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I TRODUCTIO ' (statement of the problem) 

Chronic periodontitis is the most common oral disease. It affects 50-60°/o 

of the US population. It is characterized by an inflammatory response to 

microbes in the oral biofilm such as Porphyromonas gingiva/is. This leads to 

destruction of soft and hard tissues supporting the tooth. The manifestations 

of chronic periodontitis are gingival inflammation and bleeding, connective 

tissue destruction and loss of alveolar bone support which is attributed to 

inflammatory cell infiltrates, including dendritic cells (DCs) and natural 

killer (NK) cells in the gingival tissues. Changes in the oral mucosa that 

occur as a result of soft and hard tissue destruction (e.g formation of 

periodontal pockets, bleeding) further promote the growth of anaerobic 

pathogens (e.g. P. gingiva/is). Presently unknown is the influence of P. 

gingiva/is on DC-NK interactions and how these interactions could affect 

the pathogenesis of periodontitis 
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REVIEW OF LITERATURE 

Porphyromonas gingiva/is 

Potphyrornonas gingiva/is (P. gingiva/is) is the major etiological agent 

in periodontal disease [I, 2]. This species is an asaccharolytic, non-motile, 

non-spore forming, short, pleomorphic, gram-negative, black pigmented, 

anaerobic rod [3]. It forms a substantial population of the microflora of 

subgingival sites, buccal mucosa, tongue and tonsi llar area in both diseased 

and healthy individuals [4]. The role of P. gingiva/is in the development of 

periodontal disease can be attributed to the many virulence factors that 

contribute to its defense and destruction against host tissue and epithelial 

cells. These include fimbriae, hemagglutinin, capsule, lipopolysaccharide, 

the outer membrane vesicle, and pro teases [ 4-6]. Fimbriae are appendages 

that are involved in P. gingiva/is cell membrane and greatly contribute to its 

virulence (3]. P. gingiva/is fimbriae have been characterized to be a key 

factor in adhesion, invasion and coloniLation of the oral mucosa [ 4, 7]. 

Moreover, P. gingh·alis have been associated with many systemic diseases 

such as cardiovascular disease, rheumatoid arthritis, preterm birth weight, 

and diabetes mellitus [8, 9]. 
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P. gingiva/is fimbriae 

P. gingiva/is has two distinct type of fimbriae~ long and short fimbriae 

[I 0, 11]. The long fimbriae (fimA) is also known as major fimbriae while 

the short fimbriae (mfa-1) is known as minor fimbriae. Both P. gingiva/is 

fimbriae arc involved in initial attachment and organization of biofilm and 

attachment to other bacteria [5]. Most interestingly, the fimbriae of P. 

gingiva/is have been shown to be important for infection of DCs, 

particularly the minor fimbriae, comprised of a 67-kDa glycoprotein that is 

encoded by the mfal gene (12). Mfal targets the C-type lectin DC-SIGN on 

DC for entry [ II ] and survival within [ 13]. The major fimbriae are 

composed of a 41 kDa protein called ftmbrillin, encoded by the fimA gene 

[ 14]. Previous studies showed that low temperature (34 ° C) is necessary for 

the transcription of fimA gene [ 15, 16]. Additionally, the presence of the 

gingipains (RgpA and Kgp) are essential for the transcription of fimA ( 17]. 

P. gingiva/is and Chronic Periodontitis 

Chronic periodontitis is the most common oral disease. It affects around 

50-60%, of the population in the United States. The manifestations of this 
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disease are gingival bleeding, gingival inflammation, destruction of soft 

tissue and alveolar bone loss. It causes induction of a non-protective immune 

response that leads to a massive influx of polymorphonuclear leukocytes 

(PMNs). Inflammatory cell influx occurs in response to the dental plaque or 

biofilm. Tissue destruction is attributed to the increased influx and activation 

of PMNs attracted to the site of the disease. P. gingiva/is constitutes a major 

etiological agent in periodontal disease. The association of P. gingiva/is and 

periodontal disease is attributed to the many virulence factors of this 

microorganism. It is part of the dental plaque biofilm that attaches to natural 

teeth, fillings, and fixed and removable restorations [ 18]. The biofilm 

contains both beneficial commensal organisms and pathogens. In healthy 

conditions, the microbial composition of dental plaque biofilm is balanced 

and stable. When this balance is disrupted, microbial homeostasis breaks 

down and periodontal disease occurs. The progression of disease is 

accompanied by shi fis in the subgingival microflora from a predominance of 

gram-positive microorganisms to a gram-negative, obligate anaerobic 

micro flora [ 19]. (Figure 1) [20]. 
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G•ngival margm T----· 
Gingival sulcus 

(1 3 mm • ••• 

>--- Suprag1ngival plaque and calculus 

~--+-- Subg•ng•val plaque and calculus 
Periodontal pocket 
(>Smm) 

Figure 1: Anatomy of the periodontium in health and disease {20]. 

Dendritic Cells 

Dendritic cells (DCs) are professional antigen presenting cells (APCs) 

that infiltrate different sites in the body, including mucosa and skin (21 ]. 

DCs actively mobilize in and out of oral mucosal tissues at different stages 
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of periodontal health and disease (22-25]. The Cutler laboratory was the first 

to report the formation of immune synapses between DCs and CD4+ T cells 

in situ in chronic periodontitis. Clusters of these immune synapses in chronic 

periodontitis [26], which were called oral lymphoid foci (25], are analogous 

to ectopic lymphoid follicles, found in many chronic inflammatory diseases 

[27]. It is not clear how these oral lymphoid foci influence DC homeostasis. 

