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Oral Treponema species, most notably T. denticola, are implicated in the destructive effects of human

periodontal disease. Progress in the molecular analysis of interactions between T. denticola and host proteins

is reviewed here, with particular emphasis on the characterization of surface-expressed and secreted proteins

of T. denticola involved in interactions with host cells, extracellular matrix components, and components of

the innate immune system.
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A
pproximately 30% of the US adult population

has at least one periodontal site with demon-

strable gingival recession and bone loss (1). In

contrast to healthy gingival plaque in which the complex

microbial community dominated by facultative Gram-

positives, periodontal lesions harbors a microflora

dominated by proteolytic Gram-negative anaerobes and

spirochetes (2, 3). While a consortium of three organisms

denoted as the ‘red complex’ (Porphyromonas gingivalis,

Tannerella forsythia, and Treponema denticola) has the

highest association with periodontal disease severity (4),

spirochetes in particular are associated with severe and

refractory periodontal conditions (2, 5�8). In periodontal

lesions, spirochetes preferentially localize in the deepest

part of the ‘pocket,’ specifically at the interface between

the subgingival plaque and the epithelium (9). In advanced

periodontitis, their ability to disrupt intercellular junctions

likely contributes to invasion of underlying tissue (10�14).

T. denticola, the most readily cultivable oral spirochete, is

the model organism for studying both the unique

biological features of these organisms and Treponema�
host interactions in periodontal disease. Virulence-asso-

ciated behaviors (15, 16) of T. denticola include adherence

to host tissue and other microbes, motility, chemotaxis,

tissue penetration, and release of immunomodulatory

and cytopathic factors (reviewed in (17)). The numerical

prevalence of spirochetes in disease, along with their high

association with and location within diseased sites,

strongly suggests that they play an important role in

disease initiation and progression (4, 6, 9, 18).

Oral spirochetes, including T. denticola and over 50

other Treponema species, present unique challenges and

opportunities to the field of molecular and cellular

microbiology. Foremost among these challenges is the

fact that at least 80% of oral Treponema spp. have never

been cultured, and only T. denticola has been studied in

detail. These nutritionally fastidious anaerobes possess

features unique among bacteria, including cellular struc-

ture (19), motility apparatus (20), biosynthetic pathways

(21), and outer membrane protein complexes (22, 23). As

commensal residents and opportunistic pathogens of oral

mucosal tissue, they offer a wide range of potential

avenues for research into microbe�host interactions and

signaling, microbial communities, microbial physiology,

and molecular evolution. Thus, molecular level studies of

oral spirochetes are timely and of high importance

in understanding chronic bacterial infections such as

periodontal disease.

Treponema denticola exists in a complex, multispecies

biofilm environment in the gingival crevice. Numerous

interbacterial interactions required for development and

maintenance of the subgingival microbial community

have been documented or proposed (24). These dynamic

interactions comprise only part of the total of the

environmental milieu in which these organisms have

evolved. The oral microbiota live in a host mucosal

environment consisting of several host cell types and

extracellular matrix (ECM) components as potential

substrates in addition to a fluid environment consisting

of a complex and variable mix of saliva, gingival

crevicular fluid, and serum components, including nu-

merous antimicrobial components of both the innate and

adaptive immune systems. As obligately host-associated

organisms, oral spirochetes are extremely well adapted to

(page number not for citation purpose)

�HOST-PATHOGEN INTERACTIONS IN BACTERIA

Journal of Oral Microbiology 2012. # 2012 J. Christopher Fenno. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
Noncommercial 3.0 Unported License (http://creativecommons.org/licenses/by-nc/3.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

1

Citation: Journal of Oral Microbiology 2012, 4: 9929 - DOI: 10.3402/jom.v4i0.9929

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929
http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929


survival in a eukaryotic host environment. This is

reflected, as in many other host-associated microbes, in

the relatively large number of T. denticola genes that can

be clearly identified as having been acquired by horizon-

tal gene transfer from an ancestral eukaryotic host

(25�27). To understand the factors that allow commensal

organisms to induce pathogenic responses under certain

host environmental conditions, it is necessary to under-

stand how they survive without causing disease. The

focus of this review is on the interactions between

T. denticola and host components that mediate both its

persistence in the oral environment and its pathogenicity

in periodontal disease. Primary attention will be given to

interactions that are at least partially characterized and

understood at the molecular level, and understudied

areas will be pointed out where appropriate.

Research on oral spirochetes has progressed in recent

years, driven partly by completion of the T. denticola

genome sequence (25). Recent online release of the

T. vincentii provisional annotated genome (http://

www.ncbi.nlm.nih.gov/genomeprj/55865) and the unas-

sembled genome sequence contigs of T. lecithinolyticum

(28) have expanded the genomic resources for this group

of oral microbes. Additionally, the Human Oral Micro-

biome Project is in the process of sequencing several

other T. denticola strains (29). However, progress in

molecular analysis of specific T. denticola behaviors has

been considerably slowed by the limitations of currently

available genetic systems for this organism, including

extremely low transformation efficiency, few selectable

markers (30), lack of reliable plasmid or other vectors for

the most studied strain (31, 32), and lack of promoter-

reporter systems. These significant technical issues,

combined with the small number of researchers and the

relatively low level of funding in this field, are continuing

impediment to progress. This is reflected in the number of

journal articles published on oral spirochetes relative to

other periodontal pathogens. In 2010, approximately five

times as many papers were published on P. gingivalis than

were published on all oral spirochetes, including

T. denticola, a ratio that has changed only slightly over

the past 15 years.

Interactions with host cells
Exposure of cultured cells of various types to T. denticola

(Fig. 1) results in: monolayer detachment and prolifera-

tion inhibition (33�35), plasma membrane fibronectin

degradation (36), membrane blebbing, decreased inter-

cellular contact and cytoskeletal rearrangements (12, 35,

37), and loss of volume control (37). Most studies prior

to the advent of molecular cloning and genome sequen-

cing did not identify the specific T. denticola components

responsible for the observed cellular responses. One

example of a study that made some limited progress in

this regard is contained in a series of reports by Shenker

and coworkers on the antiproliferative effects of T.

denticola on fibroblasts and monocytes (33, 38, 39). In

these studies, certain protein fractions of T. denticola were

identified as containing the active agents, but the

identities of the proteins have not yet been determined.

