, J., Xia, M., Xu, M., Zhang, Y., Abais, J. M., Li, G., et al. (2013). Autophagy 

maturation associated with CD38-mediated regulation of lysosome function in 

mouse glomerular podocytes. j Cell Mol Med. 

Xu, Y., Jagannath, C., Liu, X. D., Sharafkhaneh, A., Kolodziejska, K. E., & Eissa, N. T. 

(2007). Toll-like receptor 4 is a sensor for autophagy associated with innate 

immunity. Immunity, 27(1), 135-144. 

167 

Yoshimori, T. (2004). Autophagy: a regulated bulk degradation process inside cells. 

Biochem Biophys Res Commun, 313(2), 453-458. 

Zeituni, A., jotwani, R., Carrion, J. Cutler, C.W. (2009). Targeting of DC-SIGN on 

human dendritic cells by minor fimbriated Porphyromonas gingivalis strains elicits 

a distinct effector T cell response]. Immunology (accepted). 

Zeituni et al. (2009). Targeting of DC-SIGN on human dend ritic cells by minor 

fimbriated Porphyromonas gingival is strains elicits a distinct effector T cell 

response.] lmmunol, 183(9), 5694-5704. 

Zeituni et al. (2010a). Porphyromonas gingival is-dendritic cell interactions: 

consequences for coronary artery disease.] Oral Microbiol, 2. 

Zeituni et al. (2010b). Porphyromonas ginigvalis-dendritic cell interactions: 

consequences for coronary artery disease. journal o[Oral Microbiology, 2, 5782. 

Zhou e al. (2006). DC-SIGN and immunoregulation. [Research Support, Non-U.S. 

Gov't Review). Cell Mol Immunol, 3(4), 279-283. 

Ziegler-Heitbrock, L., Ancuta, P., Crowe, S., Dalod, M., Grau, V., Hart, D. N., et al. 

(2010). Nomenclature of monocytes and dendritic cells in blood. Blood, 116(16), 

e74-80. 