For the purpose of this study, we were interested in what role NK cells play 

in this regard, of which little is known. DCs are generally known for their 

role in linking the innate and adaptive arms of the immune system [28]. DCs 

are important in maintaining immune homeostasis and in inducing primary 

immune response [29]. DCs capture antigens, process them, and present 

them on the cell surface in the context of MHC molecules. Thus, DCs can 

induce primary immune responses in resting naive T lymphocytes [30]. DCs 

also play a role in establishment of immunological memory by maintaining 

8 cells function and recall responses (31]. 

DCs originate from the bone marrow and develop into professional 

APCs capable of inducing primary immune response [32, 33]. In the resting 

state, DCs circulate in the blood, while many subsets home to the peripheral 

tissues and lymphoid organs [32]. DCs can be found in two functional states, 
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immature and mature states. Tmmature DCs or iDCs serve to capture 

bacteria whereupon they undergo a process of maturation including up

regulation of co-stimulatory molecules (CD80, CD86), maturation markers 

(CD83), antigen presenting molecules (MHC class I and II), acquisition of 

migratory markers (e.g. CCR7) and secretion of cytokincs (e.g IL-12p70) 

[34]. As a consequence, these iDCs mature and migrate to the secondary 

lymphoid organs[35]. 

Functions of DCs 

The antigen presenting functions of DCs arc generally divided into three 

categories. The first category involves activation of T cells [30, 36] and 

natural killer (NK) cells [37]. The second category is maintaining immune 

tolerance [28]. The third category is maintaining immune memory in 

conjunction with B cells, which is performed by a specialized subset of 

follicular dendritic cells (FDCs) [30], (Figure 2)[38]. 
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Figure 2: Influence of NK cells, T cells and 8 cells functions by DCs {38}. 

Influence of P. gingiva/is on DC Function 
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A recent study revealed that minor fimbria of P. gingiva/is targets the 

C-type lectin DC-SIGN (CD209) for binding and entry of human monocyte-

derived dendritic cells (MoDC) [II]. Moreover, thi study showed that these 

fimbriae drive DCs to retain the immature status and to produce low levels 
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of pro-inflammatory cytokines. In contrast, targeting DCs with maJor 

fimbriae leads to induction of DC maturation and mcrease m pro

inflammatory cytokine production [11]. Fimbriae expression not only affects 

DCs phenotype and maturation status, but it also influences the response of 

T- lymphocytes to P. gingiva/is infection. The same study showed that co

culturing CD4+ T-lymphocytes with DCs infected with P. gingiva/is 

expressing minor fimbriae influenced DCs to prime nai"ve T cells towards 

Th2 effector response. In contrast infecting DCs with major fimbriae 

expressing P. gingiva/is led to priming na"ive T cells to a Th 1 effector 

phenotype [II]. Furthermore, it has been propo ed that infection of gingival 

DCs with P. gingiva/is triggers reverse transmigration of P. gingiva/is

infected DCs into circulation towards distant s ites of infection [13]. 

Natural Killer Cells 

Natural killer (NK) cells play a crucial ro le in the innate immune system 

[37, 39]. It is well known that NK cells have the ability to kill tumor cells 

and virus infected cells as a host response to danger [ 40]. In addition, under 

certain conditions NK cells can lyse DCs. Human NK cells comprise :::: 10% 

of peripheral blood lymphocytes in normal individuals. NK cells 
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differentiate from a common lymphoid progenitor and undergo 

differentiation and maturation in the bone marrow, spleen, lymph node, 

tonsi ls, and thymus, where they then enter into the circulation [ 41]. The 

majority of NK cells are characterized phenotypically by the presence of 

CD56 and the lack of CD3 [40, 42]. NK cells do not express T-eell antigen 

receptors (TCR) or surface immunoglobuli n (lg) B cell receptors [43]. NK 

cells share the same killing machinery with CD8+ cytotoxic T lymphocytes, 

but NK cells are capable of recogniLing cells that have down-regulated 

MHC class-1 expression (e.g, tumor cells and virus infected cells). This 

mechanism is called "the missing self'. It provide a backup line of defense 

by NK cells to kill cells that escape recognition by CD8+ cytotoxic T 

lymphocytes [44]. NK cells can be non-specifically activated by many 

soluble cytokines, including IL-2, IL-15 and IL-18 [ 44]. 

NK cell subsets 

Human NK cells can be classified into two subtypes depending on the 

density ofCD56 on the cell surface [45]. The majority (::::90°o) of peripheral 

blood NK cells have low surface density expression of CD56 (dim) and are 

CD 16 . In contrast, the other subset, which homes to the lymphoid organs, is 
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characterized by high surface density expression of CD56 (bright) and lack 

ofCDl6 [42, 45-47]. 

Functional activity of NK cells 

CD56d•m NK cells are reported to mediate immediate cytotoxicity due to 

the presence of perforins and granzymcs, whereas CD56bnght subset lack 

pcrforins [46, 47]. Peripheral blood NK cells arc considered cytolytic while 

lymph node NK cells are immunomodulatory [45, 46]. 

NK cell cytokine production 

Immunoregulatory cytokines are produced mainly by the CD56bnght 

subset. These cytokines include interferon-gamma (TFN-y), tumor necrotic 

factor p (TNF-p), IL-l 0, IL-13 , and granulocyte-macrophage colony

stimulating factor (GM-CSF). The CD56dml sub et is a weak cytokine 

producer [45, 47]. 
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K cell receptors 

NK cells have two families of receptors, the immunoglobulin superfamily 

and the C-type lectin family. The immunoglobulin superfamily includes 

killer cell Ig- like receptors (KIRs).The C-typc lectin family ofNK receptors 

are subdivided into homodimeric and hetcrodimeric. The homodimeric C

typc lectin receptors are NKR-P l, NKG2D, and CD69. Heterodimeric C

type lectin immunoglobulin NK receptors are CD94/NKG2A, -B, -C, or - E 

[48]. 