Studies over the past 15 years utilizing purified

proteins and isogenic T. denticola mutants have begun

the process of identifying specific molecular pathways

responsible for these rather complex cellular responses

and, in some cases, have identified host proteins inter-

acting with T. denticola effector proteins (Table 1). Two of

the most prominent and widely studied outer membrane

components of T. denticola are the major surface protein

Fig. 1. Immunofluorescence micrograph showing T. denticola adherence to periodontal ligament cells. Periodontal ligament cell

monolayers were challenged with T. denticola 35405 for 2 hours, then washed extensively with PBS before staining. Periodontal

ligament cells are stained with phalloidin. T. denticola is visualized with Alexa-fluor-labeled antiMsp antibodies.
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Table 1. Molecular analysis of T. denticola interactions with host components, using purified proteins and isogenic mutants

Behavior Protein(s)

identified

Native activitya Gene(s) Recombinant activitya Mutants Mutant phenotypeb

Motility n/d n/d fliFGH flgB,

C, E, F

n/d flgE tap1 Non-motile (30, 140)

Chemotaxis n/d n/d cheAWXY

dmcA, dmcB

n/d dmcA, dmcB,

cheA

Non-motile, non-chemotactic

(102, 141, 142)

Adherence to

Eukaryotic cells dentilisin � (40, 116) n/d

ECM components

Fibronectin Msp � (22) msp � (67) msp (143) n/d

OppA � (68) oppA-F n/d oppA ¡ binding (68)

Fibrinogen dentilisin � (100) n/d prcA-prtP n/d

Msp � (22) msp n/d Msp no change (143)

Plasminogen OppA � (68) oppA-F n/d oppA ¡ binding (68)

Msp n/d msp n/d msp ¡ binding (68)

Laminin Msp � (22) msp � (67) Msp n/d

Hyaluronan dentilisin (79) n/d msp � (66) n/d

Keratin, collagen, heparin msp � (66) n/d

Cytotoxicity Msp � (40) msp � (40) n/d

dentilisin � (40) prcB-prcA-prtP n/d

Complement resistance

(FH mediated)

FhbB binds FH (115) fhbB � (123) fhbB ¡ FH binding;

�serum sensitivity (124)

dentilisin cleaves C3 (122) cleaves

FH (115)

prtP n/d prtP ¡ C3 cleavage (122);

No FH cleavage (115)

Abscess formation dentilisin n/d prtP n/d prtP ¡abscess formation (144)

dentipain n/d ideT cleaves b-chain

insulin (133)

ideT ¡abscess formation (133)

Iron acquisition Hemin binding

proteins

n/d hbpA, hbpB n/d hbpA, hbpB ¡ growth (145)

aActivity demonstrated [�, (citation)] or not reported [n/d].
bReported mutant phenotype (citation) or not reported [n/d].
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(Msp) and the PrtP protease complex (dentilisin, chymo-

trypsin-like protease (CTLP)) both of which have cyto-

pathic effects in epithelial cells (40). Interestingly,

although challenge with either Msp or dentilisin results

in lysis of epithelial cells, Msp is hemolytic, whereas

dentilisin is not (40), suggesting distinctly different

mechanisms of interaction with different host receptor

molecules.

Msp cytotoxicity is believed to be due to its demon-

strated pore-forming activity in both planar lipid bilayers

and in epithelial cell membranes (41, 42). This is

consistent with the demonstrated lytic pore-forming

activity of porins of other Gram-negative pathogens,

including Neisseria spp. (43, 44). Interestingly, fibroblasts

appear to be comparatively tolerant of Msp challenge,

making them more tractable candidates for analysis of

cellular responses. Studies by Ellen and coworkers have

demonstrated that Msp disrupts the actin cytoskeleton of

gingival fibroblasts, with specific effects, including dis-

ruption of actin stress fibers (45) and induction of de novo

synthesis of subcortical actin filaments (35, 37, 46, 47). A

specific peptide sequence within Msp has been shown to

promote stress fiber formation (48, 49). Concurrently,

and presumably related to this phenomenon, Msp blocks

the ability of fibroblasts to regulate intracellular calcium

gradients (50), which may contribute to the rather diverse

range of morphological responses observed. The mole-

cular mechanism of Msp-dependent calcium dysregula-

tion, including identification of cellular Msp receptor(s),

remains to be determined.

Dentilisin, a complex of three lipoproteins encoded by

the prcB-prcA-prtP locus, has a wide range of cytopathic

effects on whole cells and tissue. These effects are at least

primarily due to its potent proteolytic activity of denti-

lisin, although as in other spirochetes, lipid moieties of

the protease complex components may contribute to

activation of innate immune responses (51). In particular,

the ability of dentilisin activity to induce cell shrinkage

and increased permeability of intercellular junctions have

been shown to be a key factor in penetration and

translocation of T. denticola through cell monolayers

and ECM models (12, 13, 52). Further discussion of

dentilisin’s role in interaction with host proteins is found

in subsequent sections dealing with interactions with

specific host components.

T. denticola induces the production of various cyto-

kines, including interleukin-1ß (IL-1ß), IL-6, IL-8, and

TNF-a from various cell types (53�56). The specific

T. denticola molecule(s) responsible have not yet been

clearly identified. On the other hand, two of these studies

(53, 55) also suggested that T. denticola hydrolyzes

IL-8. Using wild-type and prtP mutant T. denticola

strains, Miyamoto et al. showed that dentilisin activity

was responsible for reduction of protein levels of

inflammatory cytokines, including IL-1ß, IL-6, and

TNF-a, detected in peripheral blood mononuclear cells

following T. denticola challenge. This study highlights the

difficulties encountered by investigators examining cellu-

lar responses to T. denticola. For this reason, it is

important to include analyses of both protein expression

and gene transcription when analyzing cellular responses

that may be both induced by and subsequently modu-

lated by proteolytic activity.

Interactions with ECM components
The ability to bind to or degrade ECM components is a

hallmark of numerous mucosal pathogens. In addition to

the direct tissue-destructive effects of ECM degradation,

there is increasing evidence that degradation products of

ECM components act as proinflammatory signals.

Fibronectin
Fibronectin is a dimeric, multidomain glycoprotein

bound to the surface of eukaryotic cells and is a key

component of the ECM. The molecular differences

between the two major forms of FN (cellular FN and

plasma FN) are due to differential mRNA splicing, and

the two forms have distinct yet overlapping roles in

formation and maintenance of ECM and in pathways

of tissue homeostasis (reviewed in (57)). Numerous

microbes, both commensal and pathogenic, exhibit FN-

binding activity as a prominent behavior important for

survival in the host environment. Molecular analysis of

FN-binding proteins of several pathogens continues to be

an important area of pathogenesis research over 30 years

after the seminal discovery of FN binding to Staphylo-

coccus aureus (58). Henderson et al. recently published an

extensive review of FN function and the mechanisms and

consequences of FN binding mediated by bacterial FN-

binding proteins (59). Although the importance of

T. denticola binding to FN has long been recognized, it

has been studied rather less than the interaction between

T. pallidum and FN. Due to the combination of the

genetic similarities between T. pallidum and T. denticola

and the complexities of working with T. pallidum, several

investigators have studied T. denticola both in terms of

periodontal pathogenicity and as a general model for

Treponema�host interactions (60). Several key studies by

the Ellen group beginning in the early 1990s established

the role of FN in T. denticola interaction with host tissue.

Dawson et al. characterized T. denticola binding to

immobilized FN and proposed that one or more

T. denticola FN-binding proteins were preferentially

localized at the tips of spirochete cells (61, 62). In some

strains, antiFN antibodies block T. denticola adherence

to FN, further supporting the specificity of the binding

interaction (63). Concurrent studies demonstrated the

ability of T. denticola to induce degradation of cellular

FN on gingival fibroblasts (36) and to induce cytoskeletal
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rearrangements that may be the result of FN-mediated

signaling (37, 64, 65).