NKp30, NKp44, NKp46 and NKp80 

These receptors are all called natural cytotox icity receptors (NCRs) 

[49, 50]. In humans, NKp30, NKp46 and NKp80 are constitutively 

expressed by all NK cells, while NKp44 is expressed in activated NK cells 

only [51, 52]. In in vitro experiments, it has been reported previously that 

blocking one or more of these receptors leads to inhibition of NK cells 

cytotoxic activity against tumor cells [49, 53]. 
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The CD94/NKG2 family 

The CD94 KG2 NK receptor family is composed of members with 

activating or inhibitory potential. This group of receptors is expressed 

predominantly on NK cells and on some CD8+ subsets. CD94/NKG2 

receptors arc disulfide-linked heterodimcrs. The CD94 subunit of the 

receptor is invariant and is encoded by a sing le gene. On the other hand, the 

NKG2 family comprises five genes designated NKG2A, NKG2C, NKG2D, 

NKG2E, and NKG2F. NKG2B is a splice variant ofNKG2A. NKG2 fami ly 

member dimerize with the CD94 molecule with the exception of NKG2D 

which is a homodimer. CD94-NKG2A is an NK inhibitory receptor that 

binds the oligomorphic HLA-E molecule [54]. 

K/Rs 

The KIR (also known as CD158) family is encoded by 14 genes. 

Members of this family are transmembrane glycoproteins expressed on NK 

cells and on natural ki ller T cells (NKT). KIRs are NK cell receptors that 

bind to and mediate the recognition of the polymorphic MHC class-I, HLA-
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A, -B, and -C molecules, which are expres ed on all nucleated cells in the 

body (55]. 

Current nomenclature of KIR is based on the number of C2-type 

immunoglobulin-like domains present in the extracellular region: two 

domains (20) and three domains (3D), and by the length of the cytoplasmic 

domain: long tailed receptor (L) and short tailed receptor (S) [56]. Some 

members of KIR family have the abi lity to transduce activating or inhibitory 

signals. KIRs with a long cytoplasmic tail contain immunoreceptor tyrosine

based inhibitory motifs (ITIMs) [ 48]. This group of KIRs transduces 

inhibitory signals, with the exception of KIR2DL4, which is expressed on 

CD56bnght NK cells [57]. KIR2DL4 is involved in activation of cytokine 

production. Activating KIRs have short cytoplasmic domain associates with 

DAP 12 signaling molecule. (Figure 3) [56]. 



lnhrbrtory KIRs 
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Figure 3: Activating and inhibitory K/Rs in NK cells[56}. 
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Receptor-mediated NK cell activity 

The initiation of NK cell cytotoxic function is controlled by the balance 

between activating and inhibitory receptors. This balance prevents damage 

to normal tissues or cells through inhibition of unwanted NK cell activation. 

Cyto lysis is inhibited when self-peptide is expressed on MHC class-! 

molecu le on the target cell, and faci litated when targets are depleted ofMHC 

class-1 molecule, when non-self-peptide is expressed on MHC class-!, or 

when the target cell down-regulates MHC class-! expression. This 

phenomenon is called "the missing self'. The hypothesis suggests that any 

cell to cell interaction between NK cell and target cell wi ll result in target 

cell lysis unless the target expresses the appropriate MHC class-I molecule 

that is able to engage the appropriate inhibitory receptor on the NK cell. As a 

result, inhibition overrides activation and switches off activating receptor 

s ignaling, rendering NK cell non- cytotoxic. On the contrary, stress, 

transformation, tumor, and microbial in fection make target cells down

regulate MHC class-I expression and unable to transmit cell inhibitory 

s ignals to killer receptors. In this scenario, the activating s igna ls are not 

overridden and the NK cell kills its target (58, 59]. (Figure 4) (58]. 
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Figure 4: The "missing- self' hypothesis [58]. 
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Killing of target cells, pathogen infected cells or cancer cells, is just one 

piece of the NK cell response mosaic. Production of certain cytokines by NK 

cells leads to stimulation of the adaptive immune system. Other cytokines, 

like interferon-gamma, play an important role in the defense against tumors 

by interfering with angiogenesis. Direct killing of target cells by NK cells 

can be accomplished through different pathways, including granule

mediated killing (perforin/granzyme) or signaling through the TNF death 

receptor family. NK cytotoxic granules are cytoplasmic organelles 

specialized for storage and secretory functions. Cytotoxic granule proteins 

include a membrane disrupting protein that polymerize to form a pore in the 

target cell membrane (perforin) and serine proteases (granzymes) which 

activate apoptosis once in the cytoplasm of the target cell. It has been known 

that perforin is required to provide an entry for the granzymes into the target 

cell through making pores in the target cell membrane. 

Other studies suggest that the uptake of granzymes into the cells is 

mediated by receptor-mediated endocytosis. Specifically, it has been 

proposed that granL:ymes can be taken up into target cells by binding of 

granzymes to mannose 6-phosphate receptor (MPR) (60]. Five different 
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granLymes have been described in human (granzyme A, B, H, K, and M). 

Granzymes A and K are trypsins with specificity for cleaving at residues 

arginine and lysine and are co-localized on human chromosome 5q 11-12. 

GranLymc B is an aspase, cleaving after aspartic acid residues. Granzyme H 

is a chymase after phenylalanine residues. Granzymcs B and H are encoded 

by genes located on human chromosome 14q I 1.2. Granzyme M is an 

e las tase with enzyme specificity for c leaving after methionine, leucine, or 

isoleucine residues. This granzyme is localiLed with neutrophil elastases on 

human chromosome 19pl3.3 [61]. In humans, granzymes A and B are the 

most potent activators of apoptosis [62]. Granzyme B induces apoptosis in 

target cells through activation of caspasc pathway or through caspase

indcpcndcnt pathway, mitochondrial pathway [63]. Both pathways lead to 

activation o f deoxyribonuclease (DNasc), which leads to fragmentation of 

the double stranded DNA and, consequently, target cell lysis [64]. The 

DNasc works in combination with 3' repair exonuclease (Trex l ), preventing 

DNA repair by blocking the ends from re-annealing and leads to cytotoxic 

lys i of the target cell [ 64]. (Figure 5) 
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SPECIFIC AIMS 

I. To determine the influence of ?.gingiva/is fimbriae on infection of 

MoDCs and the role of infected/uninfectcd MoDCs in activation of 

NK cells. 

2. To analyze the ability of NK cells to lyse P. gingiva/is infected 

MoDCs, based on the fimbria! expression of P.gingivalis. 
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HYPOTHESES 

HYPOTHESIS #1 

Optimum NK cell activation by monocyte-derived dendritic cells (MoDCs) 

will depend on fimbriae expression by the infecting P. gingiva/is strain. 

HYPOTHESIS #2 

MoDCs infected by P. gingiva/is will be more susceptible to NK cell 

mediated lysis in a fimbriae dependent manner. 
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MATERIALS AND METHODS 

Methodology overview 

rn this study, MoDCs were generated by seeding monocytes isolated 

from PBMCs in medium supplemented with growth factors (GM-CSF/IL-4). 

On day 6, immature MoDC were harvested and subsequently infected with 

P. gingiva/is WT38l and DPG3 for 6 hours. At the same time, autologous 

NK cells were generated and then co-cultured with P. gingiva/is-infected 

MoDCs. MoDCs and NK cells were stained against antibodies of interest 18 

hour after co-culture and flow cytometric analysis was performed. 
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Methodology flow chart 

Donor blood 

PBMCs 

~ 
Day (O) 

Monocytes 

~ 
Generation of 

autologous NK cells 
MoDes 

~ 
Infection of DCs with 

P.gingivalis 

6 Hrs 
Day (6) 

NK/DC co-culture 

18 Hrs 
1 

Flow cytometric analysis 

Figure 6: Methodology flow chart. 
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Detailed Methodology 

Antibodies and Reagents 

Antibodies: CD I c-FITC, DC-SIGN-PerCP Cy5.5, CD83-FITC, CD83-

APC, CD 14-PE, CD3-FITC, CD56-APC, CD69-PE, HLA-ABC-APC 

(eBio ciences, San Diego, CA). HLA-ABC-PE (BioLegent, San Diego, 

CA). lsotype controls: IgG 1 ,K-PE, IgG20,K-PE, IgG I ,K- PerCP Cy5.5, 

lgG2b,K-APC ( eBiosciences, San Diego, CA), IgG23,K-PE, IgG 1 ,K-APC, 

IgG2,.,K-APC (BioLegent, San Diego, CA). Human FeR blocking reagent 

(Miltenyi Biotec, San Diego, CA). AnnexinV-FITC apoptosis detection kit 

(eB ioscienees, San Diego, CA). Reagents: Flow cytometry staining buffer 

and IC fixation buffer (eBiosciences, San Diego, CA). Fetal bovine serum 

(FBS), Granulocyte Macrophage- Colony Stimulating Factor (GM-CSF), 

and Interlcukin-4 (IL-4) (Gemini bio-product , West Sacramento, CA). X

VIVO nt 15 chemically defined, serum-free hematopoietic cell medium 

(LonLa, Walkersville, MD). Dulbecco's phosphate-buffered saline (DPBS) 



26 

(Hyclone laboratories, Logan, UT). Ethylenediaminetetraacetic acid 

(EDTA), Dimethyl sulfoxide (DMSO) (Fisher Scientific, Fair Lawn, NJ). 

Staurosporine (Immunochemistry, Bloomington, MN). 

Generation of monocytes, MoDCs 

Monocytes were obtained from healthy donor blood (randomized blood 

units were obtained from GRU-Health blood bank). Briefly, the blood was 

incubated with RosetteSep™ human monocyte enrichment cocktail for 20 

minute [65]. According to manufacturer recommendation, EDTA was 

added to the whole blood to a final concentration of I mM. Then, the sample 

was diluted to l: l volume in DPBS+ 2%FBS and I mM EDT A. The sample 

was layered on top of density medium Ficoii-Paque TM Plus (GE Healthcare, 

Sweden), and centrifuged at 1200 x g for 20 minutes at room temperature. 