Although over 100 bacterial FN-binding proteins have

been reported, the level of knowledge of these proteins

and their interactions with FN vary widely. Detailed

information on the structure of complexes formed

between the bacterial proteins and FN is available in

very few cases. In many instances, the only information

available is that a protein binds FN in an in vitro assay,

with or without information on kinetics, specificity, or

FN target domain (extensively reviewed in (59)). It is

rather common for bacteria to possess multiple distinct

FN-binding proteins. Both experimental and genetic

evidence suggests that T. denticola possesses at least two

and many as nine or more proteins with FN-binding

activity. Both Msp (22, 66, 67) and OppA (68) are

reported to bind immobilized FN. Edwards et al.

reported that Msp binds the N-terminal heparin I/fibrin

I domain of FN (66) that is the most commonly reported

target of bacterial FN-binding proteins. Although the

specific domain targeted by OppA is not known, it is of

interest that in ligand blotting experiments, both

wild-type and Msp mutant T. denticola cells bind the

same N-terminal FN domain (J.C. Fenno, unpublished

observations).

Because T. denticola and T. pallidum survive in

analogous mucosal environments and share many closely

homologous proteins, it is reasonable to hypothesize that

similar proteins might be involved in both microbes’

demonstrated FN-binding activity. Two of 10 potential

adhesins predicted by genomic analysis of T. pallidum

showed FN-binding activity when expressed in Escher-

ichia coli (69). One of these (TP0155) shows 45% identity

with T. denticola TDE2138, whereas the other (Tp0483) is

not homologous with any T. denticola protein. Like

TP0155, TDE2318, six other predicted T. denticola

proteins contain an M23 peptidase domain. Bamford et

al. recently reported recombinant expression and FN-

binding activity of five of these seven T. denticola

predicted FN-binding proteins. Although immunofluor-

escence microscopy suggested surface localization of at

least one of the T. denticola proteins, three of the deduced

protein sequences lack predicted signal peptide sequences

and may not be secreted (70). It is not yet known whether

or under what conditions all of the genes encoding these

predicted FN-binding proteins are expressed. These

intriguing results support continued research into

the mechanisms of T. denticola-FN interactions.

One issue in research into bacterial�FN interactions is

the distinction between plasma and cellular FN. Many

studies of FN binding use plasma-derived FN (largely

due to its availability and price) when modeling behaviors

in which cellular FN may be more relevant. In the

simplest analysis, FN plays important roles in blood

clotting and wound healing, whereas cellular FN is

incorporated into the ECM as a part of a fibrillar matrix

(59) and is a target for bacterial adherence (59). However,

interaction of T. denticola with fibroblasts and related cell

types results in fragmentation and degradation of cellular

FN (36, 71), and the resulting fragments may have

modulatory effects on tissue homeostasis and inflamma-

tion (72�74). In vitro studies showed that purified

dentilisin has the ability to degrade plasma FN (75)

and T. denticola challenge resulted in FN degradation in

fibroblasts (36), suggesting that dentilisin directly de-

grades cellular FN. However, Miao et al. reported that T.

denticola dentilisin did not directly degrade cellular FN

and that dentilisin induced MMP-2-dependent FN frag-

mentation in periodontal ligament cells. The MMP-2-

dependent FN fragmentation pattern induced by denti-

lisin activity resembles the FN fragmentation pattern

seen in gingival crevicular fluid from periodontal disease

lesions. This suggests that the distinction between plasma

and cellular FN may be very important in terms of how

T. denticola and other oral microbes interact with this

protein that is essentially ubiquitous in the subgingival

environment.

Laminin and collagen
T. denticola is reported to bind laminin and collagen (62,

76, 77), and this has been proposed as a mechanism of

adherence to cells and ECM in the oral cavity. T.

denticola Msp (22, 66, 67) and OppA (68) bind laminin.

Recombinant Msp binds type I collagen (66), and Msp

blocks phagocytosis of collagen by fibroblasts (47). It is

not clear whether this last phenomenon is due to Msp

competing for collagen or to Msp disruption of fibroblast

membrane function. Dentilisin activity has been reported

to either directly degrade (75) or indirectly induce

degradation (78) of these substrates. The few in vitro

studies in the literature do not clearly establish the

biological role of T. denticola binding and degradation

of these substrates. Further studies are required to

determine the significance of interactions of T. denticola

with these ECM components in the subgingival environ-

ment.

Glycosoaminoglycans
Hyaluronan (HA) is a high molecular weight glycosoa-

minoglycan prevalent in ECM and connective tissue. The

potential role of HA as a substrate for T. denticola

adherence is supported by two studies employing

distinctly different approaches. Edwards et al. demon-

strated the ability of rMsp to bind to several immobilized

substrates including HA (66). Haapasalo et al. reported

T. denticola binding to immobilized HA and showed that

HA blocked binding of T. denticola to HA-coated beads

(79). Interestingly, inhibition of dentilisin activity also

blocked HA binding by T. denticola cells, suggesting a

role for dentilisin in HA binding. To date, these studies

Treponema denticola interactions with host proteins
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have not been followed up by analysis of isogenic mutants

and purified native proteins.

Hyaluronidase-mediated degradation of HA increases

the permeability of connective tissues and decreases the

viscosity of body fluids (80). HA undergoes a high

turnover rate, and HA degradation products act as an

immune regulator, signaling through TLR2, TLR4, or

both TLR2 and TLR4 in macrophages and dendritic cells

(81). Hyaluronidases of pathogenic Staphylococcus,

Streptococcus, and Clostridium spp. (among others)

facilitate bacterial penetration through host tissues, and

cell-bound HA serves as an antigenic disguise that

prevents the recognition of bacteria by phagocytes (82).

The ability to bind HA is an obvious prerequisite for HA

degradation, and bacterial hyaluronidases generally also

have HA-binding activity, but T. denticola interaction

with HA has not yet been studied in detail. At least three

species of cultivable oral spirochetes, including T. denti-

cola produce a surface-expressed enzyme that hydrolyzes

both HA and chondroitin sulfate (83). The 59-kDa

enzyme purified from T. denticola (designated ‘HA/

CSase’) hydrolyzed both of these ECM glycosoaminogly-

cans. Scott et al. suggested that this enzyme could have an

active role in connective tissue degradation in periodontal

disease (83). Analysis of the T. denticola genome suggests

that this enzyme is encoded by TDE0471, predicted to

encode a lipoprotein with sialidase activity. The relation-

ship between this activity and the reported T. denticola

HA binding activity is not known. The single study

reporting HA binding also noted that there was no

significant attachment of T. denticola to chondroitin-4-

sulfate or dermatan sulfate (79).

Interactions with serum components

Nutrient acquisition
Routine growth of T. denticola requires serum supple-

mentation of the complex medium formulation (84).

Although a serum-free chemically defined medium has

been reported, to date it has only been used in a single

study of T. denticola fatty acid synthesis, primarily due to

the technical challenge of its formulation (85). As an

indication of the complexity of this medium, a commer-

cial supplier has quoted a closely related formulation

(OMIZ-P4 (86); ATCC Medium 2,131 (http://www.atc-

c.org)) at a price of well over US$1,000 per liter (J.C.