After centrifugation, the interface containing the enriched cells was then 

carefully aspirated and the cells were washed using DPBS-5°'o FBS. After 

washing, the cells pellet was resu pended in X-VIVO T\l 15 medium 

containing gentamicin and then cultured for 40 minutes to a llow for the 

adherence of monocytes. Supernatant containing unwanted lymphocyte 
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carryover was then discarded and followed by vigorous washing with cell 

culture medium. Attached monocytes were then seeded in the medium 

supplemented by 1000 U/ml of the growth factor GM-CSF and IL-4 at a 

concentration of (3-4 x 105 cells/ml) for 6 days [66]. Medium was changed 

in day 2 and day 4. On day 6, the floating DCs were harvested and checked 

for the correct phenotype by flow cytometric analysis (DC-SIGN+, CD 1 c+, 

CD 14-, CD83-). (Figure 6). 
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Figure 7: Immature MoDes phenotype 

Generation of NKs 

Purified autologous NK cells were isolated from PBMCs. Donor blood 

was di luted with the same volume of PBS and layered on top of density 

medium in conical tubes. The tube was centrifuged at 1800 RPM for 30 

minutes at room temperature. Buffy coat was then collected and washed 

twice using PBS-5% FBS. After washing, the cells pellet was resuspended in 
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RoboSep n
1 

buffer at concentration of 5 x 107 cell mi. NK cells were then 

negatively isolated using the EasysepTM human natural killer cell enrichment 

kit, in combination with RoboSep automated cell separation system 

(Stemcell Technologies™, Vancouver, Canada). NK cells were stained with 

anti-CD3 and anti-CD56 to confirm the cells phenotype. 

Bacterial strains and growth conditions 

The fol lowing P. gingiva/is strains were used: Wild-type (WT) P. 

gingival is 381, which expresses both major and minor fimbriae (P. 

gingil·alis
111

a
1
+ mm ), and isogenic major fimbriae-deficient mutant P. 

gingiva/is (DPG3), which expresses only the mmor fimbriae (P. 

gingivalismaJ- mint) were used in this study. The strains were maintained 

anaerobically (I 0% H2, 10% C02, and 80% N2) in type (C) in a vinyl 

anaerobic system glove box (Coy laboratory products, Grass lake, MI) 37°C 

[67, 68] and were grown in Acumedia Willkins-Chalgren anaerobe broth 

(Neogen, Lansing, MI). Erythromycin (5Jlg/ml) wa added to DPG3 liquid 

medium, according to the selection requirements of the strains. The bacterial 

suspension were washed 5 times in PBS, and P. gingiva/is were 
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resuspended to an OD at 660 nm of O.ll, which is determined previously to 

be equal to 5 x l 0
7 

CFU [2]. P. gingiva/is culture purity was confmned by 

gram stain ing. Black colony formation was checked on blood agar plates. 

Pulsing of DCs with P. gingiva/is and DCs/NKs co-culture 

On day 6, DCs were pulsed with P. gingiva/is strains at l: 1 and 10: 1 

mul tiplicity of infection [69] (MOl) for 6 hours. After that, infected DCs 

were washed in PBS to remove extracellular bacteria and then co-cultured 

with NK cells at a ratio ofNK:DC (Effector: Target) - 3: I for 18 hours. NK 

cells were stimulated by IL-12p70 (20 ng/ml) to be used as a positive control 

for NK cell activation. 

Analysis of NK activation, DC lysis 

NKJ DC co-culture population was stained with the following mAbs: 

DC-SIGN, CD83, CD56 and CD69. DCs lysis was investigated by Annexin

V sta ined kit [70] (eBioscience, San Diego, CA). Percent of lysed DCs were 

calculated as the number of dead DCs after co-culturing with NK cells, 

re lative to DCs cultured alone. Cells were fixed using I% para formaldehyde. 
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Antibod} staining and flow cytometric anal}sis 

Cell populations were harvested and washed with PBS to remove cell 

culture medium. Then, cells were resuspended in I 00 ul of FACS buffer for 

30 minutes at 4 °C. Fe regions were blocked by incubating cells with FeR 

blocking reagent for 20 minutes in FACS buffer. Cells were stained with 

specific monoclonal antibodies or appropriate isotype controls for 30 

minutes at 4 °C. Next, cells were washed using FACS buffer to remove 

unbound antibodies and resuspended in 200 ul FACS buffer to be analyzed 

using flow cytometry. The Accuri C6 flow cytometer (Becton, Dickinson 

and Company, Ann Arbor, Ml) was used to carry out the analysis. 

Statistical analysis 

Data analysis was conducted by servicing one way ANOV A followed 

by Bonferroni multiple-comparisons test using GraphPad Prism 6 (GraphPad 

Software, Inc, La Jolla, CA). 
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RESULTS 

I. MHC class-1 expression in MoDCs. 

2. Influence ofNK cells on MoDCs maturation. 

3. Activation ofNK cells by P. gingiva/is- infected MoDCs. 

4. NK cells- mediated MoDCs lysis. 
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M HC class-1 expression in DCs 

To investigate expression of MHC class-I on MoDCs, MoDCs were 

pulsed with P. gingiva/is WT38 1, which express both major and minor 

fimbria, and DPG3, which express only minor fimbria, for 6 hours. Cells 

were then cultured in cell culture medium without growth factors for 18 

hours. Afterwards, cells were harvested and stained against HLA-ABC 

(MHC class-1). The results indicate that MoDCs have constitutively high 

expression of MHC class-I molecule. Moreover, slight up-regulation of 

MHC class-I molecule (97%) was observed in MoDCs infected with both 

strains at the MOI used (1 and 10 MOl), re lative to untreated MoDCs (83%) 

and to untreated MoDCs cul tured for 24 hours (89%). Monocytes were also 

tested for MHC class-! expression before differentiation to MoDCs (99%). 

(Figure 7). 
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Figure 8: Expression ofMHC class-I by monocytes and MoDCs.

(A) Shows histograms of MHC class-I expression by untreated monocytes and both
untreated and P. gingivalis infected moDCs. (B) Quantification of MHC class-I
expression shownin (A).
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Influence of NK cells on DCs maturation 

As infection of MoDCs with either P. gingiva/is strain did not 

influence maturation, we next looked at the influence ofNK cells on MoDC 

maturation. As before, MoDCs were stained against CD83 (final maturation 

marker) and DC-SIGN (phenotypic marker) after co-culturing with NK cells 

for 18 hours. Results of these experiments revealed that NK cells do not 

affect MoDCs maturation. MoDCs expression rate of CD83 and DC-SIGN 

was equivalent in MoDCs infected with both strains of P. gingiva/is, with or 

without co-culturing with NK cells. CD83 expression was l 0% and 24% 

during infection with WT at l MOl and I 0 MOl, respectively. Infection of 

MoDCs with DPG3 lead to slight up-regulation of CD83 to 12% at 1 MOl 

and to ll% at l 0 MOL DC-SIGN expression was highly down-regulated 

(20%) when MoDCs infected with WT I OMOI. However, MoDCs 

maintained immature status when infected with DPG3 at both 1 MOl and 

l OMOI. (Figure 8). 
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Figure 9: Monitoring maturation of MoDCs co-cultured with NK cells 
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Activation of NK cells by P. gingiva/is-infected MoDCs 

For the first hypothesis, to examine the capacity of MoDCs to induce 

autologous NK cell activation, MoDCs were infected with different strains 

of P. gingiva/is for 6 hours to allow for the uptake of the bacteria. NK cells 

were co-cultured with P. gingiva/is- infected MoDCs for 18 hours after 

removing extracellular bacteria by several washes. Eighteen hours later, 

activation of NK cells was studied by measuring the level of expression of 

CD69 the NK activation marker. As a negative control, NK cells were 

cultured alone. NK cells treated with IL-1 2 (20 ng/ml) were used as positive 

control. CD69 expression was noticeably higher in NK cells co-cultured 

with in fected MoDCs than NK cells cultured alone or with uninfected 

MoDCs. Interestingly, infection of MoDCs with ei ther P. gingival is induced 

signi ficantly more NK cells activation at I 0 MOT than at I MOT. There was 

no difference in NK cells activation rate between different strains used. 

(Figure 9) (Table l ). 
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Figure 10: Representation of CD69 expression in NK cells 

The numbers in the graph represent percentage of positive NK cells in indicated gate. 

Error bars represent standard deviation (SO) of mean. *psO.OS, **pSO.Ol, ***psO.OOl. A 

representative of three independent experiments is shown (n=3). 
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Table 1: Multiple comparisons of CD69 expression by NK cells. 

Bonferroni's Multiple Comparison Test Significant? Summary 

Untreated NK vs NK+IL-12 (20ng/ml) No ns 
Untreated NK vs Untreated NK/DC No ns 
Untreated NK vs NK/DC+WT 1MOI No ns 
Untreated NK vs NK/DC+WT 10MOI Yes *** 
Untreated NK vs NK/DC+DPG3 1MOI Yes ** 
Untreated NK vs NK/DC+DPG3 10MOI Yes *** 
NK+Il-12 (20ng/ ml) vs Untreated NK/DC No ns 
NK+IL-12 (20ng/ml) vs NK/DC+WT 1MOI No ns 
NK+Il-12 (20ng/ml) vs NK/DC+WT 10MOI Yes ** 
NK+IL-12 (20ng/ml) vs NK/DC+DPG3 1MOI No ns 
NK+Il-12 (20ng/ml) vs NK/DC+DPG3 10MOI Yes * 
Untreated NK/DC vs NK/DC+WT 1MOI No ns 
Untreated NK/DC vs NK/DC+WT 10MOI Yes ** 
Untreated NK/DC vs NK/DC+DPG3 1MOI No ns 
Untreated NK/DC vs NK/DC+DPG3 10MOI Yes ** 
NK/DC+WT 1MOI vs NK/DC+WT 10M OI Yes * 
NK/DC+WT 1MOI vs NK/DC+DPG3 1MOI No ns 
NK/DC+WT 1MOI vs NK/DC+DPG3 10M OI No ns 
NK/DC+WT 10MOI vs NK/DC+DPG3 1MOI No ns 
NK/DC+WT 10MOI vs NK/DC+DPG3 10MOI No ns 
NK/DC+DPG3 1MOI vs NK/DC+DPG3 10MOI No ns 
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NK cells- mediated MoDCs lysis. 

As NK cells were activated by P. gingi\'alis infected MoDCs (or P. 

gingivalis a lone) we hypothesized that despite the high constitutive level of 

MHC class I, MoDCs would be susceptible to NK cell mediated lysis in a 

fimbriae dependent manner. Therefore, NK cell- mediated MoDC lysis was 

exami ned by analysis of apoptosis using Annexin V staining kit. After co

culturing P. gingiva/is-infected MoDCs with NK cells, cell populations were 

incubated in Annexin V buffer. Fluorochrome-conjugated Annexin V was 

added to cell suspension for 15 minutes at room temperature. Samples were 

washed with Annexin V buffer. Next, cells were washed and resuspended in 

FACS buffer. Staurosporin, a protein kinase inhibitor, is an apoptosis 

inducer as it causes DNA fragmentation. It was used as a positive control for 

MoDCs apoptosis. MoDCs were cultured with staurosporin and with control 

DMSO at concentration of 1 )lM for 6 hours (7 1]. DMSO was the vehicle 

for taurosporin dissolution. To specify that NK cells, not the P. gingiva/is, 

induced MoDCs apoptosis, control MoDCs were infected with P. gingiva/is 

alone and stained with Annexin V. 
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The results indicate a slightly lower expression of Annexin V (~20%) in 

infected MoDCs alone (without NK cells) than in untreated MoDCs. 