Fenno, personal communication). Growth of T. denticola

in a serum-containing medium is dependent on serum or

albumin concentration (87). SDS-PAGE analysis of

serum-containing culture medium during growth of

T. denticola shows dentilisin-dependent degradation of

albumin (J.C. Fenno, unpublished results).

Although T. denticola exhibits some chemotactic

behavior toward glucose (88), it only weakly metabolizes

glucose while preferentially deriving energy from amino

acid fermentation (89). Consistent with its reliance on

amino acids and peptides as primary nutrients, the T.

denticola genome encodes eight ABC-type peptide uptake

systems (25), presumably with a variety of peptide

substrate specificities. To date, only one of these, encoded

by OppA-F, has been characterized (68). OppA, the

substrate binding protein of this system, is a 70-kDa

outer membrane lipoprotein that binds FN, laminin, and

plasminogen. The specific peptide substrate(s) taken up

through OppA-F have not been determined, and an

isogenic oppA mutant showed no defect in growth in

culture. Several toxic peptide analogs specific for parti-

cular peptide uptake systems were tested and showed no

difference in activity against wild-type and oppA mutant

T. denticola (68). These results are most likely a reflection of

the multiple redundant mechanisms of peptide acquisition

in this organism.

Among cultivable oral organisms, T. denticola and

members of the ‘black pigmented’ Bacteroidetes, includ-

ing P. gingivalis produce the highest levels of hydrogen

sulfide (H2S) (90), a cytotoxic compound found in

elevated levels in periodontal lesions (91). Metabolism

of glutathione by T. denticola produces H2S that is

believed to play a role in the host tissue destruction

seen in periodontitis (92). Recent work demonstrates that

H2S induces apoptosis in oral epithelial cells (93) as well

as gingival fibroblasts and periodontal ligament cells

(94). In addition to the production of a toxic metabolite

from a host-supplied nutrient (glutathione), the enzyme

that catalyzes the final step in the glutathione metabolism

pathway is cystalyisin, a cysteine desulfhydrase that was

originally characterized due to its hemolytic activity (95).

Fibrinogen
The ability of bacterial pathogens to bind fibrinogen is

linked to pathogenic behavior of several bacterial species,

especially those such as staphylococci and streptococci

involved in endocarditis (96). Fibrinogen is a plasma

protein that is essential for wound healing and also plays

a role in tissue homeostasis (reviewed in (97)). Several

investigators have documented the ability of dentilisin

activity to hydrolyze fibrinogen (23, 98�100) Bamford

et al. reported purification of the native dentilisin

complex (CTLP) by fibrinogen affinity chromatography

(100). Although fibrinogen binding and degradation was

generally interpreted as an example of T. denticola

general proteolytic activity toward potential nutrients in

the host environment, it was also recognized as a

potential virulence behavior that could contribute to the

dysregulation of tissue homeostasis characteristic of

periodontal disease. Fibrinogen binding by the Msp in

both native and recombinant forms has been reported in

studies using T. denticola cells, native Msp, and recombi-

nant Msp (22, 66, 76). Although no studies have

reported the fibrinogen binding activity of msp-deficient
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T. denticola, results of recent work by Bamford et al.

strongly imply that Msp is not the only fibrinogen-

binding protein of T. denticola (70). This study used

fibrinogen affinity chromatography to purify the native

dentilisin protease complex from T. denticola extracts and

subsequently demonstrated the hydrolytic activity of the

purified protease toward fibrinogen. T. denticola exhib-

ited saturable binding kinetics to soluble and immobilized

fibrinogen. Because T. denticola thrives in periodontal

lesions harboring damaged tissue, the ability to interact

with fibrinogen may contribute both to colonization and

environmental modulation by the spirochete.

Environmental signaling and chemotaxis
All microorganisms sense and respond to changes in their

environment, especially for purposes of nutrient acquisi-

tion. Studies of chemotaxis pathways have progressed in

T. denticola, both before and after publication of the

genome. Studies by Shi and others characterized chemo-

taxis-related gene expression (101, 102) and chemotactic

behavior toward potential nutrients (88) and the require-

ment for chemotaxis function for penetration of a model

epithelium (103). These studies confirmed the expected

important role of environmental sensing for this highly

motile organism. The mechanism of environmental sen-

sing typically involves one or more two-component

systems consisting of a sensor kinase and a response

regulator. A recent study characterized AtcS-AtcR, the

first growth phase-regulated two-component system,

identified in the T. denticola genome sequence (104).

Expression of this system in T. denticola responds to

environmental conditions, and likely functions to regulate

expression of appropriate metabolic or biosynthetic

pathways as nutrients are depleted. This and other

signaling and regulatory systems are the subject of a

recent review by Frederick et al. (105). In another study

of potential importance to environmental responses,

Gonzalez et al. (106) characterized the phosphoenolpyr-

uvate-dependent phosphotransferase system of T. denti-

cola. The authors reported that, because T. denticola

lacks PTS permeases normally utilized by bacteria for the

uptake of simple carbohydrates, it is likely that the

Treponema phosphoryl-transfer chain has unique modes

of signal detection and sensory transmission. The role of

this phosphotransferase system in T. denticola metabo-

lism or environmental sensing remains unknown.

Modulation of host immune response pathways
Modulation of host innate immune response pathways

contributes to pathology of both chronic local infections

and life-threatening systemic inflammatory conditions

that may be induced or exacerbated by chronic bacterial

challenge (107). The early literature on innate and

acquired immune responses to oral spirochetes (reviewed

in (108)) contains limited analyses of effects of specific

antigens, and some apparently contradictory reports.

More recent work strongly implicates T. denticola outer

membrane protein, including the PrtP protease complex

(dentilisin) and Msp in these processes (53, 109, 110).

Cytopathic and immunomodulatory effects of these

protein complexes are under study by several groups.

PrtP (dentilisin) is one of only two known lipoproteins in

the subtilase family, the other being SphB1, a subtilisin-

autotransporter that catalyzes maturation of the viru-

lence factor FhaB (filamentous hemagglutinin) at the

surface of Bordetella pertussis (111). The T. denticola

protease locus, including prcB, prcA, and prtP, is con-

served in several oral Treponema spp. (112�114). Studies

with T. denticola mutants implicate PrtP protease activity

in modulation of complement regulatory protein Factor

H activity (115), activation of MMP-2 (71), and disrup-

tion of intercellular junctions (13). Studies with wild-type

strains suggest involvement of dentilisin in cell adherence

and cytotoxicity (40, 116), FN degradation (12, 36), and

modulation of IL-8 expression (53). Both protein

complexes exhibit adhesin-like binding activities (22,

116�118), induce cytoskeletal rearrangements, (12, 46)

and are cytotoxic to epithelial cells (12, 40). Msp (but not

PrtP) is hemolytic (40) and disrupts intracellular calcium

regulation (50). Msp disrupts cytoskeletal actin in both

gingival fibroblasts and neutrophils (46, 119). PrtP

protease activity degrades ECM components as well as

IL-8 (53, 54), IL-1ß, IL-6, TNF-a (120), and other

bioactive molecules involved in inflammatory vascular

responses (98, 121).

Resistance to serum killing
The ability of periodontal organisms to survive the

bactericidal activity present in serum and gingival

crevicular fluid is suggestive of a specific mechanism of

complement resistance. Although some evidence supports

a role for the T. denticola surface protease dentilisin

(CTLP) in serum resistance, due to its ability to hydrolyze

a-chain of C3, producing iC3b (122), recent studies

implicate a Factor H-binding lipoprotein in this behavior

(115, 123). Because most spirochetal Factor H-binding

proteins are acylated but otherwise relatively uncon-

served, this work utilized a genome- and proteomics-

based approach to identify nine candidate genes encoding

small lipoproteins containing coiled-coil domains (123).

One of these (FhbB, encoded by TDE0108) bound Factor

H to the cell surface, and the greatly increased suscept-

ibility of an isogenic fhbB mutant to serum killing

indicates that FhbB is primarily responsible for

T. denticola complement resistance (124). Interestingly,

the PrtP protease also plays a role in FhbB-mediated

Factor H binding. Factor H bound to the T. denticola

surface is cleaved by dentilisin activity to a size that

closely approximates FHL-1 (115). However, as there was

no difference in complement resistance between parent
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and prtP-deficient T. denticola strains (124), the precise

role of dentilisin in interaction with the complement

pathway remains to be determined.

Resistance to antimicrobial peptides
Antimicrobial peptides with a wide range of structure,

charge, and amino acid content comprise a significant

component of innate immunity. Several cell types asso-

ciated with mucosal surfaces produce small (B6-kDa)

cationic peptides, designated b-defensins (hBDs), that are

active against a wide range of microbes. Antimicrobial

activity of defensins is believed to be due to disruption of

the bacterial cytoplasmic membrane, although the exact

mechanism of action remains somewhat controversial

(125). While defensin susceptibility of periodontal organ-

isms varies with the particular defensin molecule, bacter-

ial species and bacterial strain, Porphyromonas gingivalis,

Aggregatibacter actinomycetemcomitans, and Fusobacter-

ium nucleatum generally exhibit at least partial sensitivity

to hBDs 1, 2, or 3 (126). In contrast, Brissette et al.

reported that T. denticola is resistant to hBDs 2 and 3

(127), as are several oral Treponema spp. (128). The

mechanism of resistance is not yet understood, but

several mechanisms that contribute to resistance in other

organisms have been ruled out, including dentilisin

proteolytic activity, ABC efflux transporters, and compe-

tition with other host proteins for binding sites (129).

Potential mechanisms of Treponema resistance to hBDs

include proton motive force-driven efflux and reduced

binding affinity due to absence of lipopolysaccharides

(LPS) on the outer membrane of the cell. In any case, this

striking insensitivity to killing effects of hBDs may

contribute to the abundance of treponemes in period-

ontal disease lesions.

Degradation of immunoglobulins
The ability to hydrolyze immunoglobulins is a potential

mechanism of evasion of adaptive immune responses.

Although a number of microbial pathogens possess

specific proteases with specific activity against immuno-

globulins, T. denticola’s ability to degrade immunoglobu-

lins in vivo has been somewhat controversial. While

dentilisin has demonstrated in vitro activity against IgG

(23, 130), Hollmann and Van der Hoeven reported that

intact T. denticola did not degrade IgA, IgG, or albumin

(131). It is reasonable to question these results in light of

the dentilisin studies and given the fact that serum

albumin is a preferred nutrient source of T. denticola (87).

In a recent study, Ishihara et al. characterized IdeT, a

T. denticola homolog of IdeS, that is an IgG-specific

streptococcal protease (132). The C-terminal domain of

the T. denticola protein (designated ‘dentipain’) is a

protease that is cleaved and secreted into the extracellular

environment. An isogenic mutant strain in which the

dentipain domain was deleted was significantly less

virulent in a mouse abscess model, suggesting that IdeT

contributes to T. denticola virulence (133). Further studies

are required to characterize the role of IdeT in interaction

with immunoglobulins and other serum proteins in the

subgingival environment.

Lipooligosaccharide (LOS) and lipoprotein effects
The T. denticola genome lacks an identifiable LPS

synthesis pathway (25). Biochemical analysis of the

T. denticola outer membrane revealed the presence of a

novel glycolipid or lipooligosaccharide (LOS) that com-

prises the outer leaflet of the outer membrane bilayer

(134). This LOS, although similar in overall structure and

function to the lipopolysaccharide present on most

Gram-negative organisms, has a distinctly different

pattern of sugar molecules and lacks the lipid A

component of a typical LPS and is also biochemically

distinct from lipoteichoic acid. Classical LPS proinflam-

matory signaling is primarily through TLR4, with some

involvement of TLR2 in many cases. However, in

spirochetes, many of which lack LPS, lipoprotein-

mediated signaling through TLR2 is a primary activator

of inflammatory responses (51, 135). Rosen et al. reported

activation of murine macrophages by both LOS and de-

lipidated lipoproteins of T. denticola (56), but did not

identify signaling pathways involved. Recently, the same

group reported that LOS induced macrophage responses

through a TLR4-MyD88 pathway, whereas the major

outer membrane protein Msp induced innate immune

responses through TLR2-MyD88 (136). It should be

noted that Msp is not acylated, so the mechanism of

activation may be distinct in this case. In closely related

treponemes, T. maltophilum LOS activation of NF-kB

was reported to be dependent on TLR2, while both TLR2

and TLR4 were involved in activation of innate immune

responses to T. brennaborense LOS (137, 138). Other

recent studies focused on downstream effects of likely

TLR-mediated signaling events. Choi et al. reported that

T. denticola LOS induced osteoclastogenesis and MMP-9

expression in cultured murine osteoblasts and suggested

that these processes may be contributory mechanisms to

bone loss associated with periodontal diseases (139). A

similar study that focused on gingival fibroblasts reported

significantly increased MCP-1, IL-8, PGE2, and MMP-3

in LOS-challenged fibroblasts.

Summary
Treponema denticola, the most readily cultivable oral

spirochete, is the model organism for the study of

spirochete�host interactions in periodontal disease. Re-

search in recent years has greatly expanded our under-

standing of both the biology of spirochetes and the

mechanisms utilized by these opportunistic commensal

pathogens to both survive as members of the ‘normal’

oral flora as well as to participate in the induction of
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periodontal tissue destruction and thrive in the resulting

environment. Numerous potentially pathogenic behaviors

and potential virulence factors were identified for some of

these behaviors, but it is rather striking that two multi-

functional outer membrane protein complexes were

reported to both directly and indirectly mediate cellular

damage participate in many of the identified pathogenic

behaviors of this organism. The surface-expressed PrtP

lipoprotein protease complex (dentilisin) and the oligo-

meric Msp are among the most studied T. denticola

virulence determinants. While this may overshadow the

potential importance of other as yet poorly documented

behaviors, it is evident that Msp and dentilisin are key

players in T. denticola periodontal pathogenicity. Besides

functioning in nutrient acquisition, dentilisin contributes

to tissue penetration and cleaves several proteins involved

in innate and adaptive immunity, likely favoring dysre-

gulation of tissue homeostasis. Expression of dentilisin is

required for native expression of the major surface

protein (Msp) that binds FN, has cytotoxic pore-forming

activity, and disrupts intracellular calcium responses.