Moreover, analysis of infected MoDCs in NK-DC co-cultures, revealed that 

MoDCs infected with P. gingiva/is WT38l at I 0 MOl showed lower 

expression of Annexin V (~22%) induction by NK cells, relative to MoDCs 

infected with WT381 at 1 MOl and to MoDCs infected with DPG3 at 1 or 

10 MOL Furthermore, the expression of Annex in V was significantly up

regulated (>45%) in NK-DC co-cultures infected with both strains, relative 

to untreated co-culture (18°'o). (Figure 1 0) (Table 2). 
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Figure 11: Annexin V expression in MoDCs 

Annexin V expression by P. gingiva/is-infected MoDCs and by infected MoDes co

cultured with NK cells. (B) Quant ification of Annexm V expression by MoDes shown in 

(A). Error bars represen t standard deviat ion (SO) of mean. ***p$0.001. A representat ive 

of three independent experiments is shown (n=3). 

42 



43 

Table 2: Multiple comparisons of Annexin V expression on DCs 

Bonferroni's Multiple Comparison Test Significant? Summary 

Untreated DC vs DC+DMSO No ns 
Untreated DC vs DC+Staurosporin Yes *** 
Untreated DC vs DC+WT lMOI No ns 
Untreated DC vs DC+WT lOMOI No ns 
Untreated DC vs DC+DPG3 lMOI No ns 
Untreated DC vs DC+DPG3 lOMOI No ns 
Untreated DC vs Untreated NK/DC No ns 
Untreated DC vs NK/DC+WT lMOI Yes *** 
Untreated DC vs NK/DC+WT lOMOI No ns 
Untreated DC vs NK/ DC+DPG31MOI Yes *** 
Untreated DC vs NK/DC+DPG3 lOMOI Yes *** 
DC+DMSO vs DC+Staurosporin Yes *** 
DC+DMSO vs DC+WT lMOI Yes ** 
DC+DMSO vs DC+WT lOMOI No ns 
DC+DMSO vs DC+DPG3 lMOI Yes *** 
DC+DMSO vs DC+DPG3 lOMOI Yes * 
DC+DMSO vs Untreated NK/DC No ns 
DC+DMSO vs NK/ DC+WT lMOI Yes *** 
DC+DMSO vs NK/DC+WT lOMOI No ns 

DC+DMSO vs NK/DC+DPG3 lMOI Yes *** 
DC+DMSO vs NK/DC+DPG3 lOMOI Yes *** 
DC+Staurosporin vs DC+WT lMOI Yes *** 
DC+Staurosporin vs DC+WT lOMOI Yes *** 
DC+Staurosporin vs DC+DPG3 lMOI Yes *** 
DC+Staurosporin vs DC+DPG3 lOMOI Yes *** 
DC+Staurosporin vs Untreated NK/ DC Yes *** 

DC+Staurosporin vs NK/DC+WT lMOI Yes * 
DC+Staurosporin vs NK/DC+WT lOMOI Yes *** 
DC+Staurosporin vs NK/DC+DPG3 lMOI Yes ** 
DC+Staurosporin vs NK/ DC+DPG3 lOMOI No ns 

DC+WT lMOI vs DC+WT lOMOI Yes ** 
DC+WT lMOI vs DC+DPG3 lMOI No ns 

DC+WT lMOI vs DC+DPG3 lOMOI No ns 
DC+WT lMOI vs Untreated NK/ DC No ns 

DC+WT lMOI vs NK/DC+WT lMOI Yes *** 
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DC+WT lMOI vs NK/ DC+WT lOMOI Yes *** 
DC+WT lMOI vs NK/DC+DPG3 lMOI Yes *** 
DC+WT lMOI vs NK/ DC+DPG3 lOMOI Yes *** 
DC+WT lOMOI vs DC+DPG3 lMOI Yes ** 
DC+WT lOMOI vs DC+DPG3 lOMOI No ns 
DC+WT lOMOI vs Untreated NK/DC No ns 
DC+WT lOMOI vs NK/ DC+WT lMOI Yes *** 
DC+WT lOMOI vs NK/DC+WT lOMOI No ns 
DC+WT lOMOI vs NK/ DC+DPG3 lMOI Yes *** 
DC+WT lOMOI vs NK/DC+DPG3 lOMOI Yes *** 
DC+DPG3 lMOI vs DC+DPG3 lOMOI No ns 
DC+DPG3 lMOI vs Untreated NK/DC No ns 
DC+DPG3 lMOI VS NK/DC+WT lMOI Yes *** 
DC+DPG3 lMOI vs NK/DC+WT lOMOI Yes *** 
DC+DPG3 lMOI vs NK/ DC+DPG3 lMOI Yes *** 
DC+DPG3 lMOI vs NK/DC+DPG3 lOMOI Yes *** 
DC+DPG3 lOMOI vs Untreated NK/ DC No ns 
DC+DPG3 lOMOI vs NK/DC+WT lMOI Yes *** 
DC+DPG3 lOMOI vs NK/ DC+WT lOMOI Yes * 
DC+DPG3 lOMOI vs NK/DC+DPG3 lMOI Yes *** 
DC+DPG3 lOMOI vs NK/ DC+DPG3 lOMOI Yes *** 
Untreated NK/DC vs NK/DC+WT lMOI Yes *** 
Untreated NK/ DC vs NK/ DC+WT lOMOI Yes * 
Untreated NK/DC vs NK/DC+DPG3 lMOI Yes *** 
Untreat ed NK/DC vs NK/ DC+DPG3 lOMOI Yes *** 