A deeper understanding of the roles of these and other

T. denticola proteins in microbe�host interactions re-

quires taking advantage of recent advances in spirochete

molecular biology to analyze their cytopathic and

immunomodulatory behaviors.

Acknowledgements

This work was supported by United States Public Health Service

grant DE018221 (National Institute of Dental and Craniofacial

Research Bethesda, MD, USA).

Conflict of interest and funding
There is no conflict of interest in the present study for the

author.

References

1. Loesche WJ, Grossman NS. Periodontal disease as a specific,

albeit chronic, infection: diagnosis and treatment. Clin Micro-

biol Rev 2001; 14: 727�52.

2. Socransky SS, Haffajee AD. The bacterial etiology of destruc-

tive periodontal disease: current concepts. J Periodontol 1992;

63: 322�31.

3. Paster BJ, Boches SK, Galvin JL, Ericson RE, Lau CN,

Levanos VA, et al. Bacterial diversity in human subgingival

plaque. J Bacteriol 2001; 183: 3770�83.

4. Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL.

Microbial complexes in subgingival plaque. J Clin Periodontol

1998; 25: 134�44.

5. Moore WE, Moore LH, Ranney RR, Smibert RM, Burmeister

JA, Schenkein HA. The microflora of periodontal sites

showing active destructive progression. J Clin Periodontol

1991; 18: 729�39.

6. Loesche WJ, Syed SA, Schmidt E, Morrison EC. Bacterial

profiles of subgingival plaques in periodontitis. J Periodontol

1985; 56: 447�56.

7. Loesche WJ, Syed SA, Laughon BE, Stoll J. The bacteriology

of acute necrotizing ulcerative gingivitis. J Periodontol 1982;

53: 223�30.

8. Choi BK, Paster BJ, Dewhirst FE, Gobel UB. Diversity of

cultivable and uncultivable oral spirochetes from a patient with

severe destructive periodontitis. Infect Immun 1994; 62:

1889�95.

9. Ellen RP, Galimanas VB. Spirochetes at the forefront of

periodontal infections. Periodontol 2005; 38: 13�32.

10. Frank RM. Bacterial penetration in the apical pocket wall of

advanced human periodontitis. J Periodontal Res 1980; 15:

563�73.

11. Saglie R, Newman MG, Carranza FA, Jr, Pattison GL.

Bacterial invasion of gingiva in advanced periodontitis in

humans. J Periodontol 1982; 53: 217�22.

12. Uitto V-J, Pan YM, Leung WK, Larjava H, Ellen RP, Finlay

BB, et al. Cytopathic effects of Treponema denticola chymo-

trypsin-like proteinase on migrating and stratified epithelial

cells. Infect Immun 1995; 63: 3401�10.

13. Chi B, Qi M, Kuramitsu HK. Role of dentilisin in Treponema

denticola epithelial cell layer penetration. Res Microbiol 2003;

154: 637�43.

14. Peters SR, Valdez M, Riviere G, Thomas DD. Adherence to

and penetration through endothelial cells by oral treponemes.

Oral Microbiol Immunol 1999; 14: 379�83.

15. Salyers AA, Whitt DD. Bacterial pathogenesis: a molecular

approach. Washington, DC: American Society for Microbiol-

ogy; 1994. p. 30.

16. Hoepelman AI, Tuomanen EI. Consequences of microbial

attachment: directing host cell functions with adhesins. Infect

Immun 1992; 60: 1729�33.

17. Fenno JC, McBride BC. Virulence factors of oral treponemes.

Anaerobe 1998; 4: 1�17.

18. Listgarten MA, Levin S. Positive correlation between the

proportions of subgingival spirochetes and motile bacteria

and susceptibility of human subjects to periodontal deteriora-

tion. J Clin Periodontol 1981; 8: 122�38.

19. Holt SC. Anatomy and chemistry of spirochetes. Microbiol

Rev 1978; 42: 114�60.

20. Charon NW, Greenberg EP, Koopman MB, Limberger RJ.

Spirochete chemotaxis, motility, and the structure of the

spirochetal periplasmic flagella. Res Microbiol 1992; 143:

597�603.

21. Kent C, Gee P, Lee SY, Bian X, Fenno JC. A CDP-choline

pathway for phosphatidylcholine biosynthesis in Treponema

denticola. Mol Microbiol 2004; 51: 471�81.

22. Haapasalo M, Müller K-H, Uitto V-J, Leung WK, McBride

BC. Characterization, cloning, and binding properties of the

major 53-kilodalton Treponema denticola surface antigen.

Infect Immun 1992; 60: 2058�65.

23. Uitto V-J, Grenier D, Chan EC, McBride BC. Isolation of a

chymotrypsin-like enzyme from Treponema denticola. Infect

Immun 1988; 56: 2717�22.

24. Kolenbrander PE. Oral microbial communities: biofilms,

interactions, and genetic systems. Annu Rev Microbiol 2000;

54: 413�37.

25. Seshadri R, Myers GS, Tettelin H, Eisen JA, Heidelberg JF,

Dodson RJ, et al. Comparison of the genome of the oral

pathogen Treponema denticola with other spirochete genomes.

Proc Natl Acad Sci U S A 2004; 101: 5646�51.

26. Brown JR. Ancient horizontal gene transfer. Nat Rev Genet

2003; 4: 121�32.

27. Duncan MJ. Oral microbiology and genomics. Periodontol

2000 2005; 38: 63�71.

Treponema denticola interactions with host proteins

Citation: Journal of Oral Microbiology 2012, 4: 9929 - DOI: 10.3402/jom.v4i0.9929 9
(page number not for citation purpose)

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929
http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929


28. Chen T, Abbey K, Deng WJ, Cheng MC. The bioinformatics

resource for oral pathogens. Nucleic Acids Res 2005; 33:

W734�W40.

29. Dewhirst FE, Chen T, Izard T, Paster BJ, Tanner AC, Yu WH,

et al. The human oral microbiome. J Bacteriol 2010; 192:

5002�17.

30. Li H, Ruby J, Charon N, Kuramitsu H. Gene inactivation in

the oral spirochete Treponema denticola: construction of an

flgE mutant. J Bacteriol 1996; 178: 3664�7.

31. Slivienski-Gebhardt LL, Izard J, Samsonoff WA, Limberger

RJ. Development of a novel chloramphenicol resistance

expression plasmid used for genetic complementation of a

fliG deletion mutant in Treponema denticola. Infect Immun

2004; 72: 5493�7.

32. Chi B, Chauhan S, Kuramitsu HK. Development of a system

for expressing heterologous genes in the oral spirochete

Treponema denticola and its use in expression of the Treponema

pallidum flaA gene. Infect Immun 1999; 67: 3653�6.

33. Boehringer H, Taichman NS, Shenker BJ. Suppression of

fibroblast proliferation by oral spirochetes. Infect Immun 1984;

45: 155�9.

34. Reijntjens FM, Mikx FH, Wolters-Lutgerhorst JM, Maltha

JC. Adherence of oral treponemes and their effect on

morphological damage and detachment of epithelial cells in

vitro. Infect Immun 1986; 51: 642�7.

35. Baehni PC, Song M, McCulloch M, Ellen RP. Treponema

denticola induces actin rearrangement and detachment of

human gingival fibroblasts. Infect Immun 1992; 60: 3360�8.

36. Ellen RP, Song M, McCulloch CA. Degradation of endogen-

ous plasma membrane fibronectin concomitant with Trepo-

nema denticola 35405 adhesion to gingival fibroblasts. Infect

Immun 1994; 62: 3033�7.

37. De Filippo AB, Ellen RP, McCulloch CA. Induction of

cytoskeletal rearrangements and loss of volume regulation in

epithelial cells by Treponema denticola. Arch Oral Biol 1995;

40: 199�207.

38. Lee W, Pankoski L, Zekavat A, Shenker BJ. Treponema

denticola immunoinhibitory protein induces irreversible G1

arrest in activated human lymphocytes. Oral Microbiol Im-

munol 2004; 19: 144�9.

39. Shenker BJ, Listgarten MA, Taichman NS. Suppression of

human lymphocyte responses by oral spirochetes: a monocyte-

dependent phenomenon. J Immunol 1984; 132: 2039�45.

40. Fenno JC, Hannam PM, Leung WK, Tamura M, Uitto V-J,

McBride BC. Cytopathic effects of the major surface protein

(Msp) and the chymotrypsin-like protease (CTLP) of Trepo-

nema denticola. Infect Immun 1998; 66: 1869�77.

41. Egli C, Leung WK, Müller KH, Hancock RE, McBride BC.

Pore-forming properties of the major 53-kilodalton surface

antigen from the outer sheath of Treponema denticola. Infect

Immun 1993; 61: 1694�9.

42. Mathers DA, Leung WK, Fenno JC, Hong Y, McBride BC.

Major surface protein complex of Treponema denticola depo-

larizes and induces ion channels in HeLa cell membranes.

Infect. Immun 1996; 64: 2904�10.

43. Ulmer JB, Burke CJ, Shi C, Friedman A, Donnelly JJ, Liu MA.

Pore formation and mitogenicity in blood cells by the class 2

protein of Neisseria meningitidis. J Biol Chem 1992; 267:

19266�71.

44. Massari P, King CA, MacLeod H, Wetzler LM. Improved

purification of native meningococcal porin PorB and studies on

its structure/function. Protein Expr Purif 2005; 44: 136�46.

45. Yang PF, Song M, Grove M, Ellen RP. Filamentous actin

disruption and diminished inositol phosphate response in

gingival fibroblasts caused by Treponema denticola. Infect

Immun 1998; 66: 696�702.

46. Amin M, Ho AC, Lin JY, Batista da Silva AP, Glogauer M,

Ellen RP. Induction of de novo subcortical actin filament

assembly by Treponema denticola major outer sheath protein.

Infect Immun 2004; 72: 3650�4.

47. Batista da Silva AP, Lee W, Bajenova E, McCulloch CA, Ellen

RP. The major outer sheath protein of Treponema denticola

inhibits the binding step of collagen phagocytosis in fibroblasts.

Cell Microbiol 2004; 6: 485�98.

48. Amin M, Grove DA, Kapus A, Glogauer M, Ellen RP. An

actin-stabilizing peptide conjugate deduced from the major

outer sheath protein of the bacterium Treponema denticola.

Cell Motil Cytoskeleton 2007; 64: 662�74.

49. Amin M, Magnusson KE, Kapus A, Glogauer M, Ellen RP.

Treponema denticola Msp-deduced peptide conjugate,

P34BSA, promotes RhoA-dependent actin stress fiber forma-

tion independent of its internalization by fibroblasts. Cell Motil

Cytoskeleton 2008; 65: 406�21.

50. Wang Q, Ko KS, Kapus A, McCulloch CA, Ellen RP. A

spirochete surface protein uncouples store-operated calcium

channels in fibroblasts: a novel cytotoxic mechanism. J Biol

Chem 2001; 276: 23056�64.

51. Hirschfeld M, Kirschning CJ, Schwandner R, Wesche H, Weis

JH, Wooten RM, et al. Cutting edge: inflammatory signaling

by Borrelia burgdorferi lipoproteins is mediated by toll-like

receptor 2. J Immunol 1999; 163: 2382�6.

52. Ellen RP, Ko KS, Lo KS, Grove DA, Ishihara K. Insertional

inactivation of the prtP gene of Treponema denticola confirms

dentilisin’s disruption of epithelial junctions. J Mol Microbiol

Biotechnol 2000; 2: 581�6.

53. Asai Y, Jinno T, Ogawa T. Oral treponemes and their outer

membrane extracts activate human gingival epithelial cells

through toll-like receptor 2. Infect Immun 2003; 71: 717�25.

54. Deng QD, Han Y, Xia X, Kuramitsu HK. Effects of the oral

spirochete Treponema denticola on interleukin-8 expression

from epithelial cells. Oral Microbiol Immunol 2001; 16: 185�7.

55. Nixon CS, Steffen MJ, Ebersole JL. Cytokine responses to

Treponema pectinovorum and Treponema denticola in human

gingival fibroblasts. Infect Immun 2000; 68: 5284�92.

56. Rosen G, Sela MN, Naor R, Halabi A, Barak V, Shapira L.

Activation of murine macrophages by lipoprotein and lipoo-

ligosaccharide of Treponema denticola. Infect Immun 1999; 67:

1180�6.

57. Mao Y, Schwarzbauer JE. Fibronectin fibrillogenesis, a cell-

mediated matrix assembly process. Matrix Biol 2005; 24:

389�99.

58. Kuusela P. Fibronectin binds to Staphylococcus aureus. Nature

(London) 1978; 276: 718�20.

59. Henderson B, Nair S, Pallas J, Williams MA. Fibronectin: a

multidomain host adhesin targeted by bacterial fibronectin-

binding proteins. FEMS Microbiol Rev 2011; 35: 147�200.

60. Ellen RP, Dawson JR, Yang PF. Treponema denticola as a

model for polar adhesion and cytopathogenicity of spirochetes.

Trends Microbiol 1994; 2: 114�9.

61. Dawson JR, Ellen RP. Clustering of fibronectin adhesins

toward Treponema denticola tips upon contact with immobi-

lized fibronectin. Infect Immun 1994; 62: 2214�21.

62. Dawson JR, Ellen RP. Tip-oriented adherence of Treponema

denticola to fibronectin. Infect Immun 1990; 58: 3924�8.

63. Weinberg A, Holt Sc. Interaction of Treponema denticola TD-

4, GM-1, and MS25 with human gingival fibroblasts. Infect

Immun 1990; 58: 1720�9.

64. Ellen RP. Perturbation and exploitation of host cell cytoske-

leton by periodontal pathogens. Microbes Infect 1999; 1:

621�32.