NK/DC+WT lMOI vs NK/DC+WT lOMOI Yes *** 
NK/ DC+WT lMOI vs NK/ DC+DPG3 lMOI No ns 

NK/DC+WT lMOI vs NK/DC+DPG3 lOMOI No ns 

NK/ DC+WT lOMOI vs NK/ DC+DPG3 lMOI Yes *** 
NK/DC+WT lOMOI vs NK/DC+DPG3 Yes *** 
lOMOI 

NK/ DC+DPG3 lMOI vs NK/DC+DPG3 No ns 
l OMOI 
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DISCUSSIO 

P. gingiva/is, a gram negative anaerobe, is a major etiological agent in 

the initiation and progression of periodontal disease. P gingiva/is has many 

virulence factors that enable it to contribute to the development of 

periodontal disease and in tissue destwction. Chronic periodontitis is a 

chronic inflammatory disease that elicits a non-protective immune response. 

It involves attraction of PMNs into the gingival tissue and, subsequently, 

soft tissue destruction and alveolar bone loss. Chronic periodontitis is 

manifested clinically as gingival inflammation and bleeding on probing. It 

presents initially as gingivitis, an inflammation confined to the gingival 

tissue without destruction of the epithelial attachment, and progresses to 

periodontitis as the disease develops. There is presently very little known 

about the role of NK cells in periodontal pathogenesis, particularly NK -DC 

cross talk and how local infection modulates this important interaction. 

In this study we investigated NK-DC crosstalk during infection with 

different strains of P. gingiva/is. We hypothesiLed that optimum NK cell 

activation by MoDCs will depend on fimbriae expression by the infecting P. 

gingiva/is strain. P. gingiva/is- infected MoDCs were shown to induce NK 
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cell acti'vation evidenced by increased exprc sion of CD69 at higher levels 

when MoDC infected with 10 MOl vs 1 MOL Furthennore, whether or not 

the major fimbriae was expressed by P. gingiva/is did not influence the 

manner of NK cells activation, as the percentage of CD69 positive NK cells 

was equal when NK cells co-cultured with MoDCs infected with WT381 as 

well as MoDCs infected with DPG3. Moreover, there was no difference in 

the response of NK cells to fimbriae expression by P. gingiva/is. Activation 

of NK cells by DCs enables NK cells to play a crucial role in not only innate 

immune ystem, but also in the adaptive immune response. Human NK cells 

activated by DCs express MHC cia -II molecule and are capable of 

initiating MHC class-11 - dependent CD4 T lymphocytes proliferation [72]. 

For the second hypothesis, we hypothesL~cd that MoDCs infected by P. 

gingiva/is will be more susceptible to NK cell mediated lysis in a fimbriae 

dependent manner. We tested the susceptibility of P. gingiva/is-infected 

MoDCs to lys is by NK cells. Before addressing thi part of the study, we 

explored the expression of MHC class-I molecule in both uninfected and P. 

gingiFalis-infectcd MoDC. Increased MHC clas~-1 expression reportedly 

play an important role in DC evasion ofNK cell lysis [39]. We showed that 
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MHC class-I is constitutively highly expressed on DCs thus making them 

constitutively resistant to NK cell mediated lysis. Moreover, MHC class-I 

was slightly increased upon P. gingiva/is infection of MoDCs, regardless of 

strain, which we would expect to render them further resistant to NK cell 

lysis. Moreover, the current study revealed that MoDCs infected with 

WT381 showed less susceptibility to recognition by NK cells at 10 MOl 

relative to MoDCs infected with DPG3 at l and l 0 MOl and with WT381 at 

I MOL These findings may have clinical relevance as immunofluorescence 

analysis in a recent study demonstrated co-localization of myeloid DCs with 

P. gingiva/is in oral mucosa and atherosclerosis plaques [ 13]. This study 

proposes that myeloid DCs have a role in the dissemination of P. gingiva/is 

from oral mucosa to atherosclerosis plaques. Results of the current study 

suggest that MoDCs infected with WT arc more resistant to NK cells

mediated lysis, in spite of high expression of MHC class-I molecule. 

Previously, it has been shown that HIV -!-infected DCs show resistance to 

recognition by NK cells through up-regulation of cell death inhibitors. This 

mechanism involves up-regulation of cell death inhibitors by high-mobility 

group box I protein (HMGB I), leading to protection of HIV -1- infected 

DCs from TRAIL-dependent apoptosis [73]. Future studies can focus on 
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induction of cell death inhibitors on DC by P. gingiva/is and the role of 

NKR-P I, NKG2D expression on NK cells in cell lysis, 
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CONCLUSIONS 

• Whether or not major fimbriae was expressed on P. gingiva/is did not 

affect uptake by MoDCs. 

• The level of expression of MHC class-I, reported to protect DCs from 

lysis by NK cells is highly expressed constitutively on DCs and is 

slightly increased upon P. gingiva/is infection of DCs, regardless of 

strain, suggesting innate resistance of DCs to lysis by NK cells. 

• NKs alone do not induce maturation of DCs except when DCs are 

infected with WT Pg381, which results in semi-maturation. 

• Maturation state of DCs (i.e. CD83) does not associate with NK cells 

activation. 

• More DC maturation leads to less DC lysis by NK cells. 
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