J. Christopher Fenno

10
(page number not for citation purpose)

Citation: Journal of Oral Microbiology 2012, 4: 9929 - DOI: 10.3402/jom.v4i0.9929

http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929
http://www.journaloforalmicrobiology.net/index.php/jom/article/view/9929


65. Ko KS-C, Glogauer M, McCulloch CAG, Ellen RP. Trepo-

nema denticola outer membrane inhibits calcium flux in

gingival fibroblasts. Infect Immun 1998; 66: 703�9.

66. Edwards AM, Jenkinson HF, Woodward MJ, Dymock D.

Binding properties and adhesion-mediating regions of the

major sheath protein of Treponema denticola ATCC 35405.

Infect Immun 2005; 73: 2891�8.

67. Fenno JC, Müller K-H, McBride BC. Sequence analysis,

expression and binding activity of recombinant major outer

sheath protein (Msp) of Treponema denticola. J Bacteriol 1996;

178: 2489�97.

68. Fenno JC, Tamura M, Hannam PM, Wong GWK, Chan RA,

McBride BC. Identification of a Treponema denticola OppA

homologue that binds host proteins present in the subgingival

environment. Infect Immun 2000; 68: 1884�92.

69. Cameron CE, Brown EL, Kuroiwa JM, Schnapp LM, Brouwer

NL. Treponema pallidum fibronectin-binding proteins. J Bac-

teriol 2004; 186: 7019�22.

70. Bamford CV, Francescutti T, Cameron CE, Jenkinson HF,

Dymock D. Characterization of a novel family of fibronectin-

binding proteins with M23 peptidase domains from Treponema

denticola. Mol Oral Microbiol 2010; 25: 369�83.

71. Miao D, Fenno JC, Timm JC, Joo NE, Kapila YL. Treponema

denticola chymotrypsin-like protease (dentilisin) induces

MMP-2-dependent fibronectin fragmentation in periodontal

ligament cells. Infect Immun 2011; 79: 806�11.

72. Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG.

The extracellular matrix as a modulator of the inflammatory

and reparative response following myocardial infarction. J Mol

Cell Cardiol 2010; 48: 504�11.

73. Dai R, Iwama A, Wang S, Kapila YL. Disease-associated

fibronectin matrix fragments trigger anoikis of human primary

ligament cells: p53 and c-myc are suppressed. Apoptosis 2005;

10: 503�12.

74. Kapila YL, Kapila S, Johnson PW. Fibronectin and fibronectin

fragments modulate the expression of proteinases and protei-

nase inhibitors in human periodontal ligament cells. Matrix

Biol 1996; 15: 251�61.

75. Grenier D, Uitto V-J, McBride BC. Cellular location of a

Treponema denticola chymotrypsin-like protease and impor-

tance of the protease in migration through the basement

membrane. Infect Immun 1990; 58: 347�51.

76. Haapasalo M, Singh U, McBride BC, Uitto V-J. Sulfhydryl-

dependent attachment of Treponema denticola to laminin and

other proteins. Infect Immun 1991; 59: 4230�7.

77. Umemoto T, Namikawa I. Binding of host-associated trepo-

neme proteins to collagens and laminin: a possible mechanism

of spirochetal adherence to host tissues. Microbiol Immunol

1994; 38: 655�63.

78. Sorsa T, Ingman T, Suomalainen K, Haapasalo M, Konttinen

YT, Lindy O, et al. Identification of proteases from period-

ontopathogenic bacteria as activators of latent human neu-

trophil and fibroblast-type interstitial collagenases. Infect

Immun 1992; 60: 4491�5.

79. Haapasalo M, Hannam P, McBride BC, Uitto V-J. Hyalur-

onan, a possible ligand mediating Treponema denticola binding

to periodontal tissue. Oral Microbiol Immunol 1996; 11:

156�60.

80. Girish KS, Kemparaju K. The magic glue hyaluronan and its

eraser hyaluronidase: a biological overview. Life Sci 2007; 80:

1921�43.

81. Jiang D, Liang J, Noble PW. Hyaluronan as an immune

regulator in human diseases. Physiol Rev 2011; 91: 221�64.

82. Kreil G. Hyaluronidases�a group of neglected enzymes. Protein

Sci 1995; 4: 1666�9.

83. Scott D, Siboo R, Chan EC, Siboo R. An extracellular enzyme

with hyaluronidase and chondroitinase activities from some

oral anaerobic spirochaetes. Microbiology 1996; 142: 2567�76.

84. Fenno JC. Laboratory maintenance of Treponema denticola.

Curr Protoc Microbiol 2005; 12B.1.1�1.21.

85. Wyss C. Fatty acids synthesized by oral treponemes in

chemically defined media. FEMS Microbiol Lett 2007; 269:

70�6.

86. Wyss C, Choi BK, Schupbach P, Guggenheim B, Gobel UB.

Treponema maltophilum sp. nov., a small oral spirochete

isolated from human periodontal lesions. Int J Syst Bacteriol

1996; 46: 745�52.

87. Van Horn KG, Smibert RM. Albumin requirement of Trepo-

nema denticola and Treponema vincentii. Can J Microbiol 1983;

29: 1141�8.

88. Ruby JD, Lux R, Shi W, Charon NW, Dasanayake A. Effect of

glucose on Treponema denticola cell behavior. Oral Microbiol

Immunol 2008; 23: 234�8.

89. Hespell RB, Canale-Parola E. Amino acid and glucose

fermentation by Treponema denticola. Arch Mikrobiol 1971;

78: 234�51.

90. Persson S, Edlund MB, Claesson R, Carlsson J. The formation

of hydrogen sulfide and methyl mercaptan by oral bacteria.

Oral Microbiol Immunol 1990; 5: 195�201.

91. Gleissner C, Springborn I, Willershausen B. Evaluation of

sulcular sulphide level monitoring using a portable sensor

system. Eur J Med Res 2002; 7: 491�501.

92. Chu L, Dong Z, Xu X, Cochran DL, Ebersole JL. Role of

glutathione metabolism of Treponema denticola in bacterial

growth and virulence expression. Infect Immun 2002; 70:

1113�20.

93. Murata T, Yaegaki K, Qian W, Herai M, Calenic B,

Imai T, et al. Hydrogen sulfide induces apoptosis in epithelial

cells derived from human gingiva. J Breath Res 2008; 2:

017007.

94. Zhang JH, Dong Z, Chu L. Hydrogen sulfide induces

apoptosis in human periodontium cells. J Periodontal Res

2010; 45: 71�8.

95. Chu L, Ebersole JL, Kurzban GP, Holt SC. Cystalysin, a 46-

kilodalton cysteine desulfhydrase from Treponema denticola,

with hemolytic and hemoxidative activities. Infect Immun

1997; 65: 3231�8.

96. Moreillon P, Entenza JM, Francioli P, McDevitt D, Foster TJ,

Francois P, et al. Role of Staphylococcus aureus coagulase and

clumping factor in pathogenesis of experimental endocarditis.

Infect Immun 1995; 63: 4738�43.

97. Mosesson MW. Fibrinogen and fibrin structure and functions.

J Thromb Haemost 2005; 3: 1894�904.
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